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General Abstract 

Increasing population and diminishing freshwater resources are leading to increased 

competition between users of freshwater, both in terms of surface water and groundwater. 

Desalination can augment the water supply, but conventional approaches like reverse osmosis are 

usually limited to 70-80% recovery. Inland brine disposal options are often limited, presenting 

significant technical and economic obstacles to implementing desalination technology. In 

comparison to conventional desalination technologies, high recovery desalination methods such 

as Zero Discharge Desalination (ZDD) offer substantially higher potable water yield (i.e., 95-98%) 

from brackish water. ZDD is a hybrid process that combines reverse osmosis (RO) or nanofiltration 

(NF) with electrodialysis metathesis (EDM). The goal of this research was to increase the 

sustainability of inland brackish desalination by improving the technical and economic feasibility 

of high recovery inland brackish desalination. The research objectives were to evaluate: 1) ZDD 

performance using different feed water chemistry to develop designs optimized for variations in 

water quality; 2) the performance tradeoffs in ZDD design on salinity removal, specific energy 

consumption, and hydraulic recovery; and, 3) the lifetime cost impacts of high recovery processes, 

as compared with conventional (low-recovery) treatment systems.  

This research includes three distinct chapters, each of which is intended to be a standalone 

document that was, or will be, submitted for publication in a journal article. Chapter 1 presents the 

results of an article entitled, “Improving Desalination Recovery Using Zero Discharge 

Desalination (ZDD): A Process Model for Evaluating Technical Feasibility,” which was published 

in Industrial & Engineering Chemistry Research [1]. A semi-quantitative model that incorporated 

pilot testing results, theoretical calculations, and membrane and antiscalant manufacturer models, 

was developed in order to evaluate the tradeoffs (i.e., specific energy consumption vs. product 

water quality) involved in ZDD design. The model shows that 97% system recovery is theoretically 

possible for moderate feedwater salinity, relatively high multivalent ion concentrations, and less 

than 40 mg/L silica. 

http://pubs.acs.org/doi/abs/10.1021/acs.iecr.7b02472
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Chapter 2 evaluates the economic performance of ZDD and also updated the ZDD model 

to include potential for salt recovery, namely calcium sulfate, magnesium hydroxide, and sodium 

chloride. The chapter investigates the tradeoffs associated with capital and operating costs by way 

of a sensitivity analysis that compares the relative impacts of RO, EDM, and evaporation pond 

capital costs, and quantified the impact to ZDD costs from varied power costs. The updated model 

and associated economic analysis indicate that an optimized ZDD design involves choosing the 

maximum RO/NF recovery, minimum EDM ion removal, and balancing the salt rejection and 

silica passage of the RO or NF membrane in order to achieve the water quality desired while 

maximizing the ZDD system recovery. The incorporation of salt recovery processes led to a 

decreased unit cost, even when revenue from the sale of byproducts is excluded.  

Chapter 3 compares ZDD performance with other commercially-available technologies 

that show potential for high recovery, namely UTEP’s Concentrate Enhanced Recovery Reverse 

Osmosis (CERRO) and Desalitech’s Closed Circuit Reverse Osmosis (CCRO). CERRO was 

developed at The University of Texas at El Paso by Dr. Anthony Tarquin and has been evaluated 

at the Kay Bailey Hutchison Desalination Plant (KBH) in El Paso, Texas, and other locations. 

CCRO is a technology that was pilot tested in 2013 at the KBH. Both CERRO and CCRO take 

advantage of the relatively slow scale formation of silica and other ions, but differ in their design. 

Pilot or full scale operational data from ZDD, CERRO, and CCRO were used for this research. 

While there are many caveats with the assumptions made, my results indicate that semi-batch 

processes like CERRO and CCRO may be better-designed for medium and high recovery 

desalination of brackish groundwaters with relatively low concentrations of divalent ions. While 

ZDD is able to achieve comparable recovery, the energy and cost requirements, and associated 

complexity, it may be less optimal relative to CERRO and CCRO. However, when the 

concentration of divalent ions is high (e.g., greater than 60% of TDS), and there is a definite need 

for high recovery, it seems that ZDD is well-suited for desalination. Additional research is needed 

to fine tune the economic assessment of these technologies and models should be built to further 

evaluate the design choices. 
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1. Improving Desalination Recovery Using Zero Discharge Desalination 

(ZDD): A Process Model for Evaluating Technical Feasibility1 

ABSTRACT. Zero Discharge Desalination (ZDD) is a very high recovery hybrid 

desalination system, typically comprised of a primary desalter such as reverse osmosis (RO) or 

nanofiltration (NF), and electrodialysis metathesis (EDM). The EDM acts as a “kidney” by 

removing troublesome salts from the concentrate of the primary desalter, which allows for 

additional recovery of potable water. A mathematical model was developed to simulate ZDD 

system performance using mass balance, desalination design equations, and experimental data. 

Model results confirm that ZDD can achieve greater than 97% system recovery for brackish water 

with: (a) feed TDS less than 3 g/L; (b) relatively high fractions of multi-valent ions (e.g., calcium 

and sulfate mass concentrations greater than 60% of the TDS); and (c) silica less than 40 mg/L.  

Furthermore, model results indicate that the required ZDD specific energy consumption: (a) 

increases by 0.77 kWh per 1 g/L of feed TDS; (b) increases with lower permeate TDS, especially 

below 500 mg/L; and (c) generally decreases with higher recovery on the primary desalter (e.g., 

RO or NF). ZDD system recovery generally decreases by approximately 1% per 1 g/L of feed 

TDS.  Higher TDS feedwater (e.g., 3.5 to 5 g/L) limits ZDD system recoveries to 94 to 90%, 

respectively. 

1.1. Introduction 

Inland brackish groundwater desalination can supplement or replace a portion of the water 

supply in many cities and regions, but conventional approaches like reverse osmosis (RO) and 

nanofiltration (NF) are typically limited to 75-85% hydraulic recovery in order to mitigate the 

precipitation of sparingly soluble salts (e.g., calcium sulfate). Thus, 15-25% of brackish water 

supplies must be wasted or discarded as concentrate or brine. Typical brine disposal options 

                                                 
1 This first chapter was published in Industrial & Engineering Chemistry Research (I&ECR) with co-authors 

W. Shane Walker, and Thomas A. Davis. Some slight edits were made to fix typographical errors and chemical 

symbols (e.g. CaSO4) were replaced with words (e.g., calcium sulfate).:  

Ind. Eng. Chem. Res., 2017, 56 (37), pp 10448–10460, DOI: 10.1021/acs.iecr.7b02472 
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include: discharge to the sanitary sewer; deep well injection; treatment by an additional process; 

or evaporation ponds.  These brine disposal options often generate permitting or financial obstacles 

to implementing desalination technology [7]. Additionally, gaining acceptance by the local or 

regional community can be challenging [7,8]. Effective concentrate management solutions are key 

to the design and operation of inland brackish desalination systems. 

1.1.1. ZDD Technology Background 

Zero Discharge Desalination (ZDD) is typically comprised of several main unit operations: 

pre-treatment, primary desalter (RO or NF), electrodialysis metathesis (EDM), and evaporation 

ponds (which can also include byproduct recovery). Figure 1.1 shows a simplified ZDD flow 

diagram for a greenfield (new) desalination site.  

 

Figure 1.1. Simplified ZDD Diagram 

Pre-treated brackish water is fed to an RO/NF system which is then operated at 50-80% 

recovery and its concentrate is fed to an EDM system. A second feed stream of sodium chloride 
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(NaCl) is also fed to the EDM. The EDM acts similar to a kidney, in that it removes most of the 

sparingly soluble salts from the concentrate (uncharged species such as silica are not removed by 

EDM). The EDM produces a desalinated stream, called diluate, which is returned to the RO/NF 

feed for recovery of more water. Two concentrated waste streams (Mixed Na and Mixed Cl) are 

produced by the EDM. The concentrate streams can be handled separately if there is a market for 

individual salts (e.g., Na2SO4 or CaCl2). Alternatively, the concentrate streams can be combined 

to precipitate calcium sulfate (CaSO4), which allows production of a solid byproduct. The Mixed 

Cl stream can be treated with lime prior to being combined with the Mixed Na to precipitate 

magnesium hydroxide (Mg(OH)2). The remaining fluid is then sent to evaporation pond(s). Since 

the supernatant from the combined concentrate streams contains mostly sodium and chloride ions, 

that sodium chloride rich solution can be used to dissolve sodium chloride pellets to reduce sodium 

chloride purchases.  

ZDD has been piloted at several locations with a permeate production capacity of 7.6 to 

151 L/min by The University of Texas at El Paso (UTEP) [9] and others [10–12]. This paper 

focuses on modeling based on piloting at the Brackish Groundwater National Desalination 

Research Facility (BGNDRF) in Alamogordo, New Mexico.   

1.1.2. Research Goals & Objectives 

A mathematical process model was developed to evaluate the tradeoffs associated with 

ZDD design decisions such as membrane choice, water recovery of the primary desalination 

process (RO/NF), EDM performance, and overall system recovery. While many authors have 

written about various design aspects and models of electrodialysis performance [13–19], no 

commercial design program is available to the public. There are many RO/NF design programs 

available for evaluating membrane choice, RO/NF design, and various operating programs. 

However, there are no models that integrate concentrate minimization or management options. 

This model is a first step in understanding design and operational decisions for ZDD. The main 
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goal of this research was to evaluate the feasibility of ZDD as a means of very high recovery 

brackish water desalination. The objectives of this study were to: 

1. Analyze performance tradeoffs among ZDD design parameters 

2. Evaluate ZDD performance sensitivity to water quality  

1.2. Methods and Materials (ZDD Model Description) 

An iterative mathematical model was developed to simulate steady-state ZDD system 

performance using equations based on the output from a membrane manufacturer’s reverse 

osmosis system design program, mass balance, desalination design equations, and experimental 

data. Experimental data from ZDD pilot research at the BGNDRF were used to evaluate the impact 

of membrane choice in the RO/NF. A set of eight brackish waters was used to evaluate the ZDD 

performance sensitivity to water quality parameters. The ZDD model workflow, showing inputs 

and how the user interacts with both the model and external programs is shown in Figure 1.2. The 

ZDD model is described in greater detail in Appendix A, and a PDF of the Mathcad 14.0 model is 

provided in Appendix B.  
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Figure 1.2. ZDD Model Inputs and Workflow 

First, the user enters the desired product flow rate, estimated deionized (DI) water 

consumption, silica purge, RO/NF and EDM feed temperatures, and EDM recovery into the ZDD 

model. Second, the user enters desired parameters for the ZDD design. This involves selecting one 

of eight water chemistries, one of six RO/NF membrane choices, entering EDM stack and 

membrane specifications (e.g., EDM stack membrane area, current efficiency, minimum and 

maximum velocities), and choosing a value for the desired reduction in calcium by the EDM 

system (the model calculates other ions’ reduction as a function of the EDM calcium reduction). 

Based on the user’s choice of RO/NF membrane, the ZDD model will automatically lead to model 

calculations for the RO/NF feed pressure and salt rejection, both of which were derived from DOW 

FILMTEC’s design program, ROSA (Reverse Osmosis System Analysis) [20]. Other 

manufacturers have models as well; however, all UTEP piloting activities used DOW FILMTEC 

membranes, so it was reasonable to use ROSA to model the RO/NF performance. As described in 

a 2014 Texas Water Development Board report, computer models can be acceptable tools for 
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predicting membrane performance [21]. This report compared the accuracy and precision of 

RO/NF design programs to initial conditions at several desalination plants in the US and found 

that the models slightly over-predict RO feed pressure and salt rejection [16]. The ZDD model 

allows the user to manually enter feed pressure and salt rejection values, if desired. 

EDM performance is based on ZDD pilot activities in 2013. The model then iterates to 

solve for steady state water quality solutions for all the streams except the EDM’s concentrate 

streams. Third, the user can export the ZDD model water quality results to an antiscalant projection 

model (or other means) for determining whether the RO/NF concentrate is stable. If the RO/NF 

concentrate stream is determined to be too close to scaling or the user determines that another 

design choice is necessary, the user can adjust design parameters and re-run the ZDD model. 

Fourth, the ZDD model calculates the Mixed Na and Mixed Cl concentrations (based on mass 

balance from steady state values in the previous step) and the required membrane area necessary 

to achieve the EDM diluate concentration specified given the EDM specifications. The user can 

choose a design that fits into the EDM stack manufacturer guidelines (e.g. velocity) and operating 

parameters (e.g. safe current density). Several iterations may be required on the EDM and possibly 

RO/NF design to find a safe EDM velocity and current density. Fifth, the model calculates power, 

sodium chloride consumption, and evaporation area required for the design.  

1.2.1. Brackish Feed Water Chemistry 

In order to evaluate how the performance of ZDD is affected by feedwater quality 

(especially TDS, calcium, sulfate, and silica), and desired product water quality, several water 

chemistries were used in the model. Table 1.1 summarizes select water quality parameters for eight 

waters where ZDD has been tested in some configuration and scale (the values shown have been 

balanced for electroneutrality). This set of water quality spans a range of TDS and relative 

proportion of calcium and sulfate to other constituents, and all have moderate silica concentrations. 

The first three waters are wells from the BGNDRF in Alamogordo, NM, and the fourth water is a 

blend of BGNDRF Well 1 and Well 4 that was used in ZDD piloting research to simulate the 
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brackish groundwater available for the City of Alamogordo’s planned desalination pilot (fifth 

column).  The last three columns of the table show water quality data for municipalities where 

ZDD has been pilot tested, including two sites in Colorado and the Kay Bailey Hutchison 

desalination plant (KBH) in El Paso, Texas. 

Two ratios are included in Table 1.1, namely Y-Index and divalents fraction, which are 

shown in Equations (1) and (2). The Y-Index is an attempt at describing the “Y” shape of a 

modified Stiff Diagram [17] in numerical form. In Stiff Diagrams, the concentrations are shown 

horizontally in meq/L for cations (left side) and anions (right side). The farther away from the 

center, the higher the concentration of the individual ion. For this paper, we have chosen a slightly 

different order of cations and anions, in that multivalent ions are shown first (authors that use Stiff 

Diagrams typically have monovalent ions followed by multivalent ions). In this form, our Stiff 

Diagrams allow for a graphical description of the applicability of ZDD for a given water chemistry; 

that is, the more the shape resembles a Y, the higher the Y-Index. A brackish water with a relatively 

high proportion of divalent ions could be desalinated using a nanofiltration membrane and achieve 

reasonable water quality, high recovery, and possibly lower energy usage. For example, the Stiff 

Diagram of the Alamogordo water has a distinct “Y” shape and a Y-Index of 0.59, but the Stiff 

Diagram of the KBH water is shaped like a chevron and has a Y-Index of 0.13. The divalents 

fraction and Y-Index are both figures of merit for the economic feasibility of ZDD (to be described 

in detail in a subsequent manuscript).  Figure 1.3 shows the Stiff Diagrams for each of the waters 

summarized in Table 1.1.  

𝑌-𝑖𝑛𝑑𝑒𝑥 =
𝑚𝑖𝑛𝑖𝑚𝑢𝑚{𝐶𝐶𝑎(

𝑚𝑒𝑞

𝐿
), 𝐶𝑆𝑂4(

𝑚𝑒𝑞

𝐿
)}

𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑡𝑦(
𝑚𝑒𝑞

𝐿
)

   (1.1) 

𝐷𝑖𝑣𝑎𝑙𝑒𝑛𝑡𝑠 (𝑚𝑎𝑠𝑠)𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 (%) =
𝑐𝐶𝑎(

𝑚𝑔

𝐿
)+𝑐𝑀𝑔(

𝑚𝑔

𝐿
)+𝑐𝑆𝑂4(

𝑚𝑔

𝐿
)

𝑇𝐷𝑆(
𝑚𝑔

𝐿
)

× 100  (1.2) 
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Table 1.1. Selected Water Chemistry for Various ZDD Piloting Research Sites 

Location BGNDRF (Alamogordo, NM) New Mexico Colorado Texas 

Water Quality 

Constituent or 

Parameter 

Well 1 

(2016) 

Well 2 

(2016) 

Well 3 

(2016) 

Well 

1 & 4 

blend 

(2013) 

Alamogordo 

(2005-2006) 

La Junta 

(2012) 

Brighton 

(2013) 

KBH El 

Paso 

(2016) 

Ca2+ (mg/L) 134.9 495.6 398.3 286.5 417.4 167.4 107.4 163.9 

Mg2+ (mg/L) 36.5 359.1 209.9 120.3 88.9 61 22.2 40.5 

Na+ (mg/L) 470.5 720.2 388 377 165.7 111.3 118.2 801.5 

Cl– (mg/L) 34.5 518.3 611.7 343.8 131.6 45.4 134.1 1375 

HCO3
– (mg/L) 133.9 296.7 221.5 249.3 130.6 271.5 295.8 91.9 

SO4
2– (mg/L) 1297.9 3175.7 1592.3 1287.9 1418 599.8 177.8 291.5 

SiO2 (mg/L) 22 19.6 17.9 20 28 16 20.8 26 

TDS (mg/L) 2130 5585 3439.5 2685 2391 1272 876 2790 

Normality (N) 

(meq/L) 29.9 85.7 54.1 40.6 35.4 18.2 12.3 46.3 

Y-Index 0.22 0.29 0.37 0.35 0.59 0.46 0.3 0.13 

Divalents fraction 70% 72% 64% 63% 80% 65% 35% 18% 
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Figure 1.3. Stiff Diagrams of ZDD Piloting Site Waters listed in Table 1.1 

1.2.2. Flow Balances 

There are six separate streams that enter and leave the EDM stack (EDM feed-diluate, 

sodium chloride (NaCl), mixed sodium concentrate (Mixed Na), mixed chloride concentrate 

(Mixed Cl), anolyte/anode rinse, and catholyte/cathode rinse). For simplicity, the electrode rinse 

streams and most recirculating streams are not shown in Figure 1.4. As shown in Figure 1.4, Q 

represents volumetric flow rate, M represents mass rate, and C represents concentration. Dashed 

lines indicate the boundaries of control volumes for flow and mass balances. 
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Figure 1.4. ZDD Flow Diagram used for Modeling2 

The ZDD system design is controlled by the desired finished (product) flow rate, Qp, 

product water quality requirements (e.g., TDS < 500 mg/L), and dissolved concentrations in the 

brackish feed, cb. The finished (product) flow is less than the permeate flow, QROp, since some of 

the RO/NF permeate might be used to produce DI water, QDI, for internal process use (e.g., 

dissolving sodium chloride pellets or diluting the Mixed Na stream). A small RO could be 

employed and the concentrate sent to the EDM, or a mixed bed ion exchange column could be 

used. The feed to the RO/NF, QROf, is a mixture of the raw (untreated) brackish water, Qb, and a 

portion of the EDM diluate sent to the RO/NF feed, Qd2R. For a given RO/NF design, the flow 

rates of the RO/NF permeate, QROp, and concentrate, QROc, streams are related to the RO recovery 

ratio, rRO. If needed, a small portion of the RO/NF concentrate (called the silica purge, QSi) can be 

purged to waste to prevent supersaturation of silica. The remaining portion of the RO/NF 

concentrate is then blended with the EDM diluate recycle, Qd2E, to produce the EDM feed stream, 

QE. The EDM diluate flow, Qd, is nearly equal to the EDM feed flow, as the only water losses are 

                                                 
2 This figure was modified to correct the notation on the diluate returned to the EDM feed (Qd2R) from what was in 

the manuscript (Qd2E).  
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those associated with the water of hydration for the ions transferred to the EDM concentrate 

streams. Two concentrate waste streams leave the EDM (and ZDD) system, namely the Mixed Na, 

QmNa, and the Mixed Cl, QmCl. If any DI water is used for dilutions in the EDM streams, the 

contribution from QDI is accounted for in the waste flows. Similarly, all DI water used to prepare 

the sodium chloride, and transferred as part of the water of hydration for the Na and Cl ions 

transferred into the EDM concentrate streams, is accounted for in the waste flows. Empirical 

equations (based on DOW FILMTEC’s ROSA model output) were incorporated in the ZDD model 

to simulate RO/NF feed pressure and salt rejection, as detailed in Appendix A. All of the governing 

mass and flow balance equations for RO/NF and EDM are detailed in Appendix A and B.    

