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Abstract1

The most common desalination technology for treating brackish irrigation water is reverse os-2

mosis (RO). RO yields product waters low in monovalent ions harmful to crops (Na+,Cl�)3

and in divalent ions that encourage crop growth (Ca2+,Mg2+,SO2�
4 ). Fertilizer or divalent-4

rich brackish water must be mixed with the desalinated water to reintroduce these nutrients.5

Monovalent selective electrodialysis (MSED) provides an alternative to RO that selectively6

extracts monovalent ions while retaining divalent ions. This paper investigates the monova-7

lent selectivity and potential of the new cost-effective Fujifilm MSED membranes to treat8

brackish source water in greenhouses, with a comparison to the widely-used Neosepta MSED9

membranes. Thirteen groundwater compositions serve as feedwater to an MSED experimen-10

tal set up to characterize membrane selectivity, ion transport, limiting current and membrane11

resistance. The Fujifilm membranes demonstrate notable selectivity for all compositions. On12

average, they remove six sodium ions, compared to Neosepta’s four, for every calcium ion13
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and thirteen sodium ions, compared to Neosepta’s seven, for every magnesium ion, while their14

bench-scale cost is 68% lower than that of the Neosepta membranes. The Fujifilm selectivity15

values are used to calculate annual fertilizer savings of MSED relative to RO, which average16

$4995/ha for 6,000 brackish groundwaters across the U.S.17

Keywords: desalination; groundwater; electrodialysis; agriculture; membrane selectivity18
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Introduction19

Agriculture is the dominant user of water supplies globally (69% of freshwater withdrawals1).20

Given current trends in population growth and resource-intensive consumption,2,3 the agriculture21

sector must continue to develop and adopt more efficient farming practices to meet future water and22

food demand. Greenhouses represent such a solution: they yield more crops using fewer land and23

water resources than conventional open-air farming. A key component in optimizing greenhouse24

operations is irrigation water quality.25

Greenhouses primarily depend on groundwater for irrigation. Because most groundwater is brack-26

ish (0.5 mg/L  TDS  5 mg/L), desalination is required to reduce the concentration of salts and27

toxic solutes, which would otherwise threaten crop productivity. In the U.S., for example, annual28

fresh groundwater usage is less than one-thirtieth the available volume of brackish groundwater29

(BGW) (1,000 mg/L  TDS  10,000 mg/L).4 As a result, greenhouses increasingly rely on re-30

verse osmosis (RO) to improve their source water quality. Although RO is the most widely used31

and cost-effective desalination technology, its posesses two disadvantages in agricultural applica-32

tions. First, RO removes all ions from solution, including monovalent ions (Na+,Cl�) damaging33

to crops and divalent ions (Ca2+,Mg2+,SO2�
4 ) favorable for crop growth.5 These nutrients must34

then be re-added to the desalinated water typically in the form of fertilizer. Second, RO’s water35

recovery of approximately 80% is lower than that of other brackish water technologies, resulting36

in lesser water savings.6
37

Monovalent selective electrodialysis (MSED), a variant of electrodialysis (ED), provides an alter-38

native to RO for greenhouses. Most notably, the technology selectively extracts harmful monova-39

lent ions, while retaining divalent ions beneficial for crop growth in the desalinated water. This40

selective separation decreases fertilizer requirements and related costs. Moreover, MSED can op-41

erate at a water recovery greater than 90%,7 saving more water and reducing the amount of brine42

for disposal and/or reuse. Other advantages of MSED include its 2-3 year increase in membrane43

lifetime relative to RO7 and its process reversal that makes its membranes less susceptible to foul-44
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ing.45

Despite the development of MSED in the 1960s, the technology has not been implemented to46

desalinate brackish water at the commercial scale. Instead, MSED membranes have historically47

been manufactured to concentrate seawater for salt production, i.e., for much higher salinities than48

those of brackish water.8 Only recently were MSED membranes developed specifically for brack-49

ish water applications by Fujifilm. Consequently, the literature has focused on MSED membrane50

selectivity in seawater and concentrated seawater,9–11 while only three studies,5,12,13 to our knowl-51

edge, examine MSED membrane selectivity in brackish waters.52

Jiang et al.12 showed that the addition of a polyethyleneimine coating layer greatly enhances the53

monovalent selectivity of the CR67 membrane (Suez Water Technologies & Solutions), although54

the membrane still proved to be divalent selective. Cohen et al.5 tested two MSED membranes55

on one BGW composition from Mashabei Sadeh, Israel: the CSO/ASV membranes (Asahi Glass)56

demonstrated selectivity towards monovalent ions, and the Neosepta CMS/ACS membranes (As-57

tom Corporation) showed selectivity towards divalent ions. In contrast, Ahdab et al.13 concluded58

that, for 16 diverse BGW compositions, the Neosepta CMS/ACS membranes are monovalent se-59

lective.60

This study performs the first analysis on the monovalent selectivity of the new Fujifilm Type 1661

MSED membranes. Because BGW varies significantly with location, we conduct experiments on62

13 diverse BGW compositions to evaluate membrane selectivity, membrane resistance, and lim-63

iting current density and to develop an MSED model for multi-ion transport. The relationship64

between membrane selectivity and BGW composition is then investigated. These results are com-65

pared to those of the well-established Neosepta CMS/ACS for the same feedwaters,13 in order to66

provide a benchmark for Fujifilm membrane performance. Finally, based on the experimentally-67

determined membrane selectivities, we calculate fertilizer cost savings offered by MSED relative68

to RO for 6,000 divalent-rich BGWs across the U.S. and highlight areas that show promise for69

MSED adoption.70
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Methods71

In an MSED system, two types of monovalent selective ion-exchange membranes, arranged in al-72

ternating order between two electrodes, separate a feed stream into a product (or diluate) stream73

and a concentrate stream. Anion exchange membranes (AEMs) and cation exchange membranes74

(CEMs) contain positively charged and negatively charged groups, respectively, fixed to their poly-75

mer matrix.7 The membranes employ Donnan exclusion to enable the selective charge-based mi-76

gration of ionic species:14 AEMs allow the transport of monovalent anions, while rejecting divalent77

anions and all cations. Similarly, CEMs enable the transport of monovalent cations while rejecting78

divalent cations and all anions. The effectiveness of ion-exchange membranes depends on various79

parameters, such as the type and concentration of the fixed charges in the polymer, the hydrophobic80

or hydrophobic nature of the matrix polymer, the membrane morphology and the polymer network81

density.7
82

Spacers are placed between the membranes and electrodes, as well as the membranes themselves,83

in order to configure the flow. An applied potential difference across the electrodes induces ion84

transport across the membranes. Anions migrate towards the anode, while cations migrate towards85

the cathode.86

Figure 1 demonstrates this process for an MSED system with two membranes treating brackish87

groundwater, typically source water for irrigation. The primary groundwater constituents are cal-88

cium, magnesium, sulfate, sodium and chloride.15 Sodium and chloride, which are monovalent89

ions, are damaging to crops. Calcium, magnesium, and sulfate, which are divalent ions, act as90

nutrients to crops. The MSED desalination process generates a diluate stream, containing low91

salinity and high nutrient concentrations, for irrigation and a concentrate stream, containing high92

salinity and high sodium chloride concentration, for disposal or reuse after treatment. Details of93

the experimental set-up and membrane specifications can be found in Section S1.94
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Figure 1: A simplified MSED stack consisting of two electrodes, a CEM, and a AEM (modified from
Rehman et al.16). In reality, the number of membrane cell pairs is much greater. Groundwater serves as
the feedwater. An applied voltage across the electrodes yields a diluate stream, high in nutrients and low in
NaCl, for irrigation and a concentrate stream for disposal. Magnesium, not shown here, will show similar
behavior as calcium.