The equations summarizing the ZDD system recovery and the recovery of the individual 

RO/NF and EDM systems are shown here. The RO/NF recovery is the ratio of the RO/NF permeate 

to RO/NF feed flow (note: RO is used to simplify notation, but the membrane choice could include 

NF or a combination of RO and NF): 

𝑟𝑅𝑂 =
𝑄𝑅𝑂𝑝

𝑄𝑅𝑂𝑓
  (1.3)3 

Similarly, the EDM recovery is a ratio of the EDM diluate to EDM feed flow: 

𝑟𝐸𝐷𝑀 =
𝑄𝑑

𝑄𝐸
    (1.4) 

Finally, the ZDD system recovery can be expressed as the ratio of the product water to 

brackish water feed: 

𝑟𝑍𝐷𝐷 =
𝑄𝑝𝑟𝑜𝑑

𝑄𝑏
  (1.5) 

The ZDD system recovery can also be expressed using the RO/NF permeate and waste 

flows (used to compare to pilot results since limited or no flow data exists for raw and product 

flow in the pilot systems). 

𝑟𝑍𝐷𝐷 =
𝑄𝑅𝑂𝑝−𝑄𝑚𝑁𝑎−𝑄𝑚𝐶𝑙

𝑄𝑅𝑂𝑝
  (1.6) 

The flow rates of the EDM concentrate streams include water that is transported along with 

the ions (called water of hydration) from the sodium chloride and EDM feed streams and DI water 

                                                 
3 This equation was mofidifed to correct the notation for the RO feed (QROf) from what was published in the 

manuscript (Qf) 
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that is added to mitigate scale or back diffusion of ions. Researchers have modeled and estimated 

the water of hydration [8], however this model estimates transport of water of hydration by flow 

ratio using overflow rates from pilot activities when no dilutions were occurring. Mixed Na and 

Mixed Cl concentrate waste flow rates were carefully measured at BGNDRF under controlled 

conditions. This allows estimation of the relative amount of water transport with ion transport in 

each of the concentrate waste streams (see Section 1.3 in Appendices A and B). 

Pilot data from BGNDRF were used to approximate the DI water used for solid sodium 

chloride pellet dissolution and dilution of the Mixed Na streams. The total amount of daily DI 

water consumption was approximately 1.0% of the daily NF permeate production. The Mixed Na 

stream contains several constituents that can become oversaturated, so DI water is used to prevent 

precipitation. Dilutions are not needed for the Mixed Cl stream (i.e., QDI_mCl=0) because there are 

no issues with solubility of the chloride salts. The ZDD model assumes that half of the DI is used 

for Mixed Na dilutions (QDI_mNa) and the other half of the DI is used for sodium chloride dissolution 

(QDI_NaCl). 

1.2.3. RO/NF Stream Concentration Calculations (by mass balance) 

The RO/NF design was performed using DOW FILMTEC’s ROSA software. ROSA 

models were created using four different membranes, ranging from loose NF to a tight BWRO 

(i.e., NF270, NF90, XLE, BW30, respectively), for four recoveries (50%, 60%, 70%, 80%). The 

brackish feed quality includes the concentration of the major ions (Ca2+, Mg2+, Na+, Cl-, HCO3
-, 

SO4
2-) and silica (SiO2). 

For all models, the permeate flow was set at 11.4 megaliter per day (MLD), or 3 million 

gallons per day (MGD), and the average flux was set at 23.3 L·m-2·hr-1 (lmh), or 13.7 gal·ft-2·day-

1 (gfd). The staging and permeate back pressure were modified to reach designs with no model 

errors for feed flow, permeate flux, or concentrate flow. For each membrane type, linear regression 

equations for species rejection as a function of recovery are shown in Appendix A. The RO/NF 
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rejection was calculated as the removal ratio, using the concentration of the dissolved species (e.g., 

Ca2+) in the brackish water feed (cb,i) and RO/NF permeate (cROp,i): 

𝑅𝑖 =
(𝐶𝑏,𝑖 −𝐶𝑅𝑂𝑝,𝑖 )

𝐶𝑏,𝑖 
  (1.7) 

A blend of NF90 and NF270 membranes could offer the benefits of both membranes (i.e., 

lower feed pressure than RO with the relatively high salt rejection of the NF90 and lower silica 

rejection of the NF270), so two more ROSA models were built to calculate ion removal and 

pressure values to compare full scale designs with better permeate water quality.  

Using the input and design parameters, the concentration of each constituent in the 

permeate is calculated as the product of the feed concentration and the salt passage (1-Ri) of the 

constituent. The initial calculation assumes that the RO/NF feed concentration is equal to the 

brackish water feed quality. The ionic composition of the feed, RO product, and RO concentrate 

is adjusted to be electroneutral (the equations and functions are shown in Appendix A). The 

concentration of each constituent in the RO/NF concentrate is calculated based on the 

concentration factor and then balanced for electroneutrality (as shown in Appendix A). 

1.2.4. EDM Stream Concentration and Sodium Chloride Consumption 

Calculations (by mass balance) 

The EDM design in the ZDD model is based on the specifications of the MEGA ED-II/4x 

stacks used in UTEP research activities [18]. The EDM feed is a mixture of the RO/NF concentrate 

and a portion of the EDM diluate. The EDM recycle ratio, RREDM, is a ratio of the EDM diluate 

returned to the EDM feed (Qd2F) relative to the RO concentrate that is sent to the EDM (QROc-QSi).  

𝑅𝑅𝐸𝐷𝑀 =
𝑄𝑑2𝐹

𝑄𝑅𝑂𝑐−𝑄𝑆𝑖
   (1.8) 

The sodium chloride and electrode rinse streams are assumed to have electrical 

conductivity of 50 mS/cm and 40 mS/cm, respectively. The Mixed Na and Mixed Cl stream 

compositions are based on the calculated mass transport from EDM feed and diluate streams. The 

ZDD model simulates realistic ion transport based on full-scale piloting research and thus, 

implicitly accounts for membrane non-ideality and back-diffusion.  (It is assumed that there are no 
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hydraulic leaks within the EDM stack.) Thus, all of the cations that are removed from the EDM 

feed compartment are assumed to be transported to the Mixed Cl stream, and all of the anions that 

are removed from the EDM feed compartment are assumed to be transported to the Mixed Na 

stream. Sodium chloride is added at a rate equivalent to the ion removal from the EDM feed. The 

equivalent rate of chloride is equal to the sum of equivalent rates of cations transported to the 

Mixed Cl stream, and the equivalent rate of sodium is equal to the sum of equivalent rates of anions 

transported to the Mixed Na stream. Finally, the mass rate of sodium chloride consumption is 

calculated. Subsequent research will investigate the economic impacts of sodium chloride 

consumption and salt recovery. 

1.2.5. Estimating EDM Voltage and Current 

The driving force for ionic separation in electrodialysis is the applied voltage, and the ions 

being transported in the EDM stack are what constitute the electrical current. Others have 

described the chemical and electric potential gradients in EDM [5,19]. The current density, iedm, 

required to accomplish a desired reduction in concentration from the EDM feed to diluate can be 

calculated using Faraday’s Law [20]: 

𝑖𝑒𝑑𝑚 =
𝑄𝐸𝐷𝑀𝑓∙𝐹∙(𝑁𝐸−𝑁𝑑)

𝜀∙𝐴
    (1.9) 

where F is Faraday’s constant (96,485 C/eq), NE and Nd are the normality of the EDM feed 

and diluate, respectively,  is current (Coulombic) efficiency, and A is the available membrane 

area for ion transport. The membrane area used in this model was based on MEGA stacks used in 

the BGNDRF piloting (100 quads per stack, 4200 cm2 available membrane surface area, 5-11 cm/s 

velocity). Current efficiency was approximated as 75% based on piloting data. 

The limiting current density (LCD) can be calculated by several methods [10,14,16,24–

27]. While an electrodialysis system can be operated beyond the LCD, ED is less efficient (with 

respect to desalination) because additional voltage will not lead to a useful increase in ion removal. 

Additionally, equipment damage will occur if the EDM is operated at or above the LCD. Current 

density in general, and limiting current density in particular, is affected by operating conditions, 
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stream concentrations, and hydraulic conditions of the stack [5]. Increased concentration supports 

increased current density [22] and increased stream velocity also leads to increased current 

density [23]. As temperature decreases, the effective cell resistance increases, and the current 

density also decreases [24]. Piloting results from BGNDRF were used to develop an equation 

describing LCD as a function of velocity (vstack) for use in the ZDD model (See Appendix A for 

additional details): 

𝐿𝐶𝐷 = 74.98
𝐴

𝑚2 ∙ (
𝑣𝑠𝑡𝑎𝑐𝑘 

𝑐𝑚

𝑠

)
0.2672

    (1.10) 

The LCD test was performed at the BGNDRF, where the lowest salinity (EDM feed and 

diluate) was generally 3-5 g/L TDS. Additional tests would be required to verify the accuracy of 

this equation with other water chemistry, EDM membranes, or operating conditions. If the model’s 

calculated current density exceeds the estimated limiting current density, then the ZDD model user 

can increase the size of the EDM in the model and re-run the model.  

The required voltage drop per EDM quad can be estimated based on physical parameters 

(e.g. spacer thickness and stream conductivities) [5,19–21]. The total voltage (V) required to 

achieve a certain current density is the sum of the voltage needed for the electrodes (Velec), the 

voltage loss associated with liquid junction potentials between cells (Vdp), and the voltage loss 

associated with ohmic resistance through the membranes and solutions (VIR).  

𝑉 = ∆𝑉𝑒𝑙𝑒𝑐 + ∆𝑉𝑑𝑝 + ∆𝑉𝐼𝑅    (1.11) 

The voltage drop (or, energy loss) associated with electrical resistance (VIR) is typically 

greater than the voltage drop associated with concentration differences and electrode reactions 

[19], and ion exchange membranes with high resistance will exacerbate this effect. The highest 

resistance in the EDM is typically from the compartment with the lowest concentration, the EDM 

feed. In the ZDD model, the stream electrical conductivities are estimated based on experimental 

correlations with TDS (see Figure S.2 in Appendix A).  One key factor is the shadow factor, which 

takes into account how much of the membrane’s surface is blocked by the spacer material. The 
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shadow factor () is less than 1.0 [11,19]; the ZDD model uses a shadow factor of 0.65, which is 

based on the MEGA spacer characteristics. Additional details are provided in Appendix A. 

The voltage drop required for the electrode rinse compartment decreases with increasing 

electrolyte concentration [6,25]. The ZDD model calculation for the required electrode voltage is 

based on Walker et al. [9], which includes the thermodynamic and kinetic aspects of the electrode 

reactions, as well as the electrical resistance of the electrolyte solution. 

1.2.6.  Specific Energy Consumption 

The specific energy consumption (SEC) calculated by the ZDD Model is the total amount 

of power (P) required for desalination and internal pumping (for both the RO and EDM) divided 

by the total flowrate of product water from the ZDD system: 

𝑆𝐸𝐶𝑍𝐷𝐷 =
𝑃𝑅𝑂+𝑃𝐸𝐷𝑀

𝑄𝑝𝑟𝑜𝑑
    (1.12) 

The power consumption of the RO/NF (𝑃𝑅𝑂) is based on the ZDD Model’s predicted 

RO/NF feed pressure. The power consumption of the EDM (𝑃𝐸𝐷𝑀) includes both desalination 

energy (based on calculated voltage, V, and current, 𝑖𝐸𝐷𝑀) and pumping energy for the five EDM 

streams. Additional details are provided in Appendix A, sections 4.3-4.5 and in the ZDD Model 

(Appendix B). 

1.3. Results and Discussion 

1.3.1. Analysis of Performance Tradeoffs among ZDD Design Parameters  

In order to evaluate the impact of design choices for the RO/NF and EDM, five major 

combinations (cases) of design parameters were chosen for comparison of twelve unique scenarios 

(listed in Table 1.2) of desalinating the BGNDRF Well 1 & 4 blend (composition listed in Table 

1.1). As described in Section 1.2.3, all models had the same design product flow (Qprod = 11.4 

MLD, or 3 MGD), and four different RO/NF membrane types were modeled (DOW FILMTEC 

NF270, NF90, XLE, and BW30). The average flux for all cases was 23.3 L·m-2·hr-1 (lmh) (13.7 

gal·ft-2·day-1 (gfd)). For the two-stage cases, the first-stage flux was between 23.1 and 24.7 lmh 
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(14.2 and 15.2 gfd) and the second-stage flux was between 17.6 and 21.5 lmh (10.8and13.2 gfd). 

All models had the same RO/NF and EDM feed temperatures (TROf = 25 oC, TEDMf = 30 oC). In 

each case, the silica purge flow was minimized in order to obtain a maximum ZDD recovery. Then 

the number of EDM stacks was chosen in order to ensure that the ZDD model’s predicted EDM 

current density was below the LCD and that the EDM stack velocity was within the manufacturer’s 

acceptable range. 

Table 1.2. Summary of Primary Desalter Membranes Used and Independent Variables for ZDD 

Model Case Studies (QROp = 3.03 MGD and Qprod = 3.00 MGD) 

Case RO/NF 

Membranes 

rRO RREDM ECa 

1 
NF270, NF90, 

XLE, BW30 

55% 0.25 30% 

55% 0.5 30% 

55% 1 30% 

2 
NF270, NF90, 

XLE, BW30 

75% 3 30% 

75% 3.25 30% 

75% 3.5 30% 

3 
NF270, NF90, 

XLE, BW30 

55% 1 30% 

55% 1 40% 

55% 1 50% 

4 
NF270, NF90, 

XLE, BW30 

75% 3 30% 

75% 3 40% 

75% 3 50% 

5 
NF90-NF270 

hybrid 

55% 1 40% 

75% 3 40% 

Cases 1 and 2 compare the impact of RO/NF recovery (rRO) and EDM recycle ratio 

(RREDM) for constant RO flux and EDM removal. Case 1 (low RO recovery) varied the EDM 

recycle ratio from 0.25 to 1 with constant RO/NF recovery and EDM calcium removal (rRO = 55%, 

ECa = 30%). A solution for Case 1a was not possible for the NF90, XLE, and BW30 membranes 

because the competing needs for LCD and EDM velocity could not be met. Similarly, Case 2 (high 

RO/NF recovery) varied the EDM recycle ratio from 3 to 3.5 for constant RO/NF recovery and 

EDM calcium removal (rRO = 75%, ECa = 30%). Cases 3 and 4 compare the impact of shifting the 
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desalination load distribution between the RO/NF and EDM. Case 3 (low RO recovery) varied the 

EDM calcium removal from 30% to 50% with constant RO/NF recovery and EDM recycle ratio 

(rRO = 55%, RREDM = 1). Case 4 (high RO recovery) varied the EDM calcium removal from 30% 

to 50% with constant RO/NF recovery and EDM recycle ratio (r = 75%, RREDM = 3). (Cases 3a 

and 4a are identical to Cases 1c and 2a, respectively.) Case 5 was the same design as Case 3b and 

Case 4b, except with the combination of NF90 and NF270 membranes for a higher (90-95% of the 

LCD) and lower (89-90% of the LCD) EDM current density. These cases are called a hybrid NF90-

NF270 because a combination of membranes was used for the design. Appendix A includes a 

description of the membrane design and staging. 

Higher salt rejection means that a better quality (lower TDS) permeate is produced, 

however, membranes with higher salt rejection generally require more pressure to produce the 

same flux of permeate. The ZDD model results for the four membranes and one membrane 

combination evaluated in this study indicates that membranes with higher salt rejection (i.e., RO 

or tight NF) would be required to meet the secondary drinking water TDS standard (500 mg/L). 

This can lead to higher specific energy consumption for the ZDD (see Figure 1.5a) and lower ZDD 

recovery (see Figure 1.5b). Interestingly, even though the 75% RO/NF recovery designs (Cases 2 

and 4) require higher feed pressure than the designs  with 55% RO/NF recovery (Cases 1 and 3), 

the overall ZDD specific energy consumption was generally less than the designs with 55% NF/RO 

recovery for the NF90, XLE, and BW30 membranes (see Figure 1.5a). Designs with higher 

recovery require less RO/NF feed water flow which reduces the power lost to hydraulic pressure 

drop, and reduces the energy consumed by the RO/NF. Also, the lower concentrate flow (which is 

fed to the EDM) reduces the energy consumed by the EDM. Another reason for decreased energy 

consumption with 75% RO/NF recovery designs is that a larger silica bleed is required for the 

designs with NF90 and RO membranes; this greater silica bleed further reduces the RO/NF volume 

and salinity of the EDM feed. 
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Figure 1.5. ZDD Specific Energy (a) and System Recovery (b) as a function of Permeate TDS 

for four RO/NF membranes treating the BGNDRF Wells 1&4 blend 

The energy required for the EDM is the largest component of the total ZDD energy. The 

fraction of the ZDD specific energy that is required for the EDM (pumping and electrodes) ranges 

from approximately 63 to 72% for the BW30 designs to 79-89% for the NF 270 designs. The NF 

270 designs have a lower energy demand for the RO/NF, and thus, the EDM fraction is higher. 

The silica rejection of the NF90, XLE, and BW30 membranes is high enough that the silica 

accumulates to levels that would cause precipitation in the RO/NF unless some of the RO/NF 

concentrate is purged to waste, but higher purge flow rate reduces the system recovery. The NF270 

membrane allows for the highest ZDD system recovery (see Figure 1.5b), but also produces a 

permeate with much higher TDS than the other membranes.  A hybrid RO/NF membrane design 

(Case 5) could improve the product water quality at a reasonable ZDD system recovery and 

specific energy, as compared to designs with only a single membrane type. As shown in Figure 

1.5, the Case 5 NF90-NF270 hybrid design allows for high recovery and reasonable quality NF 

permeate. 
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1.3.2. Evaluation of ZDD Performance Sensitivity to Water Quality 

Obviously, feed water composition and product water quality requirements will affect the 

ZDD design. Higher silica in the brackish feedwater will require a greater silica purge, which will 

reduce the ZDD system recovery. The maximum silica concentration allowed in the NF/RO 

concentrate of the ZDD model is 260 mg/L because Avista Advisor, AWC PROTON (required 

acid addition), and King Lee Technologies Water Wizard were used to identify antiscalant 

products indicated to be able to control silica precipitation up to 260 mg/L for the chemistries 

input. As shown in Figure 1.6, the silica purge increases by a factor of 2-3 for the NF90 and XLE 

membranes. Even with a purge of 30% of the RO concentrate, the silica remains above the target 

value of 260 mg/L when BW30 membranes are employed. 

 

Figure 1.6. Impact of a) BGNDRF 1&4 Blend with 20 mg/L and b) BGNDRF 1&4 Blend with 

40 mg/L Silica Concentration in Brackish Groundwater on Silica Purge Flow Rate 

In order to evaluate ZDD performance on different water chemistries, seven brackish water 

qualities (see BGNDRF wells 1-3, Alamogordo, KBH, La Junta, and Brighton in Table 1.1) were 

input into the model and several designs were developed. This set of brackish water chemistries 

and associated ZDD designs does allow one to evaluate the impact of feedwater TDS, relative 

proportion of Ca2+ and SO4
2- to other ions in the brackish feedwater (Y-Index), and design choices 

for the RO/NF and EDM. In each case, the goal was to maximize ZDD recovery, achieve RO/NF 
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permeate quality of 500 mg/L TDS, and ensure the ZDD model output satisfies solubility and LCD 

limits and manufacturer requirements. Table 1.3 summarizes the independent variables (rRO, 

RREDM, ECa), RO/NF membrane and staging, and two important ZDD model output calculations 

for the sixteen cases. Since it is important to constrain the EDM stack current density to a value 

below the LCD, the ratio of the calculated current density to the LCD is shown in the sixth column. 

The final column includes the calculated ZDD recovery. 

Most of the cases implemented the hybrid NF90-NF270 membrane choice. In a few, NF270 

was used because the feedwater TDS was low enough to allow it, and the specific energy was also 

lower. The water quality at both the KBH and BGNDRF Well 3 sites necessitated higher salt 

rejection (to achieve good permeate water quality), so the NF90 membranes were used. Since the 

ZDD model suggests that operating the RO/NF at a higher recovery leads to lower ZDD system 

specific energy, most of the designs include relatively high RO/NF recovery (r ≥ 75%).  

In the case of the Alamogordo and BNGNDRF water qualities, which have a relatively 

high fraction of calcium and sulfate present in the raw water (e.g., approximately 60-70%), more 

ions must be removed by the EDM in order to achieve a sufficiently low concentration in the EDM 

diluate that is returned to the RO feed. Many of the Alamogordo cases required greater EDM 

extraction (ECa) to produce permeate with less than 500 mg/L TDS and ensure that the RO/NF 

concentrate water quality is stable in terms of precipitation of calcium sulfate compounds (e.g., 

gypsum). It is possible that a design with lower energy requirements could be achieved with a 

higher permeate TDS. 

The sixth column in Table 1.3 shows how close the EDM current density (iEDM) is to the 

limiting current density (LCD) for each of the models. While all designs summarized are in the 

ohmic region of a LCD plot (see Figure S.1 in Appendix A), it is possible that a design with a 

lower current density (e.g. iEDM/LCD = 60%) would be more conservative and allow for more 

flexibility of water quality changes over time.  
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Table 1.3. Summary of ZDD Modeling for Water Quality Comparison. 

Water 

(Table 1) 
Membrane & Staging rRO RREDM ECa 

iEDM/ 

LCD 

ZDD 

Recovery 

BGNDRF, 

well 1 

NF270 (78) 55% 0.5 30% 78% 98% 

NF270 (52x26) 75% 2 35% 90% 98% 

BGNDRF, 

well 2 

NF90 (78) 50% 2 30% 96% 94% 

NF90 (78) 50% 2 30% 92% 94% 

BGNDRF, 

well 3 

NF90-NF270 (78) 55% 2 40% 88% 97% 

NF90 (78) 55% 1.5 30% 90% 93% 

Alamogordo 

NF90-NF270 (52x26) 70% 2 40% 96% 98% 

NF90-NF270 (52x26) 70% 2 40% 89% 98% 

NF90-NF270 (52x26) 65% 2 30% 89% 97% 

NF90-NF270 (78) 55% 0.75 30% 90% 98% 

La Junta 
NF90-NF270 (52x26) 75% 1 30% 94% 98% 

NF90-NF270 (52x26) 75% 1 30% 90% 98% 

KBH 
NF90 (52x26) 70% 2 30% 95% 91% 

NF90 (52x26) 70% 2 30% 89% 91% 

Brighton 
NF90-NF270 (52x26) 80% 0.75 30% 70% 99% 

NF90-NF270 (52x26) 80% 0.75 30% 62% 99% 

Generally, the required ZDD specific energy increases with decreasing permeate TDS (as 

shown in Figure 1.5a), but the relationship between increasing feedwater TDS and increasing ZDD 

specific energy is very clear (Figure 1.7a).  In this case, feedwater TDS is used as a proxy for the 

sum of molar concentrations of the dissolved constituents. The ZDD model includes calculations 

for the rejection of major ions and silica, and TDS is calculated as a sum of all species in the ZDD 

Model. High TDS generally means that the feedwater will have a higher osmotic pressure, and 

more energy will be required to desalinate a given volume of water. The KBH data points deviate 

from the trend for the other sites because of the relatively large silica purge stream required, which 

restricts the overall system recovery and specific energy.  
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Figure 1.7. ZDD Performance Sensitivity to Water Quality 

As shown in Figure 1.7b, the ZDD specific energy increases with increasing ZDD system 

recovery for a given feedwater composition (e.g., BGNDRF Well 3). Because the ZDD recovery 

was intentionally maximized for the case studies, ZDD recovery is not an independent variable. 

The impact of Feed TDS is likely reflected in Figure 1.7b; that is, the higher recovery points 

correspond to lower Feed TDS. There are two noticeable outliers, namely the KBH and the NF90 

Well 3 designs. Both designs involve NF90 membranes, which necessitates having a silica purge 
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(more so for the KBH) stream, so less energy is used by the EDM. As expected, the ZDD system 

recovery generally decreases with increasing Feed TDS (Figure 1.7c). The final comparison made 

was evaluation of the sensitivity of the system recovery to the proportion of calcium and sulfate 

(as measured by the Y-Index, Equation 1). In general, if the Y-Index is greater than 0.30, ZDD can 

achieve recovery of 95% or higher (Figure 1.7d). For the Well 3 chemistry, implementing the 

hybrid NF90-NF270 design allows for higher recovery than with NF90 and a silica bleed. For Well 

1 and Brighton, high recovery is possible because the salinity is lower.  

1.3.3. Comparison of ZDD Model Results and Pilot Data 

A comparison was made of the ZDD model output to piloting results at the BGNDRF. 

Comparisons are not possible at the other pilot locations because the NF membrane design and 

ZDD configurations were different (e.g., EDM before RO) from how the ZDD model was built. 

Since the feedwater quality was not constant (blend of two wells) and the operating conditions 

varied, the comparison was made to pilot data between June 24-28, 2017. In the pilot activities, 

the brackish water was acidified to mitigate sodium bicarbonate scale in the Mixed Na stream. 

Thus, the feedwater composition entered into the ZDD model included the reduced bicarbonate 

concentration (NF feed concentration) in order to compare the ZDD model’s predicted permeate 

TDS. In comparison to the pilot tests, the ZDD model overpredicted the permeate TDS by 3% (see 

Table 4), underpredicted the electrical current by 6-10%, and underpredicted the voltage by 8-

20%. However, during the ZDD pilot, some hydraulic leaks caused mineral scale formation in the 

Mixed Na compartments of the EDM stack, so it is likely that the higher voltage observed in pilot 

testing was due to the mineral scale.  
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Table 1.4. Comparison of ZDD Model and Pilot Data 

Parameter ZDD Model Pilot Test 

NF permeate 35 gpm 35 gpm 

rRO 55% 55% 

RREDM 1 1 

ECa 0.40 0.40 

RZDD 97% 97% 

Permeate TDS (sum of ions) 630 mg/L 650 mg/L 

EDM Voltage/quad 1.1 1.2-1.4 (average) 

EDM Current (amps) 40.5 43-45 (average) 

1.4. Conclusions 

A mathematical process model was created to evaluate the technical feasibility of 

implementing Zero Discharge Desalination (ZDD) for the desalination of brackish groundwater. 

This ZDD model uses a combination of proprietary software output (e.g., Dow ROSA for RO/NF 

and Avista Advisor for antiscalant), pilot data, mass and energy balances, and theoretical 

calculations. The intent of this model was to evaluate “big picture” concepts in ZDD design, such 

as RO/NF recovery and EDM ion removal. For this reason, ROSA was used for the RO/NF portion 

for simplicity. A range of membranes (loose NF, tight NF, low-energy RO, standard RO) was 

chosen in order to evaluate a range of energy requirements and water quality performance. The 

ZDD model calculates the concentration of major ions and silica. Since there are many types of 

antiscalant available for different kinds of scale formation, the model assumes the user will consult 

antiscalant manufacturers or utilize other methods to evaluate solution stability. A variety of source 

water chemistries, NF-RO designs, and EDM designs were compared to develop a better 

understanding of the tradeoffs inherent in the ZDD design and operations. True feasibility, of 

course, depends on site-specific characteristics such as its available water supply options and the 

ability and cost of disposal of the desalination concentrate. However, some general observations 

can be made based on these modeling results: 
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• ZDD could produce permeate with 400-800 mg/L TDS from brackish water with up to 3,500 

mg/L TDS while achieving ≥ 96% recovery and ≤ 2.7 kWh/m3 (10 kWh/kgal) specific energy. 

• Higher concentrations of silica in the feed will reduce the ability of ZDD to achieve a low 

TDS (<500 mg/L) product water and very high (>95%) recovery. Based on silica purge 

options, the ZDD system can tolerate up to approximately 40 mg/L as SiO2 in the brackish 

feed. 

• The specific energy of ZDD is lower with higher NF/RO recovery; however, care must be 

taken to mitigate scale formation and EDM operational costs. 

• To reduce the specific energy consumption, design the EDM with a low current density and 

low recycle ratio (RR). Pilot results suggest that a minimum EDM velocity of 6-7 cm/s 

provided stable operation of the EDM stacks. 

• ZDD is best-suited for brackish water with relatively high concentrations of calcium and 

sulfate. The model results suggest that ZDD is technically feasible over a wide range of Ca2+ 

and SO4
2- concentrations.  Based on this modeling, ZDD is expected to achieve high (>95%) 

recovery for feed waters with a Y-Index ≥ 0.30. Subsequent research will investigate the 

economic sensitivity to the Y-factor.) The higher the fraction of Ca2+ and SO4
2- constituting 

the TDS, the more calcium sulfate can be recovered as a solid byproduct if salt recovery is 

implemented. 

• Care must be taken in a ZDD design with nitrate, arsenic, boron, selenium, or other 

contaminants with low rejection by NF and RO membranes. These water quality parameters 

could constrain the design of a ZDD system but were not included in this model. 
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2. Zero Discharge Desalination with Salt Recovery: A Technical and 

Economic Evaluation 

Globally, demand for water and energy are increasing with increasing population. High 

recovery desalination can mitigate environmental and economic concerns with brackish 

desalination by minimizing the amount of liquid waste. Zero Discharge Desalination (ZDD) has 

been demonstrated to achieve up to 98% recovery from brackish water while producing suitable 

water for drinking water, industrial, or agricultural purposes. ZDD combines a pressure-driven 

desalination process (reverse osmosis or nanofiltration) to produce high quality drinking and 

irrigation water and an electrically-driven process (electrodialysis metathesis) to reduce 

concentrate volume and improve system recovery. The ZDD model was expanded to include 

byproduct recovery, specifically sodium chloride (which is used for the EDM process in ZDD), as 

well as calcium sulfate and magnesium hydroxide. The updated ZDD model was used to evaluate 

the economic tradeoffs in ZDD design. The model results indicate that for a fixed water chemistry, 

the unit cost of water ($/m3 product) 1) decreases with decreasing salt rejection of the primary 

desalting membrane (e.g., designs utilizing NF membranes are less expensive than RO 

membranes), 2) decreases with increasing RO/NF recovery (e.g., 75% versus 55%), and 3) 

decreases with decreasing EDM membrane resistance. A sensitivity analysis was performed for a 

ZDD design with NF operating at 75% recovery (hybrid NF90-NF270 staging), and the results of 

this analysis suggest that the unit cost 1) increases by 13-18%  if more efficient, more expensive 

EDM membranes are employed, 2) is substantially affected by EDM equipment and power unit 

cost assumptions, and 3) is only slightly impacted by RO/NF equipment and evaporation pond cost 

assumptions; however the membrane choice and RO/NF recovery do have a noticeable impact on 

product water quality, ZDD specific energy consumption, and ZDD system recovery. Finally, 

model results with optimized ZDD designs (maximized RO/NF recovery, minimized EDM ion 

removal, NF membrane/staging chosen to achieve 500 mg/L or lower TDS product) indicate  that 

the unit cost of water 1) generally decreases by $0.31/m3 for every percent increase in ZDD 
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recovery (excludes KBH site), 2) increases by $0.45/m3  per kWh/m3 increase in specific energy 

consumption (excludes KBH site), and 3) increases by $0.37/m3 per g/L increase in feed TDS. The 

incorporation of salt recovery decreased the cost of all ZDD designs by approximately 10-30%, 

even when revenue from salt sales was excluded. 

2.1. Salt Recovery from Desalination Brine and Other Sources 

Many useful salts, minerals, and metals can be extracted from both natural and desalination 

brines. The techniques for extraction include thermal processes like distillation, membrane 

separation such as electrodialysis or nanofiltration, and physical-chemical processes such as 

precipitation. Each process has its benefits and shortcomings, and surely, there is no one-size-fits-

all approach. Each brine contains different dissolved constituents at unique concentrations, which 

means that the lowest cost recovery method will be unique for each location. 

2.1.1. Solubility Limitations in Desalination Processes 

Brackish water contains many dissolved salts that, when concentrated, may precipitate in 

desalination systems. This precipitation limits the recovery by processes such as reverse osmosis, 

nanofiltration, and electrodialysis alone. RO manufacturers have developed tools to predict 

membrane performance and solubility of RO concentrate streams, but as of yet, no commercial 

product is available for predicting ED membrane performance or high ionic strength solution 

solubility. Antiscalant manufacturers produce prediction software tools that are specific to their 

industry, and many allow non-vendors access. Geochemical software tools are available, but can 

be expensive. 

Electrodialysis is able to concentrate solutions to a much higher degree than RO. However, 

there are limitations based on solubility and chemical potential. Electrodialysis Reversal (EDR) 

mitigates scaling by switching polarity, but this can reduce recovery. Electrodialysis Metathesis 

(EDM) offers a distinct advantage over RO and traditional ED in that it produces two product 

streams and two concentrate streams, each with highly soluble ionic composition [1,26]. All anions 

removed from the EDM feed are combined with Na+ from the sodium chloride stream to produce 



 

 

29 

a concentrate stream with sodium salts (Mixed Na). All cations removed from the EDM feed are 

combined with Cl- from the sodium chloride stream to produce a separate stream with chloride 

salts (Mixed Cl). Solubility data from Seidell for several pure salt solutions is shown in Figure 2.1 

[27]. The chloride salts are all very soluble, and most have very little temperature dependence. 

Excluding sodium chloride (NaCl), the sodium salts have lower solubility as compared to the 

choride salts. Na2SO4 and Na2CO3 decline in solubility below 32 oC. 

 

Figure 2.1. Solubility data for various salts as a function of temperature (Data from [27]) 

2.1.2. Mineral Recovery from Desalination Byproducts 

An extensive report was produced for the WateReuse Research Foundation that describes 

the history of mining seawater for economically and socially useful products [28]. The authors 

also evaluated the potential for recovering useful products from desalination concentrate, as well. 

Recovery of salts and minerals from the sea has been in practice since 2200 BCE by the Chinese, 

and table salt recovery was implemented by the Maya in the Yucutan [28]. Seawater, and some 

desalination concentrate streams may contain enough metals (e.g. gold), salts (e.g. NaCl), or the 
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potential for mineral recovery (e.g. brucite (Mg(OH)2)). However, the concentration, volume 

available, and capital and operating cost of recovery equipment will likely dictate the affordability 

of such recovery options. Several small scale pilot research projects have investigated the potential 

for byproduct recovery from brackish desalination concentrate [4,28–30]. Pilot and laboratory 

testing was performed at the East Cherry Creek Valley Water and Sanitation District in 2008 and 

in Sandoval County, New Mexico, in 2009 [30] that evaluated the potential for byproduct recovery. 