We may express the net salt and water transport across the membrane in each compartment of the95

MSED stack as96

Js, j =
T cp

s, j i
zF

�L j(Cj,c,m �Cj,d,m) (1)

Jw =
T cp

w i
F

+Lw(p j,c,m �p j,d,m) (2)

where J is flux in mol·m�2·s�1, s denotes salt, w denotes water, T is a transport number, F is Fara-97

day’s constant, L is the membrane permeability in m·s�1 for the salts and in s·m�1 for the water,98

z is the ion valence, c denotes concentrate, d denotes diluate, m is membrane, C is a concentration99

in mol·m�3, and Am is the membrane area in m2. The subscript j represents an ion species in the100

groundwater that travels across the series of ion-exchange membranes. The applied current density101
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i is a function of Donnan potentials and ohmic resistances for the membranes, diluate, concentrate102

and rinse. The salt flux in eq 1 depends on ion migration (first term) and ion diffusion (second103

term), while the water flux in eq 2 depends on electro-osmosis (first term) and water diffusion104

(second term). In order to characterize the MSED Fujifilm membranes, we experimentally evalu-105

ate the following membrane parameters from these equations: ion transport numbers, membrane106

selectivity, membrane resistance (Section S4.2.2), and limiting current density (Section S4.2.1).107

These membrane parameters serve as inputs to an MSED model that we develop (Section S5.1.1).108

Brackish groundwaters analyzed109

In this study, BGW is defined as containing 500 - 10,000 mg/L of TDS. Because large variations110

in BGW occur with location, MSED experiments are conducted on 13 BGWs across the entire111

salinity range with different cation and solute ratios which can be written as:112

rcation =
CCa2+ +CMg2+

CNa+ +CCa2+ +CMg2+
(3)

ranion =
CSO4

2�

CCl� +CSO4
2�

(4)

These compositions are derived from the BGW samples in the U.S. Geological Survey (USGS)113

major-ions dataset17 (Section S3) and the Cohen et al. study, which investigates MSED treatment114

for irrigation water:5 four dilutions (1500–10000 mg/L) of Comp. 1 (rcation = 0.40, ranion = 0.40),115

Comp. 2 ( rcation = 0.60, ranion = 0.14), and Comp. 3 (rcation = 0.21, ranion = 0.64) and one di-116

lution (3000 mg/L) of Cohen (rcation = 0.24, ranion = 0.30) are tested. More detail on feedwater117

composition data can be found in Section S2.118
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The sodium adsorption ratio (SAR) of the product waters is defined as:119

SAR =
WNa+q

0.5(WCa+ +WMg+)
(5)

where W is ion concentration in milliequivalents per liter. As a general rule, waters with low SAR120

(SAR  3) have no limitations on irrigation use; waters with a higher SAR (3  SAR  9) have121

slight to moderate limitations on irrigation use.18
122

Transport number123

To evaluate ion transport numbers, we conduct experiments at constant current and measure the124

change in ion concentrations in the diluate over time. A minimum of three trials was run at each125

set of conditions for 13 BGW solutions to establish repeatability. In each trial, simulated ground-126

water was added to the concentrate and diluate streams as feedwater. The pumps and power supply127

were then switched on to circulate the three streams and apply a constant current across the stack,128

respectively. We ensure that i/ilim does not surpass 0.7, a standard operating condition in commer-129

cial ED systems treating brackish water.19 The ion transport number may be formulated from eq 1130

as:131

T cp
s, j =

Dw jF
iDtAmNcp

(6)

where Dw j is the change in ion concentration in milliequivalents relative to the initial ion concen-132

tration at t = 0, Ncp is the number of cell pairs, and Am is the membrane area in m2. Applying the133

Hittorf method, we neglect the the ion diffusion term in eq 1, which is approximately three orders134

of magnitude less than the ion migration term. McGovern et al.20 have verified this trend even for135

high salinity applications.136
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Membrane permselectivity137

Based on ion transport numbers, membrane permselectivity P is defined such that it captures the138

membranes’ selective removal of monovalent relative to divalent ions. This parameter is equiva-139

lent to the ratio of the divalent to monovalent transport numbers, normalized by their initial ion140

concentrations at t = 0:141

Pdiv
mon ⌘

Tdiv/wdiv,o

Tmon/wmon,o
(7)

Permselectivity values between zero and unity indicate correspond to membrane monovalent se-142

lectivity. Permselectivities closer to unity denote worse rejection of monovalent ions and suggest a143

less efficient MSED system, while permselectivities closer to zero correlate to greater monovalent144

selectivity.145

Results146

This section presents experimental results of membrane monovalent selectivity for a bench-scale147

MSED system containing Fujifilm membranes. Results for membrane resistance, limiting current148

density and our transport model can be found in Sections S4 and S5. Because BGW composition149

varies significantly with location, we analyze 13 diverse BGWs to characterize Fujifilm membrane150

selectivity. Trends in selectivity and BGW composition, both TDS and solute ratio, are explored.151

Our results suggest that membrane selectivity may be sensitive to solute ratio and is independent152

of BGW salinity. In order to benchmark Fujifilm membrane behavior, we compare these outcomes153

to those of the widely used Neosepta membranes.154

All results represent a bench-scale setup. System parameters may vary with scale for a variety of155

reasons, including differences in transport characteristics, operating conditions and system con-156

figurations. Consequently, pilot studies in greenhouses are required to fully characterize MSED157

systems for real-world applications.158
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Permselectivity for 13 BGW compositions159

The Fujifilm CEMs and AEMs show notable selectivity towards monovalent ions across the 13160

BGW compositions. The average magnesium selectivity is 0.08±0.04, representing a factor161

of 8.3-26 removal of sodium relative to magnesium. The average calcium permselectivity is162

0.18±0.08, corresponding to a factor of 3.7-10 reduction of sodium relative to calcium. The163

lower hydration energy of calcium (1592 kJ/mol) compared to magnesium (1904 kJ/mol) accounts164

for calcium’s higher permselectivity (i.e., lower removal rate), because ions must partly or entirely165

shed their hydration shell to traverse the membranes.21 Average sulfate permselectivity across all166

compositions is 0.18±0.12, corresponding to a factor of 3.3-20 removal of chloride relative to sul-167

fate. The maximum standard deviation s from the average values is 25% for cations and 33% for168

anions. The permselectivities for each BGW solution are shown in Table 1. The SARs of Comp.169

1, Comp. 2, Comp. 3 and Cohen product waters are 1.8 ± 0.7, 1.6 ± 0.4, 3.6 ± 0.3, and 2.2 ± 0.4,170

respectively.171

Table 1: Calcium, magensium and sulfate permselectivity for 13 BGW compositions. The first two
columns correspond to BGW composition.

Solute ratio TDS (mg/L) PCa
Na PMg

Na PSO4
Cl

Comp. 1

1295 0.21 ± 0.03 0.09 ± 0.02 0.21 ± 0.02
2858 0.14 ± 0.03 0.06 ± 0.02 0.18 ± 0.10
4408 0.19 ± 0.03 0.09 ± 0.02 0.16 ± 0.02
10396 0.16 ± 0.04 0.09 ± 0.03 0.27 ± 0.02

Comp. 2

1483 0.18 ± 0.02 0.05 ± 0.002 0.10 ± 0.01
2895 0.10 ± 0.05 0.06 ± 0.004 0.12 ± 0.01
4756 0.19 ± 0.02 0.10 ± 0.002 0.15±0.008
7814 0.22 ± 0.02 0.09 ± 0.003 0.10 ± 0.01

Comp. 3

1450 0.13 ± 0.03 0.07 ± 0.02 0.22±0.04
2683 0.22 ± 0.03 0.10 ± 0.01 0.28±0.01
4276 0.22 ± 0.02 0.05±0.007 0.23 ± 0.01
8491 0.21 ± 0.01 0.09 ± 0.002 0.18 ± 0.02

Cohen 2564 0.20 ± 0.02 0.08 ± 0.02 0.11 ± 0.02
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Observed trends in solute ratio at fixed TDS172

We explore trends in solute ratio with transport number and monovalent selectivity for Comp. 1,173