The authors looked at the potential for recovering CaCO3, CaSO4, Na2SO4, Na2CO3, NaCl, and 

CaCl2 [30]. It was determined that the recovery of sodium chloride and deep well injection of 

sodium sulfate would be more “economical than the annual cost of RO concentrate disposal by 

deep well injection” for a brackish water with 12,000 mg/L TDS in New Mexico [30]. The 

Colorado study found that the “dried mixed salts had little commercial value” and that more 

advanced extraction techniques would likely be more expensive than the value of the products 

recovered [30]. In 2017, a company, EWM, opened a facility designed to recover calcium sulfate, 

magnesium hydroxide, hydrochloric acid, sodium hydroxide, and desalinated water from the Kay 

Bailey Hutchison (KBH) Desalination Plant concentrate [31]. EWM operated a pilot at the KBH 

plant prior to building their facility. A research group in Israel evaluated a ZLD process that 

employed a hybrid process using ED to treat RO concentrate and the combined concentrate was 

evaporated using a WAIV system [32]. WAIV is an enhanced evaporation system that shows 

promise to substantially reduce the size of evaporation ponds [33]. Katzir et al., concluded that salt 

recovery using the WAIV system as the means for salt precipitation and water evaporation was 

feasible. The ZDD process offers distinct advantages over the processes described above. The 

concentration of the target ions is higher than in seawater and typical desalination concentrate 

(which may help with revenue generation), the volume is lower (may help with capital cost 

expenditures), and distinct concentrate streams are produced (as opposed to multiple salts in a 

single stream). 
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2.2. Methods and Materials (Updated ZDD Model and Economic Considerations) 

The ZDD model developed and described in a recent article [1] was expanded to include 

calculations for salt recovery using simple precipitation and evaporation equipment. The model 

data was output into Excel for spreadsheet evaluation of the potential for salt recovery and the 

impact on the unit cost of water (i.e., cost per volume of water produced). The target byproducts 

for sale included calcium sulfate and magnesium hydroxide, along with sodium chloride, which 

would be used to offset the cost of salt purchased for desalination by ZDD. Visual MINTEQ 

(version 3.1) [34] was used with the Specific ion Interaction Theory (SIT) activity coefficient 

model (applicable for ionic strength less than 1M) to calculate the concentration of calcium sulfate 

and magnesium hydroxide that would precipitate. 

2.2.1. EDM Design Considerations 

Current efficiency can be calculated in several ways, but is essentially a ratio of the charge 

(calculated from concentration) that leaves or enters a stream in the EDM. Several were evaluated 

during ZDD pilot testing [26]. One method involves a ratio of the ions that are removed from the 

EDM feed to the current supplied: 

𝜀𝑓𝑒𝑒𝑑 =
𝐹∙𝑄𝐸∙(𝐶𝐸−𝐶𝑑)

𝐼∙𝑁𝑞𝑢𝑎𝑑𝑠
 (2.13) 

Where: 

F = Faraday’s Constant, 96,485 C/eq 

I = Measured EDM Stack current, amps 

Nquads = Number of quads in EDM stack 

CE = Equivalent concentration of the EDM feed 

Cd = Equivalent concentration of the EDM diluate 

The next method for estimating current efficiency is a ratio of the ions supplied by the 

sodium chloride stream to the current supplied: 

𝜀𝑁𝑎𝐶𝑙 =
𝐹∙𝑚𝑁𝑎𝐶𝑙

𝐼∙𝑁𝑞𝑢𝑎𝑑𝑠
 (2.14) 
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Where mNaCl (eq/sec) is the molar flow of sodium chloride into the EDM stack and is calculated 

from the daily sodium chloride consumption, MNaCl (lb/day). Each of these current efficiency 

calculation methods is limited by the quality of the data gathered in the field. However, enough 

data was gathered to compare the various methods. The calculated current efficiency values for 

the Phase 2 operations in Alamogordo are summarized in Figure 2.2. Current efficiency values 

greater than 100 were assumed to be erroneous and excluded from the data set. Excluding the 

outliers, the calculated values for 𝜀𝑓𝑒𝑒𝑑 were between 65-90% with an average of 72%. Similarly, 

the calculated values for 𝜀𝑁𝑎𝐶𝑙 were between 76-95% with an average of 84%. 

 

Figure 2.2. Current Efficiency Data from ZDD Pilot Activities Calculated from the Feed and 

Sodium Chloride (NaCl) 

Three sets of EDM stack and membrane conditions were used to evaluate the capital and 

operating cost tradeoffs for several ZDD designs. As summarized in Table 2.1, two sets involved 

MEGA membranes and one involved NEOSEPTA membranes. The NEOSEPTA EDM design 

involves using normal anion- and cation-exchange membranes (AMX, CMX) for the EDM feed-

diluate compartments and monovalent-selective anion- and cation-exchange membranes (ACS, 
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CMX-S). The membrane characteristics are mostly from the ASTOM website [35] and the EDM 

stack design was chosen to be identical to the MEGA stacks in order to facilitate a comparison of 

the membrane performance. It is acknowledged that this is not a realistic assumption since each 

ED/EDM stack is different. The current efficiency was chosen to be 93%, based on values reported 

in the literature ranging from 90-95% for NEOSEPTA and similarly performing 

membranes [14,36–38]. The MEGA stack and spacer information is taken from the user manual 

obtained during piloting. The shadow factor is defined herein as the portion of the EDM 

membranes available for desalination and the value used (0.64) is similar to what was reported by 

McGovern et al. (2014) and Lee et al. (2002) [11,39]. The difference between the two MEGA 

designs is the current efficiency (). The lower value (=75%) is the value used in Chapter 1 and 

was chosen based on a range of 𝜀𝑓𝑒𝑒𝑑 values (see Figure 2.2). The higher value (=84%) is also 

based on ZDD pilot data, but is the average calculated value for 𝜀𝑁𝑎𝐶𝑙 (see Figure 2.2). Jaroszek 

& Dydo (2018) studied EDM for the production of potassium nitrate and reported a current 

efficiency of 82-84% for RALEX & 94-95% for NEOSEPTA membranes [38]. 

Table 2.1. EDM Membrane and Stack Design Conditions & Assumptions used in Updated ZDD 

Model 

 
MEGA 

(low  

MEGA 

(high  
NEOSEPTA 

CEM, -cm2 

(cation-exchange membrane resistance) 
10 10 CMX: 3, CMX-S4: 4.75 

AEM, -cm2
 

(anion-exchange membrane resistance) 
7.5 7.5 AMX: 2.4, ACS: 3.8 

Astack, cm2 (exposed membrane area) 4,200 

Wstack, mm (membrane width) 320 

tspacer, mm (spacer thickness) 0.8 

, (shadow factor) 0.65 

 75% 84% 93% 

                                                 
4 No published data is available for the CMX-S membrane, so a ratio of the ACS to AMX membranes was used as a 

multiplication factor with the CMX membrane to calculate the CMX-S resistance (3.8/2.4*3=4.75) 



 

 

34 

As described in Section 2.4 of Appendix A, the ion removal by the EDM is characterized 

using relative removal ratios for each ion (RRRi). These are the relative removal of an ion as 

compared to calcium removal (ECa). Both MEGA cases (low  and high use the same values 

shown in Table S.7 of Appendix A. The NEOSEPTA case is based on unpublished experiments at 

the KBH Desalination Plant. The RRRi values calculated from the EDM with NEOSEPTA 

membranes (CMX, AMX, CMX-S, ACS) are summarized in Table 2.2. 

Table 2.2. EDM Performance and Relative Removal Ratios with NEOSEPTA membranes 

 
Average removal of 

ion (range of values) 

Relative removal, 

(Ca as basis) 

EDM Removal 

used in model 

(RRRi) 

REDM,Ca 24% (23-25%)0. 100% ECa 

REDM,Mg 31% (18-26%) 94% 0.9*ECa 

REDM,Na 17% (15-18%) 71% 0.7*ECa 

REDM,Cl 23% (21-25%) 96% 1*ECa 

REDM,SO4 11% (10-13%) 48% 0.5*ECa 

REDM,HCO3 9% (7-10%) 37% 0.4*ECa 

2.2.2. Salt Recovery Methods Utilized 

Three salt recovery techniques were evaluated in this research, ranging from low 

complexity (Salt Recovery 1, SR-1), to medium complexity (Salt Recovery 2, SR-2), to high 

complexity (Salt Recovery 3, SR-3). In Salt Recovery 1, the entire volume of Mixed Na and 

Mixed Cl concentrate streams from the ZDD are mixed and sent to a clarifier to precipitate calcium 

sulfate. If needed, a silica purge stream is sent to a separate evaporation pond. The supernatant 

from the calcium sulfate clarifier is then sent to an evaporation pond where the concentration is 

doubled after a 50% volume reduction. In Salt Recovery 2, the Mixed Na and Mixed Cl streams 

are mixed such that a stoichiometric ratio of 1:1 is achieved using Ca (in the Mixed Cl) and SO4 

(in the Mixed Na). If needed, excess Mixed Cl or Mixed Na is sent to a second evaporation pond 

(with the silica purge water). In Salt Recovery 3, the Mixed Cl stream is treated with lime in a 

clarifier to precipitate magnesium hydroxide and exchange Ca for Mg. The supernatant from this 
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clarifier is calcium-rich and is combined with the Mixed Na in a second clarifier to produce 

calcium sulfate using a stoichiometric ratio of 1:1 of Ca:SO4. Each of the salt recovery methods 

are shown in Figure 2.3. The model allows for excess Mixed Na or Mixed Cl to be sent to an 

evaporation pond if necessary. 
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Figure 2.3. Simplified Diagrams of a) Salt Recovery 1, b) Salt Recovery 2, and c) Salt 

Recovery 3 Processes 
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The evaporation ponds required for ZDD with and without salt recovery are all calculated 

using the same general methodology and is described here briefly (see Appendix B, Section 6.1-

6.3, for additional details). The acreage of the waste pond, Awaste, (Evaporation Pond #2 in Figure 

2.3) is the flow of the silica purge, QSi, (and excess Mixed Na or Cl, if necessary) divided by the 

evaporation rate, revap. 

𝐴𝑤𝑎𝑠𝑡𝑒 =
𝑄𝑆𝑖+𝑄𝑤𝑎𝑠𝑡𝑒

𝑟𝑒𝑣𝑎𝑝
   (2.15) 

In Salt Recovery 1, Qwaste is zero. For Salt Recovery 2 and 3, Qwaste is calculated based on 

daily volumes (V) using the excess Mixed Cl if the molar ratio of SO4 to Ca (RSO4/Ca) is less than 

1 or using Mixed Na if the molar ratio of SO4 to Ca is more than 1:  

𝑅𝑆𝑂4
𝐶𝑎⁄ =

𝐶𝑆𝑂4(𝑀𝑖𝑥𝑒𝑑 𝑁𝑎)

𝐶𝐶𝑎(𝑀𝑖𝑥𝑒𝑑 𝐶𝑙)
   (2.16) 

𝑄𝑤𝑎𝑠𝑡𝑒 =
𝑉𝑚𝐶𝑙−𝑉𝑚𝐶𝑙(𝑡𝑜 𝑆𝑅 𝑝𝑟𝑜𝑐𝑒𝑠𝑠)

𝑑𝑎𝑦
    (2.17) 

𝑄𝑤𝑎𝑠𝑡𝑒 =
𝑉𝑚𝑁𝑎−𝑉𝑚𝑁𝑎(𝑡𝑜 𝑆𝑅 𝑝𝑟𝑜𝑐𝑒𝑠𝑠)

𝑑𝑎𝑦
    (2.18) 

If RSO4/Ca is less than 1, the daily volume of Mixed Na and Mixed Cl sent to the salt recovery 

process (𝑉𝑚𝐶𝑙(𝑡𝑜 𝑆𝑅 𝑝𝑟𝑜𝑐𝑒𝑠𝑠) and 𝑉𝑚𝑁𝑎(𝑡𝑜 𝑆𝑅 𝑝𝑟𝑜𝑐𝑒𝑠𝑠)) are calculated as: 

𝑉𝑚𝑁𝑎(𝑡𝑜 𝑆𝑅 𝑝𝑟𝑜𝑐𝑒𝑠𝑠) = 𝑉𝑚𝑁𝑎   (2.19) 

𝑉𝑚𝐶𝑙(𝑡𝑜 𝑆𝑅 𝑝𝑟𝑜𝑐𝑒𝑠𝑠) = 𝑉𝑚𝐶𝑙 ∙ 𝑅𝑆𝑂4
𝐶𝑎⁄    (2.20) 

If RSO4/Ca is greater than 1, the daily volume (or flow per day) of Mixed Na and Mixed Cl 

sent to the salt recovery process (𝑉𝑚𝐶𝑙(𝑡𝑜 𝑆𝑅 𝑝𝑟𝑜𝑐𝑒𝑠𝑠) and 𝑉𝑚𝑁𝑎(𝑡𝑜 𝑆𝑅 𝑝𝑟𝑜𝑐𝑒𝑠𝑠)) are calculated as: 

𝑉𝑚𝑁𝑎(𝑡𝑜 𝑆𝑅 𝑝𝑟𝑜𝑐𝑒𝑠𝑠) =
𝑉𝑚𝑁𝑎

𝑅𝑆𝑂4
𝐶𝑎⁄

   (2.21) 

𝑉𝑚𝐶𝑙(𝑡𝑜 𝑆𝑅 𝑝𝑟𝑜𝑐𝑒𝑠𝑠) = 𝑉𝑚𝐶𝑙   (2.22) 

In order to concentrate the sodium chloride solution, half the volume of the supernatant 

from the calcium sulfate reactor is evaporated. The size of the evaporation pond for recovering 

sodium chloride is calculated as: 

𝐴𝑁𝑎𝐶𝑙 = 0.5 ∙
𝑉𝑚𝑁𝑎(𝑡𝑜 𝑆𝑅 𝑝𝑟𝑜𝑐𝑒𝑠𝑠)+𝑉𝑚𝐶𝑙(𝑡𝑜 𝑆𝑅 𝑝𝑟𝑜𝑐𝑒𝑠𝑠)

𝑟𝑒𝑣𝑎𝑝
     (2.23) 
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The concentration of the ions in solution just before precipitation of calcium sulfate is 

calculated using volumetric blending. For example, the concentration of constituent i (csup,i) is: 

𝑐𝑠𝑢𝑝,𝑖 =
𝑉𝑚𝑁𝑎(𝑡𝑜 𝑆𝑅 𝑝𝑟𝑜𝑐𝑒𝑠𝑠)∙𝑐𝑚𝑁𝑎,𝑖+ 𝑉𝑚𝐶𝑙(𝑡𝑜 𝑆𝑅 𝑝𝑟𝑜𝑐𝑒𝑠𝑠)∙𝑐𝑚𝐶𝑙,𝑖

𝑉𝑚𝑁𝑎(𝑡𝑜 𝑆𝑅 𝑝𝑟𝑜𝑐𝑒𝑠𝑠)+𝑉𝑚𝐶𝑙(𝑡𝑜 𝑆𝑅 𝑝𝑟𝑜𝑐𝑒𝑠𝑠)
   (2.24) 

The calculated concentrations are then entered into Visual MINTEQ and with only 

allowing calcium sulfate to precipitate (sampling during piloting indicated that the solid was 

mostly calcium sulfate), the molar concentration of calcium sulfate (CaSO4) is extracted and used 

to calculate the daily mass of calcium sulfate produced from the ZDD concentrate: 

𝑀𝐶𝑎𝑆𝑂4 = (∆𝐶𝑎 + ∆𝑆𝑂4) ∙ (𝑉𝑚𝑁𝑎(𝑡𝑜 𝑆𝑅 𝑝𝑟𝑜𝑐𝑒𝑠𝑠) + 𝑉𝑚𝐶𝑙(𝑡𝑜 𝑆𝑅 𝑝𝑟𝑜𝑐𝑒𝑠𝑠))  (2.25) 

Where ∆𝐶𝑎 and ∆𝑆𝑂4 are the concentration of calcium and sulfate (calculated from the 

CaSO4 and the molar mass of calcium and sulfate)5. Finally, the concentration of the remaining 

supernatant is calculated and doubled since half the volume will be evaporated in the sodium 

chloride evaporation pond. Since only calcium sulfate was allowed to precipitate, the only 

concentrations that changed were the calcium and sulfate. The ZDD model calculates the mass of 

sodium chloride that is recovered by using the lesser of the two molar concentrations for Na and 

Cl in the supernatant. 

In the Salt Recovery 3 process, the Mixed Cl stream is treated with lime to precipitate 

magnesium hydroxide. In some cases, this allows for more calcium sulfate to be recovered since 

there will be a closer stoichiometric ratio of calcium in the Mixed Cl and sulfate in the Mixed Na. 

Additionally, this will lead to a greater purity of recovered sodium chloride. The ZDD model’s 

predicted chemistry for the Mixed Cl stream is entered into MINTEQ with an assumed solution 

pH of 11.1, which is ideal for maximum magnesium hydroxide precipitation [40]. The molar 

concentration of magnesium hydroxide (CMg) is extracted and used to calculate the amount of 

                                                 
5 In a few design cases, Visual MINTEQ indicated that the ionic strength was too high for the activity correction 

model chosen (SIT); however, it did converge on a solution and the values were used.  Alternatively, another 

software such as PHREEQC could have been used with the Pitzer database to theoretically provide a more accurate 

estimation, but the difference in predicted precipitation of calcium sulfate between SIT and Pitzer models was 

assumed to be insignificant for the purposes of this manuscript. 
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lime necessary to accomplish the magnesium hydroxide precipitation. First, the amount of 

alkalinity (eq/L) in any solution is defined as: 

𝐴𝑙𝑘 = 2
𝑒𝑞

𝑚𝑜𝑙
∙ 𝐶𝐶𝑂3

2− + 1
𝑒𝑞

𝑚𝑜𝑙
𝐶𝐻𝐶𝑂3

− + 1
𝑒𝑞

𝑚𝑜𝑙
𝐶𝑂𝐻− − 1

𝑒𝑞

𝑚𝑜𝑙
𝐶𝐻+     (2.26) 

Where all concentrations are expressed in mol/L. Using known relationships for the speciation of 

bicarbonate and carbonate and the user input for the pH of the solution before and after lime 

addition (the ZDD model uses 7.0 and 11.1, respectively), the equation for total alkalinity is 

therefore: 

𝐴𝑙𝑘(𝐶𝑇, 𝑝𝐻) = 𝐶𝑇 ∙ [(
10−𝑝𝐻

10−6.3
+ 1 +

10−10.3

10−𝑝𝐻
)

−1

+ 2 ∙ (
(10−𝑝𝐻)2

10−6.3 ∙ 10−10.3
+ 1 +

10−𝑝𝐻

10−10.3
)

−1

] 

+
10−14

10−𝑝𝐻 − 10−𝑝𝐻              (2.27) 

Where CT is the total molar concentration of all carbonate system species. Activity 

coefficients were ignored in Equation 2.27 because CT was assumed to be zero for calculating the 

required lime dose (Equation 2.28), and pH is the negative logarithm of the activity of the 

hydrogen/hydronium ion.  The concentration of lime necessary is then calculated as the difference 

between the alkalinity before and after lime addition, charge of calcium (zCa), and the MINTEQ-

calculated molar concentration of precipitated magnesium hydroxide (CMg): 

𝐶𝐿𝑖𝑚𝑒(
𝑚𝑜𝑙

𝐿
) =

(𝐴𝑙𝑘(𝐶𝑇=0, 𝑝𝐻𝐴𝐿=11.1)−𝐴𝑙𝑘(𝐶𝑇=0, 𝑝𝐻𝐵𝐿=7.0))

𝑧𝐶𝑎
+ ∆𝐶𝑀𝑔(

𝑚𝑜𝑙

𝐿
) (2.28) 

The concentration of the Mixed Cl stream after lime treatment (CmCl_AL) is then calculated 

by increasing the calcium concentration using CLime and decreasing the Mg concentration using 

CMg (and converting both using the molar mass of lime or Mg, respectively). CmCl_AL is then used, 

along with the daily volumes of Mixed Cl and Mixed Na sent to the salt recovery process to 

calculate the supernatant and recovered sodium chloride as described previously.  

The final section of the expanded ZDD model outputs the calculated values for the area of 

the waste and sodium chloride recovery evaporation ponds, the daily production of calcium sulfate, 

sodium chloride, and magnesium hydroxide, the daily lime consumption, the modeled sodium 

chloride quality, the MINTEQ molar concentrate values used for the calcium sulfate and 
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magnesium hydroxide precipitation, and the calculated ratios of sulfate to calcium for SR-2 and 

SR-3. 

A modified Y-Index (originally defined in Equation 1.1) was created to incorporate the 

possibility for magnesium hydroxide, which would also improve the calcium sulfate recovery in 

many cases since the calcium and sulfate concentrations would be more balanced: 

𝑌-𝑖𝑛𝑑𝑒𝑥𝑤/𝑀𝑔 =
𝑚𝑖𝑛𝑖𝑚𝑢𝑚{[𝐶𝐶𝑎(

𝑚𝑒𝑞

𝐿
)+𝐶𝑀𝑔(

𝑚𝑒𝑞

𝐿
)], 𝐶𝑆𝑂4(

𝑚𝑒𝑞

𝐿
)}

𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑡𝑦(
𝑚𝑒𝑞

𝐿
)

  (2.13) 

2.2.3. ZDD Cost Estimation Process 

Since every desalination system will have a unique design that impacts both the capital 

cost (i.e., building codes, land cost) and operating cost (i.e., cost of electricity), the cost model 

used herein is expected to be in the correct order of magnitude. Thus, the cost comparisons 

provided here are expected to show the relative impact of design choices and whether salt recovery 

is beneficial from a cost perspective. The assumptions used are summarized in Table 2.3, and an 

example with equations is shown in Appendix C. CapEx and OpEx are shorthand for capital and 

operating cost, respectively. 

Table 2.3. Capital and Operating Cost Assumptions 

Capital or 

Operating Cost 

Item 

Value used in Model Details on Basis Reference 

CapEx Items 

EDM stack 

(MEGA) 

$1,300/m2 

(EDM active membrane 

area) 

Estimated from ZDD 

final report 

[26] 

EDM stack 

(NEOSEPTA) 

$3,000/m2  

(EDM active membrane 

area) 

Doubled the value from 

articles w/ similar 

membrane resistance 

per effective cell pair 

[39], [41] 

RO/NF  $1.50/gal/day 

(RO/NF permeate) 

Assumption; literature 

showed range of 

$1.135-4.54/gpd 

(permeate) 

[42], [43], [44], 

[45] 
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Capital or 

Operating Cost 

Item 

Value used in Model Details on Basis Reference 

Calcium Sulfate 

(gypsum) 

Recovery 

$0.79 gal/day (feed) Clarifier + Dewatering 

Equipment 

Calculated from 

Appendix G-1 in 

[43] 

Magnesium 

Hydroxide 

Recovery 

$0.96 gal/day (feed) Clarifier + Dewatering 

+ Lime Dosing 

Equipment 

Calculated from 

Appendix G-1 in 

[43] 

OpEx Items 

Capacity Factor6 0.9 Assumption  

Installation 

Factor 

1.5 Assumption Similar to value 

calculated from 

Appendix G-1 in 

[43] 

Borrowing 

Terms 

6%, 20 years Assumption  

Cost of 

Electricity 

$0.10/kWh Assumption  

Sodium Chloride $0.058/lb Bulk Solar Salt Table 8 in [46] 

Lime $0.055/lb Quick Lime Table 5 in [47] 

RO/NF 

Chemicals 

$0.07/kgal (feed)  Calculated from 

Appendix G-1 in 

[43] 

RO/NF 

Membrane 

Replacement 

$0.16/kgal (feed)  Calculated from 

Appendix G-1 in 

[43] 

EDM Membrane 

& Electrode 

Replacement 

$0.32/kgal (product) ZDD final report [26] 

Evaporation 

Pond 

Maintenance 

0.5% of installed 

CapEx 

 [48] 

Gypsum Sale 

Price 

$0.0035/lb Assume 25% of retail 

price to be conservative 

(gypsum market is 

saturated) 

Table 1 in [49] 

                                                 
6 Capacity Factor is the fraction of time that a plant is operational. A value of 0.9 assumes that the plant would be 

shut down for maintenance 10% of the year. 
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Capital or 

Operating Cost 

Item 

Value used in Model Details on Basis Reference 

Magnesium 

Hydroxide Price 

$0.1072/lb Assume 50% of retail 

price (market is 

stronger for Mg 

materials) 

Table 3 in [50] 

2.3. Results and Discussion 

2.3.1. Impact of Primary Desalter (RO/NF) Membrane Choice 

In order to evaluate the impact of RO/NF membrane choice and desalination load, the 

designs with the highest and lowest calculated ZDD specific energy (see Table 1.2 and Figure 

1.5a) were analyzed for cost performance. The highest specific energy designs were Case 3c (see 

Table 2.4), which had low RO/NF recovery and high EDM calcium removal. The lowest specific 

energy designs were Case 2a (see Table 2.5), which had high RO/NF recovery and lower EDM 

calcium removal. For each of these designs, a second case with lower current density was created 

in order to assess the tradeoffs between capital and operating costs. The lower current density 

designs involve more EDM stacks and lower EDM energy consumption. 

Table 2.4. Summary of ZDD Designs for Case 3c (rRO=55%, RREDM=1, ECa=50%) treating the 

BGNDRF Wells 1&4 blend  

Membrane NF270 NF90-

NF270 

NF90 XLE BW30 

iedm  high low high low high low high low high low 

Nstacks  89 163 102 163 122 156 122 153 123 150 

vstack cm/s 9.5 5.2 8.3 5.2 6.6 5.2 6.5 5.2 6.3 5.2 

iedm A/m2 131 71.7 126 79.0 117 91.8 117 93.6 117 95.6 

LCD A/m2 137 116 132 116 124 116 123 116 123 116 

iedm/LCD  96% 62% 96% 68% 95% 79% 95% 81% 95% 82% 
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Table 2.5. Summary of ZDD Designs for Case 2a (rRO=75%, RREDM=3, ECa=30%) treating the 

BGNDRF Wells 1&4 blend 

Membrane NF270 NF90-

NF270 

NF90 XLE BW30 

iedm  high low high low high low high low high low 

Nstacks  81 133 97 133 97 113 95 109 95 105 

vstack cm/s 8.5 5.2 7.1 5.2 6.1 5.2 5.9 5.2 5.7 5.2 

iedm A/m2 126 76.9 120 87.8 115 99.1 115 100 114 103 

LCD A/m2 133 116 127 116 121 116 121 116 120 116 

iedm/LCD  95% 66% 95% 75% 95% 85% 95% 86% 95% 88% 

In general, the unit cost ($/m3 permeate produced from desalinating the Well 1-4 blend 

(Table 1.1)) increases as the RO/NF salt rejection increases (i.e., designs with BW30 membranes 

were more expensive than designs with NF270 membranes), as shown in Figure 2.4. The higher 

current density (iedm>90%) designs were slightly less expensive (1-6%) than the lower current 

density (iedm<90%) designs. A more noticeable effect is visible between the Case 2a (rRO=75%) 

and Case 3c (rRO=55%), where the Case 2a designs were 13-21% less expensive than the Case 3a 

designs.  
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Figure 2.4. Impact of Primary Desalter Membrane Choice treating the BGNDRF Wells 1&4 

blend: Unit Cost of Water vs ZDD Specific Energy 

The relative proportions of energy used by the EDM and RO/NF systems for Case 2a and 

Case 3c are shown in Figure 2.5a and Figure 2.5b, respectively. As is visible, the EDM specific 

energy consumption dominates the ZDD specific energy consumption for both cases, but is around 

30% higher for the Case 3c designs. The higher energy consumption leads to higher unit cost for 

the Case 3c designs (Figure 2.5c and d). Finally, even though the lower current density designs led 

to lower operating costs of water, the increased capital cost expenditure leads to an overall increase 

in the unit cost of water. 
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Figure 2.5. Breakdown of EDM and RO/NF Impact on Specific Energy Consumption and Unit 

Cost of Water for treating the BGNDRF Wells 1&4 blend using Case 2a (rRO = 

75%/ECa = 0.3, parts a and c) and Case 3a (rRO = 55%/ ECa = 0.5, parts b and d) 

If a desalination plant wants to install higher salt rejection membranes to achieve lower 

permeate TDS, it comes with a greater cost. The BW30 membrane designs are 25-29% more 

expensive than the NF270 membrane designs. Operating at higher RO/NF recovery (75% versus 

55%) reduces the ZDD unit cost by 12-18% versus and allows for somewhat (<1%) higher ZDD 

recovery (Figure 2.6 and Figure 2.7). Designs with higher salt rejection will have lower recovery 

and higher cost. For example, the NF designs allow for 6% higher recovery and around 30% less 

expensive than the BW30 Case 2a (75% recovery) designs. 
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Figure 2.6. Relationship between Unit Cost of Water and Permeate TDS for treating the 

BGNDRF Wells 1&4 blend 

 

Figure 2.7. Relationship between Unit Cost of Water and ZDD Recovery for desalinating the 

BGNDRF Wells 1&4 blend 

2.3.2. Cost Sensitivity Analysis and Capital versus Operating Tradeoffs 

In order to further evaluate how capital and operating cost factors impact the cost of ZDD 

desalination of the Well 1&4 blend water, several cases were chosen. The cost basis is the Case 2a 

design with MEGA membranes as described earlier. Two other EDM membrane choices are also 

evaluated, namely MEGA with higher current efficiency (84% versus 75%) and NEOSEPTA 
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membranes (See Table 2.1 and Table 2.2 for EDM membrane characteristics). High and low cost 

versions of EDM, RO/NF, evaporation ponds, and cost of electricity were used to evaluate the 

sensitivity of ZDD cost.   

Table 2.6. Sensitivity Analysis Assumptions for Evaluation of ZDD System Cost Estimates  

 
MEGA 

EDM 

CapEx 

NEOSEPTA

EDM 

CapEx 

RO/NF 

CapEx 

Cost of 

Electricity 

Evaporation 

Pond 

CapEx 

cost basis $1300/m2 $3000/m2 $1.50/gpd ROp $0.10/kWh $200K/acre 

high cost EDM $2600/m2 $4500/m2 $1.50/gpd ROp $0.10/kWh $200K/acre 

low cost EDM $800/m2 $1500/m2 $1.50/gpd ROp $0.10/kWh $200K/acre 

high cost evap $1300/m2 $3000/m2 $1.50/gpd ROp $0.10/kWh $300K/acre 

low cost evap $1300/m2 $3000/m2 $1.50/gpd ROp $0.10/kWh $100K/acre 

high cost RO $1300/m2 $3000/m2 $2/gpd RO $0.10/kWh $200K/acre 

low cost RO $1300/m2 $3000/m2 $1/gpd RO $0.10/kWh $200K/acre 

high cost kWh $1300/m2 $3000/m2 $1.50/gpd ROp $0.15/kWh $200K/acre 

low cost kWh $1300/m2 $3000/m2 $1.50/gpd ROp $0.05/kWh $200K/acre 

The largest changes to the ZDD cost of desalinating the BGNDRF Wells 1&4 blend 

involved the EDM capital cost and the cost of electricity, as shown in Figure 2.8. Doubling the 

unit cost ($/m2) for the EDM caused the unit cost of ZDD to increase by 16-18% for the three 

EDM designs. A 50% increase or decrease in the cost of electricity caused the unit cost of ZDD to 

increase or decrease by nearly 10%. The other options tested yielded small changes (5% or lower 

difference from the cost basis). In most cases the incorporation of salt recovery reduces the unit 

cost of ZDD by 20-30%. The high cost EDM case is the only exception, with a 5% or lower 

decrease in cost. While the design and capital cost may be different for a NEOSEPTA membrane 

design, it is interesting to note that even though the ZDD specific energy consumption is lower by 

about 22% for the NEOSEPTA designs, the impact is negated by the higher capital cost in all 

cases. Additional calculations were made with higher current density to reduce the number of EDM 
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stacks by 10-11%, but even then the unit cost decreased only slightly ( 5%). Similarly, additional 

calculations were made with the MEGA stacks to produce designs with lower current density (6% 

lower iEDM, 11% higher EDM CapEx), but the impact on unit cost was even less visible ( 3%). 

 

Figure 2.8. Impact of EDM Membrane Choice on Unit Cost for treating the BGNDRF Wells 

1&4 blend with a) No Salt Recovery (NS), and Salt Recovery b) Option 1 (SR-1), 

c) Option 2 (SR-2), and d) Option 3 (SR-3) (Note: no revenue is included in b-d) 

The inclusion of salt recovery processes such as clarifiers to precipitate calcium sulfate and 

magnesium hydroxide and evaporation ponds for the waste streams and sodium chloride recovery 

decreases the cost of ZDD treatment in all three cases. As shown in Figure 2.9, the ZDD unit cost 

decreases by as much as 25% when salt recovery is included in the design. Salt (NaCl) purchases 

account for approximately 20-25% of the unit cost of ZDD treatment for both MEGA and the 



 

 

49 

NEOSEPTA designs. By recovering sodium chloride from the ZDD concentrate streams, salt 

purchases decrease to 2-7% of the unit cost of ZDD treatment.  

 

Figure 2.9. Sensitivity Analysis Using MEGA Membranes and ZDD Pilot Observations for a) 

No Salt Recovery, and Salt Recovery b) Option 1, c) Option 2, and d) Option 3 

(Note: no revenue is included in b-d) 

 

Table 2.7 includes comparisons between the Cost Basis Design with and without salt 

recovery (which may not be obvious from Figure 2.8 and Figure 2.9). Even though the salt 

recovery cases involve purchasing additional equipment, the CapEx decreases by 42-48% for the 

salt recovery designs because the size of the evaporation ponds decreases substantially. The salt 

purchases decrease substantially (72-85%) with the incorporation of salt recovery. The SR-1 

design offers the greatest reduction in sodium chloride purchases (85%), but SR-3 offers the most 

revenue potential and least net operating expenses (21% decrease in OpEx costs). 
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Table 2.7. Summary of Capital and Operating Cost Differences with Salt Recovery 

CapEx Cost    
Non-Desal Equipment - Salt Recovery 1 comparison 

to no salt 

recovery 

48% lower 

Non-Desal Equipment - Salt Recovery 2 40% lower 

Non-Desal Equipment - Salt Recovery 3 42% lower 

OpEx Costs w/o Revenue  

 

Salt Purchase - salt recovery 1 comparison 

to no salt 

recovery 

85% lower 

Salt Purchase - salt recovery 2 78% lower 

Salt Purchase - salt recovery 3 72% lower 

Net OpEx Costs (OpEx minus Revenue)  

 

Remaining (Other) OpEx - salt recovery 1 
comparison 

to no revenue 

3% lower 

Remaining (Other) - salt recovery 2 3% lower 

Remaining (Other)  OpEx - salt recovery 3 21% lower 

2.3.3. Evaluation of ZDD Economic Performance Sensitivity to Water Quality 

Since the technical performance and sensitivity analysis seemed to point towards an 

optimum ZDD design including the highest possible RO/NF recovery, lowest possible EDM 

current density and silica purge, seven cases were evaluated using various water qualities (see 

Table 1.1). In comparison to the previous study [1], the ratio of the operating current density to the 

limiting current density (LCD) was lower for each design (e.g., 83% versus 89-96% for the 

Alamogordo case with rRO=70%). The designs summarized in Table 2.8 were chosen such that the 

recovery was maximized and the product TDS would be less than 500 mg/L.  
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Table 2.8. Primary Desalter Membranes Used and Independent Variables for ZDD Performance 

Sensitivity to Water Quality (QROp = 3.03 MGD and Qprod = 3.00 MGD) 