Comp. 2, Comp. 3 and Cohen solutions at a fixed TDS of 2750 ± 154 mg/L. Transport number174

linearly depends on solute ratio (Section S5.3), with monovalent transport numbers decreasing175

and divalent transport numbers increasing with cation and anion solute ratio. At lower solute176

ratios, fewer divalent ions will compete with monovalent ions to cross the membranes, resulting177

in increased monovalent transport and decreased divalent transport. Conversely, at higher solute178

ratios, monovalent ions will compete with more divalent ions to cross the membranes, leading to179

reduced monovalent transport and greater divalent transport.180

Figure 2 illustrates the linear relationship between permselectivity and solute ratio. Anion permse-181

lectivity increases with anion solute ratio, while cation permselectivity decreases with cation solute182

ratio. Differences in the rate of change in transport number ratio with solute ratio for anions and183

cations seem to account for the discrepancy in the permselectivity trends. Trends in permselectivity184

mirror those in transport number ratio, because solute ratio is proportional to the initial concen-185

tration ratio (i.e., Pdiv
mon µ Tdiv/Tmon

r ). If we divide the transport number ratio equations in Figure186

2(c) by r, anion permselectivity varies with A(ranion)1.7 and cation permselectivity varies with187

B+D/rcation, where A, B, and D are constants greater than 0. Consequently, anion permselectivity188

increases as ranion increases, while cation permselectivity decreases as rcation increases. The over-189

lapping error bars in membrane selectivity suggest that the parameter may be sensitive to solute190

ratio.191
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PCa = -0.35rcation + 0.29
PMg = -0.14rcation + 0.13
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Figure 2: (a) CEM selectivity, (b) AEM selectivity, and (c) ratio of divalent to monovalent transport
number for CEMs and AEMs, as a function of cation and anion solute ratio, respectively, for BGWs
containing a TDS of 3000 mg/L.
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Counter-ion (i.e., an ion with an electric charge opposite to the membrane) permselectivity may192

be influenced by co-ion (i.e., an ion with the same electric charge as the membrane) concentra-193

tions. For example, Comp. 3 (ranion = 0.64) and Cohen (ranion = 0.30) have substantially different194

anion solute ratios and relatively similar cation solute ratios (13% difference). At a fixed TDS195

of 2624± 83.6, the average calcium permselectivity is 0.21± 0.02 (s of 6%), suggesting little196

variation in calcium permselectivity despite differences in sulfate concentration. In comparison,197

the average magnesium permselectivity is 0.09± 0.04 (s of 18%), reflecting a larger variation in198

permselectivity with differences in sulfate levels. More BGWs with similar counter-ion and differ-199

ent co-ion solute ratios would need to be analyzed to establish the effect of co-ions on counter-ion200

permselectivity.201

Observed trends in TDS at fixed solute ratio202

This section investigates trends in transport number and monovalent selectivity with initial diluate203

salinity, when the initial solute ratio is held constant. Although the TDS of most BGW samples204

in the USGS dataset range from 500 mg/L to 3,000 mg/L,15 we consider four salinities in the205

1,000 mg/L to 10,000 mg/L BGW range per ionic composition for completeness. We observe206

no trends in transport number as a function of initial diluate salinity for Comp. 1, Comp. 2, and207

Comp. 3 (Section S5.3). Moreover, the overlapping error bars illustrate the insignificant variation208

in a given ion transport number across the BGW salinity range. Because permselectivity is only209

a function of transport numbers at a constant solute ratio, there similarly appear to be no trends210

in permselectivity with initial salinity (Figure 3). The lack of observed trends may stem from the211

narrowness of the BGW salinity range compared to the broad salinity range typically considered212

in ED transport number fits in the literature (e.g, BGW salinities up to 200,000 mg/L).20
213
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Figure 3: Membrane permselectivity as a function of TDS for (a) Comp. 1, (b) Comp. 2, and (c)
Comp. 3.
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Comparison to Neosepta MSED membranes214