Location 
Feed TDS 

(mg/L) 
Membrane rRO RREDM ECa 

Qsi 

(gpm) 

iEDM/ 

LCD 
rZDD 

BGNDRF, 

well 1 
2,130 NF270 75% 2.5 30% 0 79% 98% 

BGNDRF, 

well 2 
5,585 NF90 50% 2.0 25% 53 92% 94% 

BGNDRF, 

well 3 
3,440 NF90 55% 3.0 25% 34 81% 94% 

Alamogordo 2,390 NF90-NF270 70% 2.5 25% 0 83% 98% 

La Junta 1,272 NF90-NF270 75% 1.0 25% 0 81% 98% 

Brighton 876 NF90-NF270 80% 0.75 25% 0 64% 99% 

KBH 2,790 NF90 70% 2.0 30% 158 91% 91% 

Even though the designs summarized in Table 2.8 are slightly different from those 

summarized in Table 1.3, the predicted unit cost of water follows a similar pattern with respect to 

recovery, specific energy consumption, and feed TDS. If the results for the KBH case are ignored 

(because of the high silica purge and resulting lower flow to the EDM), the unit cost of ZDD 

decreases with increasing recovery (Figure 2.10a). As expected, the unit cost of water increases 

with increasing specific energy, which related to feed TDS (Figure 2.10b-c). Since the designs 

were chosen to produce a product water with 500 mg/L or lower TDS, no observable trend is 

visible for the unit cost of water (Figure 2.10d). In all cases, the inclusion of salt recovery reduces 

the overall cost. The salt recovery data shown in Figure 2.10 does not include any revenue that 

could be generated from the sale of calcium sulfate or magnesium hydroxide. As shown in Figure 

2.11, when revenue is included, the overall cost is decreased by 2-10% for the High Recovery 

design. 
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Figure 2.10. Unit Cost for No Salt Recovery and Salt Recovery Designs as a Function of a) Feed 

TDS, b) Specific Energy Consumption, c) ZDD Recovery, and d) Permeate TDS 

(QROp = 3.03 MGD and Qprod = 3.00 MGD) 

 

Figure 2.11. Breakdown of Capital and Operating Costs for ZDD System with High Recovery 

With a) No Revenue and b) Revenue Included 
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In order to evaluate the sensitivity to cost for varying water qualities, the calculated ZDD 

unit costs were graphed as a function of the lesser of the calcium and sulfate concentrations (eq/L) 

in the brackish water feed (as defined in the numerator of the Y-Index (originally defined in 

Equation 1.1)) and as a function of the sulfate concentration (eq/L). As shown in Figure 2.12a, in 

general, as the concentration of calcium or sulfate increases, so does the unit cost of ZDD. If the 

KBH site is ignored, a stronger correlation (R2 = 0.77 vs 0.65) is observed (Figure 2.12b). This 

suggests that calcium and sulfate still play a role in the cost, because the KBH site has a relatively 

low proportion of calcium and sulfate relative to the TDS. All of the sites in Figure 2.12b have a 

Y-Index greater than 0.2, which may be the minimum for ZDD applicability. When the ZDD unit 

cost is graphed using the sulfate concentration (see Figure 2.12c), the relative position of the 

Alamogordo unit costs is shifted slightly. As shown in Figure 2.12d, when the KBH site is ignored, 

the correlation improves (R2 = 0.88 vs 0.71), which may suggest that a 𝑌-𝐼𝑛𝑑𝑒𝑥𝑤/𝑀𝑔 of 0.3 is the 

minimum for ZDD applicability (all sites in Figure 2.12d have a 𝑌-𝑖𝑛𝑑𝑒𝑥𝑤/𝑀𝑔value of 0.3 or 

greater).  
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Figure 2.12. Unit Cost for No Salt Recovery and Salt Recovery Designs as a Function of a-b) the 

Minimum of the Feed Ca and SO4 Equivalent Concentrations, and c-d) Equivalent 

SO4 Feed Concentration (QROp = 3.03 MGD and Qprod = 3.00 MGD) 

2.3.4. Evaluation of Sodium Chloride Quality for use in ZDD 

The ZDD model predicts the concentration of the recovered sodium chloride solution. In 

general, there was an improvement in purity (as measured by the sum of Na+ plus Cl- ions divided 

by TDS) with the salt recovery methods 2 and 3 versus salt recovery method 1. The solutions have 

a predicted purity of 80-90% for the Alamogordo and KBH locations and 60-70% for the Colorado 

locations. In order to utilize the recovered sodium chloride solution in the EDM process, the purity 

must be sufficient to not cause scale formation. This is especially true if monovalent-selective 

anion- and cation-exchange membranes are not used. One way of measuring the quality of the salt 

solution is to calculate the equivalent ratio of Na+ to Ca2+ or Cl- to SO4
2-. The higher the ratios, the 

(Excludes KBH) 

(Excludes KBH) 
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lower the impact of impurities. Laboratory tests performed during ZDD piloting indicated that a 

salt solutions with a Na+/Ca2+ and Cl-/SO4
2- ratio of at least 20 could be used without scale forming 

in the EDM stack. The results from the ZDD model were used to calculate the Na/Ca and Cl/SO4 

ratios. The Na+/Ca2+ and Cl-/SO4
2- ratios were also calculated for the various sites used in the water 

quality study. Similar to the results for the BGNDRF Well 1&4 blend design (not shown), most of 

the resulting salt solutions have sufficient Na+/Ca2+ ratios but low Cl-/SO4
2- ratios. Since the KBH 

water has a much higher concentration of Na+ and Cl- relative to the other ions, a higher purity 

recovered salt solution is obtained. 

 

Figure 2.13. Modeled Sodium Chloride Quality for Various Water Quality Designs using a) 

Na/Cl Ratio and b) Cl/SO4 ratios 

2.4. Conclusions 

The ZDD mathematical model was updated to incorporate salt recovery and the results 

were used to evaluate the cost performance of ZDD with different designs and for sites with 

different water quality. The new sections of the model utilize the output from previous 

modeling [1], along with Visual MINTEQ to calculate the daily production of useful byproducts 

from ZDD desalination. The byproducts recovered include calcium sulfate, magnesium hydroxide, 

and sodium chloride. The recovered sodium chloride solution is assumed to be concentrated by a 

factor of two using an evaporation pond. A spreadsheet analysis was used to evaluate the impact 

of the various ZDD designs on the unit cost ($/m3). While site-specific factors and additional 
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piloting would improve the accuracy of the cost estimates, it is possible to make general 

observations: 

 The optimum design for a ZDD system includes an optimization of the desalination 

load. The lowest overall ZDD specific energy consumption, and, therefore lowest ZDD 

unit cost for a given water quality, is found when maximizing the RO/NF recovery 

(rRO), minimizing the EDM calcium removal (ECa), and minimizing the EDM recycle 

ratio (RRREDM). 

 The choice of membrane for the primary desalter impacts the product water quality 

(higher salt rejection NF/RO membranes yield lower TDS product water and lower 

ZDD system recovery). The membranes studied herein suggest that increasing the salt 

rejection (e.g., BW30 versus NF270 membranes) decreases the unit cost of the ZDD 

system. 

 The incorporation of salt recovery could reduce the ZDD unit cost by 15-25%, without 

any revenue included. If revenue is included, the cost can be decreased by an additional 

2-10%. This reduction is because the sodium chloride purchase cost is such a large 

proportion of the unit cost of water. Salt purchases increase with increasing feed TDS 

since sodium chloride is added to match the amount of ions removed from the RO/NF 

concentrate. 

 The normalized Y-indices (with and without magnesium) allow for one to compare the 

type of water chemistry, but the correlation to ZDD performance was not strong. 

However, the feedwater sulfate equivalent concentration does predict ZDD cost 

performance for brackish waters with a Y-Index greater than 0.2 or a 𝑌-𝑖𝑛𝑑𝑒𝑥𝑤/𝑀𝑔 

greater than 0.3. As the sulfate concentration increases, the unit cost of ZDD increases. 

TDS seems to be a better predictor for recovery, energy, and cost, so more water 

qualities should be evaluated. 
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 The ZDD model results indicate that the sodium chloride solution purity may not be 

good enough to use directly in the EDM, however previous pilot tests suggest 

otherwise. It is expected that the recovered sodium chloride solution could be used to 

dissolve purchased sodium chloride pellets. More research is needed to improve the 

accuracy of the model prediction of chemical compositions of the concentrates.  
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3. A Comparison of Medium and High Recovery Brackish Water 

Desalination Processes 

Freshwater supplies are becoming more stressed in more areas because of population 

increases, decreases in the amount and quality of water supplies, climate change, and increased 

competition between user groups is becoming more common. Desalination, will play a role in 

increasing and diversifying city and regional water supplies. Conventional desalination processes 

like reverse osmosis and electrodialysis have been around for decades and the cost has decreased 

substantially. Typical RO plants are limited (at least on a practical level) to 75-80% recovery 

without increasing the complexity of the plant design. Additionally, acceptable brine disposal 

options are often limited in these areas, presenting a major obstacle to implementing membrane-

based desalination technology. This chapter evaluates the technical and economic performance of 

three technologies capable of achieving higher than usual recovery for challenging water 

chemistries: (1) Zero Discharge Desalination (ZDD), (2) UTEP’s Concentrate Enhanced Recovery 

Reverse Osmosis (CERRO), and (3) Desalitech’s Closed Circuit Reverse Osmosis (CCRO). Cost-

effective high-recovery desalination processes could allow inland communities to implement 

desalination to supplement their dwindling water supplies. Four sites are included that have a range 

of salinity, a range of proportions of divalent ions, and enough silica to possibly limit recovery. 

Based on research presented in this chapter, the water chemistry does have an impact on medium 

and high recovery desalination, but more research is needed to identify the causal relationships. A 

numerical matrix ranking approach was developed to compare the relative performance of the three 

technologies with respect to system recovery (30%), technology readiness (25%), system 

complexity (15%), specific energy consumption (15%), and cost (15%). Using this method, the 

relative performance for desalinating brackish water with relatively low divalent ion 

concentrations is: CCRO > CERRO > ZDD. Using the same method to evaluate CERRO and ZDD, 

the relative performance for the desalination of brackish water with relatively high concentrations 

of divalent ions is: CERRO = CCRO > ZDD (even though CCRO was not piloted at Well 2, it is 
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assumed to be the same as CERRO), although this is subject to the assumptions made in the 

chapter. Site-specific details such as the feasibility of deep-well injection or evaporation ponds 

will change the order of technology preference. 

3.1. Defining Medium and High Recovery For Brackish Water Desalination 

Typical brackish water reverse osmosis (BWRO) desalination plants operate with two or 

three stages in order to maximize recovery. In general, BWRO plants can achieve 50-60% recovery 

with one stage, 75-80% recovery with two stages, and 85-90% recovery with three stages (ignoring 

solubility limitations). As the number of stages increases, so does the required pumping energy. 

Also, the concentration of sparingly soluble salts (e.g., silica) increases. In order to mitigate the 

scaling potential, some plants have installed (or have considered installing) some method of pre-

treatment (e.g., acid addition to raw feed and/or third stage feed) [2,3] or treatment to remove 

possible scale-forming constituents [4–6]. For the purpose of this paper, “conventional recovery” 

will be defined as 75-80%. Processes that can achieve 90-95% will be defined as “medium 

recovery”; Desai et al. (2016) used a similar metric, but called it medium liquid discharge [7]. 

Finally, “high recovery” is defined as 95% or higher recovery. Zero liquid discharge (ZLD) 

systems may or may not be high recovery. 

Many techniques have been developed to achieve medium and high recovery with 

desalination processes using pre-treatment or interstage treatment to prevent scale formation in the 

RO membranes (see [8,9] for summaries). Many of the high recovery and ZLD processes involve 

physical water treatment processes that produce voluminous solids that must be disposed of 

properly. Some, such as Zero Discharge Desalination (ZDD), GeoProcessors, and EWM, have 

devised a mechanism for recovering useful byproducts from the desalination brine [8–11]. ZLD 

approaches typically employ thermal processes such as brine concentrators and crystallizers that 

have a high cost. Some researchers have evaluated conventional and high recovery desalination 

coupled with thermal ZLD approaches [12].  
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The University of Texas at El Paso’s Concentrate Enhanced Recovery Reverse Osmosis 

(CERRO) and Desalitech’s Closed Circuit Reverse Osmosis (CCRO) processes were designed in 

order to improve desalination recovery while maintaining simplicity. Both of these technologies 

take advantage the relatively slow formation of silica and other constituents in membrane 

systems [13–15]. While the methodology is different between each of these technologies, the 

general principles are similar. Both are considered semi-batch processes [16–18]. The term semi-

batch means that there is some sort of interruption or flush step during which permeate production 

is slowed or stopped. The timing of the interruption is chosen to ensure that the concentration of 

sparingly soluble constituents is raised for a time period less than the induction time of 

precipitation. Both CCRO and CERRO employ minimal pre-treatment (acid, antiscalant, cartridge 

or media filtration) and have been shown to achieve system recoveries of at least 90% for brackish 

water [13,19,20]. Several researchers have analyzed the benefits of continuous, batch, and semi-

batch RO processes. For example, Warsinger et al. (2016) and Werber et al. (2017) provide useful 

descriptions and modeling techniques [17,18]. Warsinger et al. (2016) found that CCRO can be up 

to 37% more efficient than staged BWRO without energy recovery [18]. Werber et al. (2017) 

developed a theoretical model that compared the specific energy consumption of RO systems with 

energy recovery devices with one to three stages against semi-batch RO with and without energy 

recovery. Similar to Warsinger, Werber found that semi-batch systems are more energy efficient 

than staged RO without energy recovery devices or interstage booster pumps [17]. Werber et al. 

(2017) used a sodium chloride solution with 5840 mg/L TDS for their brackish water desalination 

modeling and did not evaluate the economic or other reasons for why a semi-batch process might 

be preferred [17]. 

ZDD and other hybrid desalination systems are able to achieve very high recovery, as well 

as produce saleable byproducts that can lower the cost of desalination. However, the cost is 

generally higher because of increased power consumption, capital equipment costs, and other 

factors. The ability to achieve medium recovery might make thermal ZLD approaches feasible, as 
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the volume would be minimized enough to minimize capital and operating costs of a crystallizer. 

This chapter will compare the relative performance of ZDD, CERRO, and CCD as a function of 

water chemistry, system recovery, and specific energy consumption. 

3.1.1. Concentrate Enhanced Recovery Reverse Osmosis (CERRO) Process 

Background 

The CERRO process was invented at UTEP by Dr. Anthony Tarquin. Several designs were 

piloted at the KBH plant in El Paso, Texas, and BGNDRF in Alamogordo, New Mexico. The first 

research projects focused on demonstrating CERRO using a batch processing method, and is 

summarized in Figure 3.1. Brackish water or reverse osmosis concentrate is added to a feed tank, 

then is sent through a system with seawater reverse osmosis (SWRO) membranes. The SWRO 

concentrate is returned to the feed tank and the process continues until the feed tank is empty or a 

conductivity set point is reached. At this time, a valve opens to drain the rest of the tank. The 

SWRO is then flushed with permeate or brackish feed water (not shown in Figure 3.1), the feed 

tank refilled, and the process restarts. The batch CERRO and its associated chemical feeds have 

been studied and much of the work is summarized by Delgado [21] and Tarquin [13,19,22]. Three 

of the most important design features of CERRO design were identified by Delgado [21]. Induction 

time was found to be of more importance than crossflow velocity in terms of scale formation. Each 

CERRO design will have a specific processing time that will maximize recovery while minimizing 

scale formation potential. Acid dosage might be required, but moderate dosages (e.g., pH 6.0) are 

typically all that is required for prevention of calcium carbonate scale. Antiscalant choice and 

dosage were identified as a very important consideration, especially as it relates to calcium sulfate. 

Proper flushing of the CERRO system after each batch is necessary to mitigate scale formation as 

well. Flushes generally require a small volume, and can be done with permeate or a water with 

lower salinity than what is being desalinated. Finally, water quality plays a role in the maximum 

recovery attainable by CERRO. Brackish water with very high concentrations of calcium and 

sulfate can limit the recovery, as it did in Alamogordo piloting. Other factors (temperature, 
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constant flow versus constant pressure) were evaluated, but found to be less important in 

comparison. 

 

Figure 3.1. Simplified Batch CERRO Flow Diagram (as tested at the KBH and BGNDRF) 

An early attempt at making a continuous flow CERRO still contained the recycling step 

and was intended to simplify the design, however it was found to be infeasible [22]. The current 

semi-batch CERRO system was designed to maximize cross-flow velocity in the SWRO system 

and can involve 3:2:1 membrane staging as described in the CERRO patent application [23] and 

shown schematically in Figure 3.2. This design removes the recirculation step and has been 

demonstrated at a wellhead desalter in El Paso, Texas. This chapter performs an initial assessment 

of the CERRO system using pilot and full scale data at the El Paso Water Well 412B location, as 

well as reviewing data in previous piloting reports. Pilot testing and commissioning of a full scale 

CERRO system at the Well 412B site occurred during 2015 and the work was sponsored by the 

U.S. Bureau of Reclamation’s WaterSMART program [24]. The CERRO system was initially 

started with a conservative set point of 70% recovery for desalination of the Well 412 concentrate 

(the primary BWRO operates at 75%). When the flush volume is accounted for, the CERRO 

system recovery is 60%, and the BWRO + CERRO system recovery is therefore 90%. Some 

CERRO 

CERRO – concentrate 
recycle 
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operational problems have occurred, but most have been related to chemical supplies and 

conductivity probe problems. 