This section compares the performance in the BGW salinity range of the recently developed Fu-215

jifilm membranes to the widely used Neosepta MSED membranes. The Neosepta membranes216

are characterized for the same 13 BGW compositions as the Fujifilm membranes.13 Across these217

compositions, Fujifilm CEMs show notably better monovalent selectivity, while the Fujifilm AEMs218

show moderately worse monovalent selectivity, than the Neosepta membranes (Table 2). The av-219

erage Fujifilm calcium and magnesium permselectivities are 28% and 47%, respectively, less than220

those of Neosepta. If we account for standard deviation (Pavg.±2s ), the Neosepta CEMs remove221

a factor of 3.1-5.2 more sodium than calcium, in comparison to Fujifilm’s 3.7-10, and a factor of222

4.8-11 more sodium than magnesium, in comparison to Fujifilm’s 8.3-26. The average Fujifilm223

sulfate permselectively is 4.1% less than that of Neosepta. If we account for standard deviation224

(Pavg.± 2s ), the Neosepta AEMs remove a factor of 4.3-9.4 more chloride than sulfate, in com-225

parison to Fujifilm’s 3.3-20. Considering CEM and AEM performance, Fujifilm membrane per-226

formance overall is superior to that of Neosepta for BGWs. In addition, the Fujifilm and Neosepta227

membranes show similar trends in permselectivity with BGW composition. There appears to be228

no relationship between permselectivity and TDS and a linear relationship between permselectivity229

and solute ratio. Cation and anion permselectivity increases with decreasing cation and increas-230

ing anion solute ratio, respectively, for both membranes (Section S5.4). However, the Fujifilm231

membranes have a larger selectivity-solute ratio slope for calcium and sulfate, suggesting that232

permselectivity of the Fujifilm membranes may be more sensitive to solute ratio than the Neosepta233

membranes. In addition, the Fujifilm membranes have a higher limiting current density than the234

Neosepta membranes, i.e., they can withstand a higher operating current without a decrease in235

performance. A detailed comparison of limiting current density and membrane resistance can be236

found in Section S4.3.237
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Table 2: Calcium, magnesium and sulfate permselectivities of Neosepta and Fujifilm membranes
for four solute ratios (Comp. 1, Comp. 2, Comp. 3, Cohen) and for all 13 analyzed BGWs. The
Comp. 1, Comp. 2, and Comp. 3 values are averaged across their four tested salinities, because no
trends in permselectivity with TDS are observed for either membrane.

PCa
Na PMg

Na PSO4
Cl

Fujifilm Neosepta Fujifilm Neosepta Fujifilm Neosepta

Comp. 1 0.17±0.03 0.26±0.03 0.08±0.02 0.14±0.02 0.20±0.06 0.15±0.04
Comp. 2 0.17±0.05 0.23±0.03 0.08±0.02 0.13±0.03 0.12±0.06 0.15±0.03
Comp. 3 0.20±0.04 0.27±0.04 0.08±0.02 0.17±0.03 0.23±0.08 0.20±0.06
Cohen 0.20±0.03 0.27±0.04 0.08±0.04 0.16±0.04 0.11±0.04 0.16±0.04

All BGWs 0.18±0.08 0.26±0.06 0.08±0.04 0.15±0.06 0.18±0.12 0.17±0.06

Implications for desalination in greenhouses238

Our experiments confirm the monovalent selectivity of Fujifilm and Neosepta membranes, with a239

better Fujifilm CEM performance, in the BGW salinity range. An MSED system using either set of240

membranes will be capable of retaining nutrients present in the source groundwater, which would241

otherwise be added as fertilizer after RO treatment. This section presents a first-order estimate of242

MSED fertilizer savings relative to RO for BGWs with sufficient nutrient concentrations from the243

2017 USGS major-ions groundwater dataset.17 We then compare the Fujifilm and Neosepta results244

and conduct a case study on a 10 hectare greenhouse using MSED versus RO.245

Fertilizer cost savings246

MSED fertilizer cost savings are calculated for 6,000 BGWs that contain nutrient concentrations in247

excess of general recommendations for irrigation water quality (Section S3): Ca > 150 mg/L, Mg248