 

Figure 3.2. Simplified CERRO Flow Diagram (as installed at the El Paso Water Well 412) 

The batch CERRO system was shown to achieve at least 80% recovery when desalinating 

the KBH concentrate, which would increase the overall recovery at the desalination plant to 97% 

from 82.5% [13]. When the batch CERRO was tested at the BGNDRF, lower system recoveries 

were achieved (around 30-40%) unless sodium chloride and/or high doses of antiscalant were 

added to the Well 3 feed or RO concentrate; the combination of RO + batch CERRO with 20 ppm 

antiscalant was able to achieve 76% recovery [19]. A preliminary version of a continuous flow 

CERRO were not able to achieve the same high recovery as the batch CERRO [22] because of 

calcium sulfate precipitation in the membranes. The semi-batch CERRO has achieved pass 

recoveries (CERRO permeate/CERRO feed) of at least 70% have been achieved when desalinating 

the concentrate from the Well 412 BWRO; the system recovery of the BWRO + CERRO 

(combined permeate/Well 412 feed) is 90%. 
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3.1.2. Closed Circuit Reverse Osmosis (CCRO) Process Background 

Closed Circuit Desalination is a technology patented by Desalitech.  In comparison to 

CERRO, CCRO is operated at constant permeate flow (flux) with increasing pressure during a 

batch. As shown in Figure 3.3, and described in articles elsewhere (for example: [14] and [25]), 

water is fed to a set of pressure vessels fitted with BWRO or SWRO membranes. Instead of being 

sent to drain, the brine pressure is boosted and then mixed with feedwater and sent through the 

membranes again. This circulation (called closed-circuit desalination, or CCD) occurs until a set 

point (e.g., volumetric recovery, pressure, internal or concentrate conductivity or a custom set-

point) is reached. At this point, a valve allows the concentrate to be sent to drain and the system is 

flushed with feedwater (called plug-flow desalination, or PFD), while maintaining permeate 

production at a reduced capacity. The feedwater flow during CCD is equal to the permeate being 

produced. The flush is performed at a lower pressure and generally constitutes a small portion of 

the total water fed to the CCRO. The system piloted at the KBH plant involved three pumps: P1 

was a feed pump used to transport water from a feed tank to the CCD pilot system; P2 was the 

high pressure pump used to desalinate the brackish groundwater; and, P3 was the circulation pump 

which boosted the concentrate pressure to match the outlet of P2. Pre-treatment included sulfuric 

acid (H2SO4) and antiscalant addition followed by cartridge filtration (5-micron cartridge filters 

were used in the pilot). 
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Figure 3.3. Simplified CCRO™ Flow Diagram (as piloted at the KBH desalination plant) 

The pilot involved three phases that tested two types of BWRO membranes and evaluated 

system recoveries ranging from 80 to 95%. The primary focus of this pilot was to prove that high 

silica concentrations could be achieved without causing scale. During the first phase, the CCD 

system employed Hydranautics ESPA2-MAX membranes and the target operations were 22 LMH 

(13.7 GFD) flux and a 40% module recovery (permeate/feed). The membranes were fouled due to 

algae and/or bacterial growth in the feed tank so they were replaced. During the second phase, 

ESPA2 MAX membranes were used again, but the flux and module recovery were reduced to 20-

21 LMH (12-12.5 GFD) flux and 30% module recovery, which was more reasonable for the 3-

membrane design installed in the pilot system. During Phase 2 operations, it was determined that 

the HPP was undersized and not capable of producing permeate at the end of the sequence.  

Biofouling occurred again due to the suspected source of contamination (feed tank) and was 

removed from the system for the third phase.  ESPA4-MAX membranes were installed to cater to 

the smaller high pressure pump in the CCRO pilot. While the ESPA4-MAX membranes are not 

able to produce high quality permeate, the silica rejection was thought to be high enough to test 

the feasibility of high recovery desalination of BWRO with CCRO. 
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3.1.3. Zero Discharge Desalination (ZDD) with Salt Recovery Background 

ZDD is a hybrid desalination process that combines reverse osmosis or nanofiltration 

(RO/NF) and electrodialysis metathesis (EDM). As described in Cappelle, et al. (2017), salt 

recovery can be added in order to achieve zero liquid discharge, reduce sodium chloride purchases, 

and potentially provide a revenue stream by selling recovered minerals from the concentrate [1]. 

This chapter compares the performance of ZDD with Salt Recovery Method 1 (see Figure 2.3a) 

against CERRO and CCRO. This form of ZDD was shown to usually have the lowest unit cost, 

even without revenue being included, and involves a brackish water being fed to a primary 

desalination system, in this case nanofiltration. The NF concentrate is then fed to the EDM which 

is operated so that its desalinated product (diluate) can be returned to the NF feed for additional 

water recovery. The two EDM concentrates (Mixed Na and Mixed Cl) are mixed to produce a 

solid calcium sulfate byproduct and a liquid stream that is mostly sodium chloride. An evaporation 

pond is used to increase the sodium chloride concentration prior to being used in the EDM. The 

ZDD designs considered in this chapter have Dow NF90 membranes or a combination of NF90 

and NF270 membranes as described in Chapters 1 and 2.  

3.2. Methodology 

Pilot data, the updated ZDD model (Chapter 2), and manufacturer information and design 

programs were utilized to compare the technical and economic performance of three technologies 

capable of achieving higher recovery than conventional desalination systems alone. CERRO and 

CCRO can be operated in a manner that achieves medium or high recovery, depending on site 

requirements and customer preferences. ZDD is a high recovery process that, with incorporation 

of salt recovery, can achieve high recovery and zero liquid discharge without the need for thermal 

processes for concentrate disposal. Technical performance metrics used to compare the 

technologies include the system recovery, product water quality (TDS), specific energy 

consumption, and system complexity. The unit cost of water, expressed as $/m3, is the sole 

economic performance metric, which includes the capital and operating costs. 
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3.2.1. Comparison of Water Quality at Desalination Sites 

In order to assess whether brackish water quality has an impact on the cost of desalination 

by ZDD, CCRO, and CERRO, several feed water chemistries were chosen for evaluation. As 

summarized in Table 3.1, two sites are in El Paso, Texas, and two sites are in Alamogordo, New 

Mexico. The sites were chosen because of piloting and/or full scale system operation. CERRO has 

been demonstrated at the KBH desalination plant, BGNDRF (Well 2), and El Paso Well 412 sites. 

CCRO has been demonstrated at the KBH plant. Finally, ZDD has been piloted at KBH and 

BGNDRF (Well 1/4 blend) and modeled for desalination at the BGNDRF Well 2 location. As can 

be seen in Table 3.1, a wide range of brackish water salinity is covered (approximately 1,900 to 

5,600 mg/L TDS) with the choice of brackish waters. Also, there is a distinct difference in the type 

of water chemistry, as evidenced by the Y-indices and divalent fractions. The Alamogordo waters 

are predominately calcium sulfate type waters (high Y-Index, divalent fraction) and the El Paso 

waters are predominately sodium chloride/sodium bicarbonate type waters (low Y-Index, divalent 

fraction). All of the waters have enough silica present to be problematic for recoveries above 80% 

using reverse osmosis or nanofiltration alone. 
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Table 3.1. Comparison of Brackish Water Chemistry 

Water Quality 

Constituent or 

Parameter 

Well 1 & 4 blend 

Alamogordo, NM 

(2013) 

Well 2 

Alamogordo, NM 

(2016) 

KBH 

El Paso, TX 

(2016) 

Well 412 

El Paso, TX 

(2016) 

Ca2+ (mg/L) 287 496 164 92.7 

Mg2+ (mg/L) 120 359 40.5 22.9 

Na+ (mg/L) 377 720 802 534 

Cl– (mg/L) 344 518 1380 856 

HCO3
– (mg/L) 249 297 91.9 107 

SO4
2– (mg/L) 1290 3180 292 258 

SiO2 (mg/L) 20 19.6 26 32 

TDS (mg/L) 2690 5590 2790 1850 

Normality (N) (meq/L) 40.6 85.7 46.3 30.8 

Y-Index 0.35 0.29 0.13 0.15 

Divalents fraction 

(mass fraction of TDS) 
63% 72% 18% 20% 

3.2.2. Summary of Data Used for Comparison 

Several sources of data were utilized for this chapter. A combination of pilot study data, 

full scale operational data, manufacturer information were used in order to make a comparison of 

the CCRO, CERRO, and ZDD technologies. The data available for this chapter are summarized 

briefly in the following sections.  

3.2.2.1. CERRO Data 

The CERRO data available for this chapter are limited, but still allow for an evaluation of 

the technology. Batch CERRO data are taken from pilot studies at the KBH desalination plant and 

BGNDRF and are taken from Delgado [21] and Tarquin [13,19,22]. Semi-batch data from 2015 

and 2016 were provided by the CERRO licensee, Industrial Water Services, for analysis and are 

summarized herewith.  

In order to show repeatability of the semi-batch CERRO process, pilot data showing eight 

consecutive batch runs using water from Well 412 are shown in Figure 3.4a. The pilot system was 
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operated with 20-gallon (15-minute) batches and constant pressure (around 600 psi)7. Conductivity 

and flow data are shown in Figure 3.4b. In general, the data shows consistent operation. The final 

two runs had slightly lower flow (and higher pressure, not shown), but it seems to be related to an 

inadequate flush after Run 6.  

 

Figure 3.4 Batch CERRO pilot data u Well 412 BWRO showing a) Conductivity and b) Flow 

(April 2015) 

The next set of data used for this study is obtained with the full size semi-batch CERRO 

system desalinating water from Well 412. Two sets of data were available for analysis, including 

the shakedown data in 2015 and operating data in early 2016. Even though the operational 

parameters were being studied and finalized in 2015, it can be seen that the flow and energy were 

consistent over the course of several weeks. The focus area for a deeper dive is September 1-8, 

2015, and the overnight data on January 11-12, 2016. In September 2015, the semi-batch CERRO 

system was operating with 15-minute batches similar to the pilot system. The Well 412 concentrate 

is treated with sulfuric acid and antiscalant to mitigate scale formation. The system was started 

conservatively with acid addition and antiscalant set at pH 5.0 and 10 ppm, respectively. It was 

determined that these set points could be raised to pH 6.0 and 5 ppm antiscalant and is still operated 

in this manner. In January 2016, the semi-batch CERRO system was operated with 20-minute 

                                                 
7 CERRO pilot systems have historically been run at high pressures. The main goal is usually to prove that  

high recovery is achievable and sustainable, and not necessarily to optimize energy consumption. 

a) b) 
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batches, and it is thought that longer batches will also be stable. Increased batch time improves 

system recovery since no (or minimal) permeate is produced during flush cycles. Data are not 

available for the flush cycles at the time of writing, so it is assumed that 240-second flushes at 

60 gpm are used in both 2015 and 2016. 

 

Figure 3.5 Semi-batch CERRO Full Scale Flow data at Well 412 BWRO (September 1-8, 2015 

and January 11-12, 2016) 

A power meter is installed on the semi-batch CERRO system. Energy consumption can 

easily be calculated from this information, however power data are only available with the 2015 

data set (see Figure 3.6). The power and energy consumption data from 2015 (see Figure 3.6) 

includes the pumping energy for desalination as well as the flushing pump and other power 

consumption (lights, controls, chemical pumps, etc.). In order to compare the two sets of data, the 

pumping power (high pressure pump and booster pump) was calculated for the 2015 data. The 

flow and pressure data for the high pressure and booster pumps as well as assumptions for the 

pumping efficiency (75% motor/pump efficiency, 95% VFD efficiency) were used to approximate 

the pumping energy (see Figure 3.7). The pumping power accounts for approximately 90% of the 

total power, so use of this calculated value will yield useful information. 
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Figure 3.6 Semi-batch CERRO Full Scale Power Meter data (September 1-8, 2015) 

 

Figure 3.7 Semi-batch CERRO Calculated Pumping Values at Well 412 BWRO for a) 2015 and 

b) 2016 (September 1-8, 2015 and January 11-12, 2016) 

Other online data available for analysis include the flow, pressure, and conductivity for the 

various CERRO streams. As can be seen, the semi-batch CERRO performance was nearly identical 

in the two data sets (see Figure 3.8). The CERRO system is designed to operate at approximately 
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74% recovery (permeate/feed) and since SWRO membranes are utilized, the conductivity is 

reduced by nearly 99%.    

 

Figure 3.8 Semi-batch CERRO Full Scale Average Data at Well 412 BWRO showing a) Flow 

Rate, b) Pressure, c) Recovery, Conductivity Removal, and Permeate Conductivity, 

and d) Feed and Concentrate Conductivity (September 1-8, 2015 and January 

11-12, 2016) 

Water quality samples were obtained while the semi-batch system was operating in January 

and February 2016, but the online data were not available at the time of this writing. Because TDS 

removal (99%) is close to the conductivity reduction demonstrated in January 2016 (see Figure 

3.8c), it is assumed that the later water quality samples reasonably describe the earlier 

performance. Table 3.2 summarizes average data for the samples taken between January 29 and 

February 15, 2016. The brackish feed water to the Well 412 desalination system has 1,854 mg/L 
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TDS. The reported values for silica in the CERRO brine were lower than the CERRO feed. This 

is likely because the water samples were not diluted in the field and the method for silica detection 

only detects reactive silica. It is possible that some of the silica precipitated prior to analysis. The 

difference between reactive silica (molybdate method) and total silica (found using ICP-OES) can 

be as much as 26% at high CERRO recovery [13]. The silica concentration reported in Table 3.2 

was estimated based on a mass balance approach with an assumed value for the average permeate 

silica concentration (5 mg/L), CERRO instantaneous (perm/feed; excludes flush volume) recovery 

of 70%, and silica rejection of 96%.  

Table 3.2. Average Water Quality for Various Semi-batch CERRO System Samples (January 29-

February 16, 2016) 

 
412B Raw 412B Brine/ 

CERRO 

Feed 

CERRO 

Permeate 

CERRO 

Brine 

CERRO 

+BWRO 

blend 

Ca2+ (mg/L) 93 349 5.0 1400 24.5 

Mg2+ (mg/L) 23 87.9 1.2 343 6.2 

K+ (mg/L) 10.7 39.3 <2 155 3.3 

Na+ (mg/L) 534 1901 28 7220 157 

Cl+ (mg/L) 856 3100 33 12100 231 

SO4
2- (mg/L) 258 936 3.6 4280 59.9 

Alkalinity (as 

CaCO3) 

87.3 314 5.0 578 92.0 

TDS (mg/L) 1850 7010 43 27400 528 

pH 7.5 7.8 5.2 6.5 5.6 

SiO2 (mg/L) 32 118 <5.0 3428 8.5 

3.2.2.2. CCRO Data 

CCRO data are available from pilot testing during Desalitech-sponsored research in 2015-

2016. As mentioned above, piloting activities spanned three phases, but this chapter focuses on 

                                                 
8 Estimated value based on average data for CERRO feed and permeate. Calculation estimates the silica 

concentration in the CERRO concentrate based on the mass balance approach (Cc,SiO2 = Cf,SiO2 (1+ rR/(1-r), where 

r=70% and R=96%); silica rejection (R) is calculated assuming the concentration in the permeate is 5 mg/L. Lab 

reported values were 90-120 mg/L.  
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the portion of Phase 2 when the system was operated at 90% recovery (Figure 3.9a) and Phase 3 

when operated at 94% recovery (Figure 3.9b). 

 

Figure 3.9 Phase 2 and Phase 3 CCRO Pilot Specific Energy Consumption Data for a) September 

22-27, 2015 and b) February 21-23, 2016 

As described earlier, CCRO systems have two distinct operating modes. Figure 3.10 shows 

how the conductivity and pressure changes during CCD and PFD operations. During the CCD 

cycle, no concentrate is leaving the system, so the concentrate conductivity continually increases 

until the system is flushed during the PFD cycle. Similarly, the CCRO permeate conductivity and 

feed pressure both increase during CCD and decrease during PFD. In order to simplify the data 

analysis, the available data are filtered to summarize the end of CCD and average PFD conditions. 

The end of CCD is defined as the module feed pressure being greater than 350 psi for Phase 2 and 

greater than 215 psi for Phase 3. PFD is defined as the period when P3 (concentrate recirculation) 

pump is off (0 rpm). 
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Figure 3.10 Representative PFD and CCD Operations during Phase 2 Operations (r =90%) at 

KBH 

As shown in Figure 3.11a, the CCD permeate and concentrate flow and module recovery 

were nearly identical between Phases 2 and 3. Since the ESPA2 MAX membranes have a higher 

salt rejection, they require more feed pressure to produce the same amount of permeate flux (see 

Figure 3.11b). The PFD flows were also similar between Phase 2 and 3 (Figure 3.11c). There is a 

discernable difference between the pressures in Phases 2 and 3 (Figure 3.11d). It takes time for the 

high pressure pump speed to decrease, so since the pressure was higher in Phase 2, so was the 

average PFD feed pressure. The PFD cycle lasts two minutes, so even a few points with higher 

pressure will skew the average. 

Water samples were taken from the brackish water feed (raw), as well as at the beginning 

and end of CCD and PFD cycles during Phase 2. PFD sampling was omitted in Phase 3. The results 

for both phases are summarized in Table 3.3 and Table 3.4.  
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Figure 3.11 Phase 2 and Phase 3 CCRO Pilot Average Data at KBH Desalination Plant showing 

a) End of CCD Cycle Flow Rate and Module Recovery, b) End of CCD Cycle 

Pressure, c) PFD Flow, and d) PFD Pressure (September 22-27, 2015 and February 

21-23, 2016) 
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Table 3.3. Water Quality for Phase 2 (r = 90%) CCRO System Samples (September 25, 2016) 

 
Raw CCD-

Perm-

Beg 

CCD-

Perm-

End 

CCD-

Conc-

Beg 

CCD-

Conc-

End 

PFD-

Perm-

End 

PFD-

Conc-

End 

Conductivity 

(S/cm) 
4600 500 996 9940 32700 1130 2470 

pH 7.8 5.9 5.9 7.9 7.8 6.1 7.9 

Ca2+ (mg/L) 148 0.6 0.5 378 1540 0.9 1140 

Mg2+ (mg/L) 35.7 <0.5 <0.5 91.9 370 0.0 272 

Na+ (mg/L) 766 94.4 191 1790 6820 218 4940 

Cl- (mg/L) 1360 146 301 3090 12300 346 8990 

SO4
2- (mg/L) 274 0.1 0.3 692 2920 0.3 2180 

HCO3
- 

(mg/L) 
97 12.8 17.1 342 836 18.3 689 

SiO2 (mg/L) 28.0 2.0 4.0 70 270 5.0 200 

TDS (mg/L) 2930 302 518 7290 26890 587 20340 

Table 3.4. Water Quality for Phase 3 (r = 94%) CCRO System Samples (September 25, 2016) 

 
Raw CCD-Perm-

Beg 

CCD-Perm-

End 

CCD-Conc-

Beg 

CCD-Conc-

End 

pH 6.6 6.3 6.2 6.2 7.2 

Ca2+ (mg/L) 176 13.2 21.8 373 3760 

Mg2+ (mg/L) 47 2.5 7.7 108 964 

Na+ (mg/L) 17.9 6.2 18.0 31 132 

K+ (mg/L) 784 277 783 1270 5700 

Cl- (mg/L) 1420 455 1270 2420 12900 

SO4
2- (mg/L) 298 2.1 5.4 676 7260 

HCO3
- (mg/L) 91.5 18.3 36.6 567 1040 

SiO2 (mg/L) 26 8.0 20 50 290 

TDS (mg/L) 3000 782 2140 5240 35030 
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3.2.2.4. ZDD Data 

ZDD data are available from pilot testing during research in 2013. As described in 

Cappelle et al. (2017), there were several periods of operation [26]. The ZDD system included an 

NF system fitted with eight NF270 membranes that was operated at 50-55% recovery. The NF 

concentrate was fed to an EDM system with two 100-quad MEGA stacks. Earlier activities 

involved troubleshooting and optimization of operational set points. The ZDD model described 

in [1] and updated in Chapter 2 focused on the data obtained between June 3 and July 12, 2013. 