> 50 mg/L, and/or SO4 > 50 mg/L.22,23 In reality, the desired irrigation water will depend on crop.249

However, we aim to provide a first-order approximation of MSED fertilizer savings independent of250

crop. We do not consider sulfate in our calculations of fertilizer savings, because multiple salts that251

compose fertilizer contain sulfate but not magnesium or calcium. Consequently, the determined252
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fertilizer savings, based only on cations, serve as a lower bound on the nutrient savings potentially253

offered by MSED.254

To characterize the membranes, we use the average cation permselectivities for the 13 BGW com-255

positions. The average cation selectivities have a maximum s of 25%, which may result from256

differences in BGW solute ratio and appears to not result from differences in BGW salinity. Con-257

sequently, the Fujifilm selectivity values for 13 diverse BGW compositions can likely be applied258

to BGWs across the U.S. We set the final concentration of calcium, the key ion in determining259

fertilizer cost savings, to 150 mg/L. Equation 7 is applied to evaluate the final magnesium con-260

centrations and sodium concentrations, which do not exceed 100 mg/L.24 We then compare the261

final nutrient concentrations of MSED and RO, based on typical RO ion percent reductions rang-262

ing from 90% to 99% (Section S7). The difference in these values is used to quantify the MSED263

Fujifilm savings in ion percent reductions S%,div (%), final ion concentrations Sppm,div (mg/L), and264

fertilizer cost S$,div ($·ha�1·yr�1) relative to RO, assuming one growing season per year, in Table265

3:266

S%,div = 100
(Cdiv,i �Cdiv, f |RO)� (Cdiv,i �Cdiv, f |MSED)

Cdiv,i
(8)

Sppm,div =
S%,div

100
Cdiv,i (9)

S$,div = (Sppm,div)(Fcost,div) (10)

where Fcost,div is the fertilizer cost of adding gypsum25 or epsom26 to greenhouse soil (Section267

S6).268
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Table 3: MSED Fujifilm savings in ion percent reductions, final ion concentrations and fertilizer
cost relative to RO for CCa, f =150 mg/L and 9 different cases of PCa

Na and PMg
Na (avg., +s , -s ). For

example, the first row (average PCa
Na and PMg

Na ) uses the average permselectivity values. The last
column includes the Neosepta fertilizer cost savings for comparison.

Fujifilm Neosepta
PCa

Na, avg. PMg
Na, avg. S%,Ca S%,Mg Sppm,Ca Sppm,Mg S$,Ca S$,Mg S$,Ca+Mg S$,Ca+Mg

avg. avg. 79 94 133 82 $3587 $1408 $4995 $4942

avg. +s 79 93 133 81 $3587 $1389 $4977 $4915

avg. -s 79 96 133 83 $3587 $1426 $5013 $4969

+s avg. 77 94 133 84 $3575 $1435 $5010 $4944

+s +s 77 93 133 83 $3575 $1416 $4991 $4917

+s -s 77 96 133 85 $3575 $1453 $5028 $4970

-s avg. 82 94 134 82 $3600 $1398 $4998 $4948

-s +s 82 93 134 81 $3600 $1379 $4980 $4922

-s -s 82 96 134 83 $3600 $1415 $5016 $4975

Figure 4 maps the Fujifilm fertilizer cost savings S$,Ca+Mg for the first row from Table 3 (PCa
Na, avg.,P

Mg
Na, avg.).269

MSED can generate fertilizer savings for BGWs across the U.S., including agriculture centers in270

California’s Central Valley, Iowa and the Dakotas.271
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4230-4500 (n=218)
4500-5000 (n=769)
5000-5500 (n=209)
> 5500 (n=194)

Cost savings ($/ha)

Figure 4: Map of Fujifilm fertilizer cost savings ($/ha.) for cations in BGW samples from the
USGS dataset. Each dot corresponds to a BGW sample.

Greenhouse case study: MSED versus RO272

RO is a commodity product with lower operating costs (OPEX) and capital costs (CAPEX) than273

MSED. Consequently, if MSED using Fujifilm or Neosepta membranes is to be implemented274

rather than RO in greenhouses, MSED savings must offset OPEX and CAPEX differences be-275

tween the technologies within a two year payback period, according to greenhouse interviews we276

conducted.24 We anticipate larger farms being the early adopters of this promising technology. In277

addition to their greater resilience to innovation, the tradeoff between MSED savings and costs278

becomes more favorable, i.e., the payback period decreases, with an increase in farm size: CAPEX279

and OPEX grow at a decreasing rate with farm area, while MSED fertilizer savings linearly in-280

crease with farm area.281

This case study compares the adoption of MSED and RO in a 10 hectare farm with a source water282

containing 850 mg/L in TDS. All cost data for RO and MSED is obtained from Nayar et al.24 The283

study assumes a desalination system capacity of 60 m3/day-ha with a 90% capacity factor and 12284
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hrs/day of operation. We define the annual fertilizer savings as $4,995/ha, based on the average285

value for the Fujifilm membranes. Water savings are calculated using recovery values of 80% and286

90% for RO and MSED, respectively. The net cost of the technologies after one year of operation287

is then evaluated as:288

Net cost (year one) = CapEx
r(1+ r)n

(1+ r)n �1
+OpEx� savings (11)

where r corresponds to an annual interest rate of 8%27 and n corresponds to a time period of 15289

years, the life expectancy of RO and MSED systems.24 RO savings are equal to zero. For the 10290

hectare farm, the net cost of MSED is less than that of RO after one year of operation, i.e., the291

payback period for greenhouses is less than one year (Table 4). MSED with Fuijfilm membranes292

annually saves greenhouses $39,719 in fertilizer and $44,099 in fertilizer and water relative to RO.293

Table 4: MSED and RO net costs after one year of operation for a 10 hectare farm, based on
annual capital and operating costs, as well as fertilizer and/or water savings. The MSED net costs
are negative due to the fact that the annual savings exceed the total costs. MSED savings relative
to RO are equivalent to the difference in their net costs. CapEx and OpEx data are obtained from
Nayar et al.24

MSED RO

Annual CapEx $16,835 $13,540

OpEx $17,799 $10,863

Fertilizer savings $49,950 -
Net cost (year one) � $15,316 $24,403

Water savings $4,380 -
Net cost (year one) � $19,696 $28,135

Cost comparison to Neosepta MSED membranes294

MSED with Fujifilm or Neosepta ion exchange membranes demonstrates notable potential to fur-295

ther optimize greenhouse operations, as the resulting nutrient and water savings may offer a more296

sustainable, cost-effective option than RO. In comparison to the Neosepta membranes, the Fujifilm297
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membranes yield a minimal increase (< 2%) in fertilizer cost savings per hectare (Table 3) and298

in fertilizer and water savings for the 10 hectare case study: MSED with Neosepta membranes299

annually saves greenhouses $43,569,13 in comparison to Fujifilm’s $44,099, in fertilizer and water300

relative to RO. Consequently, the key consideration in MSED membrane selection becomes cost301

per membrane area ($/m2 of Am). At the lab scale (Am < 10 m2), the Fujifilm membrane cost28
302

is approximately $162/m2 in comparison to the Neosepta membrane cost29 of $503/m2, reflecting303

the promise of the new Fujifilm MSED membranes. Nonetheless, the minimal difference in fertil-304

izer cost savings, despite the notable difference in performance, between the Fujifilm and Neosepta305

membranes at the bench-scale suggests that entirely new membranes tailored towards brackish wa-306

ters like Fujifilm may not need to be developed. Cost-effective manufacturing innovations (e.g.,307

cheaper materials) for membranes already on the market that are tailored towards higher salinities,308

such as the Neosepta CMS/ACS membranes, may suffice for brackish water applications. How-309

ever, pilot tests in greenhouses must be conducted to ensure that the membranes perform similarly310

at scale.311
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