This chapter focuses on the four-day portion of piloting activities when the system achieved the 

highest ZDD system recovery (97.7%) as shown in Figure 3.13. Data from the pilot as well as 

ZDD modeling was used to compare performance with the CERRO and CCRO systems. 

 

Figure 3.12. ZDD Calculated Specific Energy Consumption (SEC, kWh/m3), SEC/cond 

(kWh/m3 per mS/cm removed), and ZDD System Recovery During ZDD Pilot 

Testing 
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3.2.3. Performance Evaluation Assumptions and Calculations 

Each of the data sets used to evaluate the technologies used in this chapter had different 

formats and content. In order to have the most consistent set of data for comparison, the individual 

data sets were processed with certain calculations. For example, power meter data were only 

available for the CCRO system and one portion of the CERRO (Well 412) system. CERRO and 

CCRO power and energy consumption calculations were performed using a similar methodology. 

For the CERRO batch experiments, data points were taken every 1-5 minutes, so the permeate 

production (Vperm) was calculated by taking an average of the recorded permeate flow (Qavg), then 

multiplying by the elapsed time (t): 

𝑉𝑝𝑒𝑟𝑚(𝑔𝑎𝑙) = 𝑄𝑎𝑣𝑔(𝑔𝑝𝑚) ∙ 𝑡(𝑚𝑖𝑛)            (3.1) 

Next, the power required for desalination in each time step (Pt) is calculated using the permeate 

flow and pressure (Pfeed) that have been converted to the units, m3/s and Pa, respectively. For the 

batch CERRO processes, the combined pump/motor efficiency () is assumed to be 75%. For the 

semi-batch processes, it is assumed that a VFD with (95% efficiency) is used; the combined 

pump/motor efficiency is, therefore, assumed to be 71.25% (0.75 x 0.95). 

𝑃𝑡(𝑘𝑊) =
𝑄𝑎𝑣𝑔(𝑚3)∙𝑃𝑓𝑒𝑒𝑑(𝑃𝑎)

𝜂∙1000 (
𝑊

𝑘𝑊
)

             (3.2) 

Finally, the energy at each time step is simply the multiplication of the power and the elapsed time 

with the appropriate conversion to allow for the units to be kWh. The permeate production during 

and energy required for the batch is the sum of the values at each of the time steps. By way of 

example, the batch data from Table B9 in [19] are used to show how they were used to calculate 

the permeate production, batch recovery, energy, and specific energy consumption (SEC). Similar 

calculations were used to process the remaining batch CERRO data used in this study. The semi-

batch CERRO data were processed slightly differently in that the flow rates were not averaged, 

but otherwise the methodology was the same.   
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Table 3.5. Example Calculation Output for CERRO 30-gallon Batch (shaded cells have data 

directly or derived from Table B9 in [19]) 

Time 

(min) 

Avg 

perm 

flow 

(lpm) 

Perm. 

Prod. 

(gal) 

avg flow 

(m3/s) 

Pressure 

(psi) 

Pressure 

(MPa) 

Power 

(kW) 

Energy 

(kWh) 

0    699    

5 2.2 11.1 3.69E-05 697 4.81 0.24 0.0197 

10 2.2 10.9 3.63E-05 695 4.80 0.23 0.0193 

15 2.1 10.6 3.53E-05 699 4.81 0.23 0.0189 

20 2.0 10.2 3.41E-05 705 4.84 0.22 0.0183 

25 1.9 9.6 3.19E-05 728 4.94 0.21 0.0175 

30 1.6 8.0 2.68E-05 772 5.17 0.18 0.0154 

35 1.1 5.7 1.89E-05 810 5.45 0.14 0.0115 

40 0.6 3.1 1.04E-05 803 5.56 0.08 0.0064 

43 0.3 0.9 5.05E-06 822 5.60 0.04 0.0019 

45 0.2 0.4 3.15E-06 831 5.70 0.02 0.0008 

 
Total 

Permeate: 

70.5 L   Energy 

(kWh) 
0.130 

 0.07 m3   SEC 

(kWh/m3) 
2.16 

 
Batch 

Recovery 
62%      

Since the power meter data for the CCRO study provided a breakdown by pump, the 

recorded data were simply converted using a ratio of the full scale pump efficiency values 

(provided by Desalitech) to the pilot pumps (assumption). Desalitech suggested that the 

efficiencies for the high pressure and concentrate circulating pumps would be 84% and 94% for 

the pump and motor, respectively. It was assumed that a VFD would be used and that its efficiency 

would be 95% to match the CERRO calculations. It was further assumed that the booster pump 

would also have the same efficiencies. (The combined efficiency of the motor, pump, and VFD 

ends up being 75%, but the process is described for clarity nonetheless). 

The piloted and calculated full scale pumping SEC (units kWh/m3) values were compared 

as-is amongst all of the technologies, but a normalized version was also calculated to see if a visible 
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trend could be seen for the SEC/cond, which is the SEC divided by the conductivity removed from 

the brackish water feed (units kWh/m3 per mS/cm reduction). For example, Figure 3.13 compares 

the data for Phases 2 (r = 90%) and 3 (r = 94%) at the KBH desalination plant. 

 

Figure 3.13. CCD Specific Energy Consumption (SEC, kWh/m3) and SEC/cond (kWh/m3 per 

mS/cm removed) as Piloted and Calculated at the KBH plant 

3.2.4. Cost Performance Assumptions 

The ZDD economic calculations made in Chapter 2 remained as-is, so there are slight 

differences in the assumptions for some items like the installation factor cost of antiscalant. 

However, attempts were made to have as close a comparison as possible between the three 

technologies. Assumptions used in the calculations are summarized in Table 3.6. All cases with 

evaporation ponds assume an evaporation rate of 14.8 cm/month and capital cost of $200,000 per 

acre. Deep well injection systems are assumed to be $5.28/gpd reject flow and are based on the 

KBH site [4]. All cases are amortized assuming a 6% borrowing rate for 20 years. Acid and 

antiscalant are assumed to cost $3.53 per gallon and $11 per 9-lb gallon, respectively [19]. CERRO 

acid dosages were calculated using Avista Advisor with the pilot water quality data and pH set 

point shown in Table 3.6. CCRO acid dosages were calculated using AWC Proton with the 
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modeled water quality and pH set point shown (even though Desalitech is assuming acid is not 

needed for the full scale 90% recovery design, it is included because it was piloted). The cost of 

energy is assumed to be $0.10/kWh in all cases. CERRO equipment cost is based on the cost as 

installed at the Well 412 site (containerized, small flow rate) and scaled according to permeate 

production. CCRO equipment-only costs were provided by Desalitech for a 3 MGD feed and 

scaled according to permeate production. It is possible that the CERRO capital costs are 

overestimated and the CCRO costs underestimated, but the estimations should be in the same order 

of magnitude. For the CERRO El Paso cases, El Paso Water reported costs for production at the 

KBH and Lower Valley desalination plants were used for the primary desalter capital cost estimate. 

It was assumed that the Well 412 energy consumption is the same as the KBH (0.5 kWh/m3). The 

capital and operating costs reported for CERRO account for the relative portion of the permeate 

production of the primary RO and CERRO. For example, at the Well 412 site, 75% of the capital 

cost is from the primary RO and 15% (25% x 60%). 

Table 3.6. Assumptions Used in Technology Comparison 

Case CERRO CCRO (KBH) ZDD 

System Feed 

18 MGD (KBH) 

0.46 MGD (Well 412) 

3.9 MGD (Well 2) 

18 MGD 

18 MGD (KBH) 

3.1 MGD (Well2, 

Well 1/4) 

CERRO Feed 

3 MGD (KBH) 

0.12 MGD (Well 412) 

2 MGD (Well 2) 

N/A N/A 

1o RO Recovery 

82.5% (KBH) 

75% (Well 412) 

50% (Well 2) 

N/A 

70% (KBH) 

75% (Well 1/4) 

50% (Well 2) 

System Recovery 

96% (KBH) 

90% (Well 412) 

77% (Well 2)  

90% 

91% (KBH) 

97-98% (Well 1/4) 

94% (Well 2) 

1o RO Capital 

Cost 

$600/AF [27] (KBH) 

$503/AF9 (Well 412) 
N/A $1.50/gpd feed [28] 

                                                 
9 Used a ratio of 2010 Lower Valley Desalination to KBH Desalination costs in [30], then multiplied by 2014 KBH 

Desalination cost reported in [27] ($419/$500 x $600 = $502.8/AF) 
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Case CERRO CCRO (KBH) ZDD 

$1.50/gpd (Well 2) 

CERRO/CCRO/

ZDD Capital 

Cost Estimate 

$3.30/gpd permeate 

(based on 412 cost) 

$1.5M for 

3-MGD (equipment 

only) 

$3-$4/gpd (KBH, 

Well 1/4) 

$6-7 (Well 2) 

Installation 

Factor (desal 

equipment) 

1.25 CCRO: 510 1.5 

Installation 

Factor (conc. 

management) 

1.5 1.5 1.5 

Sulfuric acid set 

point & dosage 

pH 4.0; 228 mg/L (KBH) 

pH 6.0; 180 mg/L (Well 412) 

pH 4.0; 253 mg/L (Well 2) 

pH 6.9 (90%) 15 mg/L 

pH 6.3 (94%) 50 mg/L 
N/A 

Antiscalant 

dosage 

5 (KBH, Well 412) 

20 (Well 2) 
5 N/A11 

3.3. Results and Discussion 

3.3.1. Water Quality 

A total of fourteen cases were developed to evaluate whether medium and high recovery 

desalination processes such as ZDD, CERRO, and CCRO would be capable of producing good 

quality drinking water. As shown in  

Table 3.7, except for the Phase 3 CCD case, all technologies are expected to be able to 

produce water with a TDS less than 1000 mg/L, which is the TDS secondary standard in Texas 

and New Mexico. The ESPA4 MAX membranes were not chosen for their salt rejection, so the 

case is included for illustrative purposes only. Since the CERRO cases utilize SWRO membranes, 

the designs are able to produce water with 500 mg/L or lower TDS. Similarly, the CCD operated 

at 90% recovery is able to produce good quality water as well (410 mg/L TDS). Finally, the ZDD 

                                                 
10 Desalitech suggested that standard RO bids are in the range of $0.40-$0.50/gpd permeate for equipment only. The 

ZDD model assumes that a RO will cost $1.50/gpd and has an installation factor of 1.5. In order to have more 

equivalent capital cost estimates, the value from Desalitech was multiplied by 5, which is calculated from 

$1.50/$0.50 x 1.5 = 4.5 (rounded to 5). 
11 The ZDD economic model assumed an antiscalant cost of $0.07/kgal feed [5] 
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designs are able to produce good quality water when higher salt rejection membranes are utilized, 

but the recovery decreases and/or specific energy consumption increases with increasing salt 

rejection of the RO/NF membranes. That said, the water shown in the case studies developed are 

of suitable quality in many locations. The updated ZDD model could be used to identify a design 

that produces a lower TDS permeate if a user so desires. 
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Table 3.7. Summary of Technology Comparison Case Studies and their Expected Permeate 

TDS 

Case System Water Quality Type 
Feed TDS 

(mg/L) 

Perm TDS 

(mg/L) 

1 CERRO batch EPW Well 412 Pilot 9,210 74.5 

2 
CERRO semi-

batch 
EPW Well 412 Pilot 7,010 75.5 

3 BWRO alone EPW Well 412 
Full scale, 

estimations12  
1,850 ≤ 500 

4 BWRO+CERRO EPW Well 412 
Full scale, 

estimations13 
1,850 ≤ 500 

5 KBH alone KBH Full scale 11,800 378 

6 CERRO batch KBH 
Pilot data + 

estimations14 
2,790 468 

7 BWRO+CERRO KBH Pilot 2,790 381 

8 CCRO - Phase 2 KBH Pilot 2,790 410 

9 CCRO - Phase 3 KBH Model 2,790 1,459 

10 ZDD - NF90 KBH Pilot 5,590 485 

11 
BWRO + 

CERRO  

BGNDRF 

Well 2 
Model 5,590 150 

12 ZDD (NF90) 
BGNDRF 

Well 2 
Model 2,570 342 

13 ZDD (NF270) 
BGNDRF 

Well 1/4 
Pilot 2,690 630 

14 
ZDD – low i 

(NF90-NF270) 

BGNDRF 

Well 1/4 
Model 2,690 801 

15 
ZDD – low i 

(NF90-NF270) 

BGNDRF 

Well 1/4 
Model 2,690 586 

Another way to compare the case studies is shown in Figure 3.17, where the feed and 

concentrate TDS concentrations are shown along with the calculated Case Study System TDS 

removal. While CCRO and CERRO can produce a highly concentrated brine, the ZDD super-

                                                 
12 Calculations are based on pilot and full scale data with the assumption that BWRO operates at 75% recovery, 

CERRO operating at 60% recovery to account for estimated flushes (240 gallons per flush)  
13 Same calculations as for the design without an evaporation pond.  
14 Analysis assumes that Semi-batch CERRO will operate the same as the batch pilot data. The CERRO recovery 

used in the calculations (76%) is 10% lower than the batch recovery (86%) in order to account for flushing.  EPWU 

assumed to operate at current recovery (82.5%) and SEC (0.5 kWh/m3). 
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concentrates are several times more concentrated. This is an important consideration with high 

recovery processes such as ZDD. Disposal of the ZDD super-concentrate into a surface water 

supply or sewer system is likely infeasible. In some cases, the CERRO or CCRO concentrates 

might be allowed to be disposed of this manner. However, since the ZDD case studies involve salt 

recovery using a relatively small evaporation pond, there is no concern with liquid waste leaving 

the site. Again, the TDS removal is much higher for the CERRO and CCRO case studies as 

compared to the ZDD case studies because RO membranes are employed instead of NF 

membranes. 

 

Figure 3.14. Comparison of Case Study Feed and Concentrate TDS with the Calculated TDS 

Removal 

3.3.2. System Recovery & Specific Energy Consumption 

The case studies summarized in Section 3.3.1 were further analyzed to evaluate the 

electrical efficiency and unit cost. As summarized in Figure 3.15, CERRO appears to be expensive 

when only looking at the unit cost. Part of the reason for this relatively higher capital cost is that 
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the CERRO system employs an isobaric energy recovery device (ERD). This type of energy 

recovery is the most efficient, but is also the most expensive. The isobaric ERD is reported to have 

90-96% efficiency and cost $77 to $113 per gpm of brine feed, which is approximately 30-100% 

more expensive than the less efficient Pelton Wheel and Turbocharger ERDs [29]. The isobaric 

ERD does reduce the energy required for the feed pump by approximately 20%. The cost 

breakdown of the equipment was not available at the time of this writing, so it is not possible to 

determine whether the ERD is a net benefit in terms of cost savings. Two forms of concentrate 

disposal were considered and are summarized in Figure 3.15, namely evaporation ponds (evap) 

and surface water (SW) disposal. 

 

Figure 3.15. Comparison of Calculated Specific Energy Consumption (SEC), SEC/cond, Unit 

Cost, and System Recovery for Well 412 Location (320 gpm feed) 

The KBH plant is the only location for which pilot (and model) data are available to 

compare all three technologies. Since only batch CERRO data was available for the KBH, the 

recovery was decreased to account for the flush volumes, but the system recovery is still near 96%. 
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Two types of concentrate management are summarized in Figure 3.16, namely evaporation ponds 

(evap) and deep well injection (DWI). 

 

Figure 3.16. Comparison of Calculated Specific Energy Consumption (SEC), SEC/cond, Unit 

Cost, and System Recovery for KBH Desal Plant (18 MGD feed) 

While an evaporation pond would not be feasible for either of the El Paso sites, it is 

included for the sake of comparing all sites. It is unknown whether the permit conditions or 

geology would support deep well injection at both of the sites. The KBH site has existing injection 

wells, but the super concentrate from both CCRO and CERRO would contain higher TDS 

concentrations than the existing concentrate. For the sake of comparison, cost estimates with both 

evaporation ponds and deep well injection are included for the KBH case study. Only evaporation 

ponds are included with the Well 2 study because the super-concentrate from the CERRO and 

ZDD are expected to be too scale-forming to be injected. With the assumptions used in this chapter 

(see Table 3.6) and built into the ZDD model, it appears that the lowest cost options for medium 

and high recovery at the KBH desalination plant are CCRO and ZDD with salt recovery. The ZDD 
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design still utilizes a 56-acre evaporation pond, which is 35% smaller than what either of the 

CERRO or CCRO would require.  

The Alamogordo case studies are summarized in Figure 3.17. As described in the pilot 

report, CERRO was not able to achieve reasonable recovery without the addition of sodium 

chloride or high doses of antiscalant when treating the Well 2 water at the BGNDRF [19]. The 

20 ppm antiscalant RO+CERRO case was reported to achieve an overall recovery of 76.5% (RO 

recovery = 50%, CERRO recovery = 53%) [19]. With this in mind, CERRO outperforms on the 

basis of specific energy consumption and unit cost (see Figure 3.17a). However, with a 27% 

increase in unit cost, there is a 23% increase in system recovery and 79% reduction in the size of 

the evaporation ponds. Again, a 177-acre evaporation pond may not be realistic, however it is not 

known whether the geology or permitting rules would allow for disposal of the CERRO 

concentrate. The final five ZDD case studies are shown in Figure 3.17b. The reason for inclusion 

is to show how the SEC can be relatively high with a reasonable cost for the recovery of the ZDD 

system. More power would be required in order to achieve a lower TDS product water.    
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Figure 3.17. Comparison of Calculated Specific Energy Consumption, SEC/cond, Unit Cost, and 

System Recovery for a) BGNDRF Well 2 and b) BGNDRF Well 1/4 Blend 

3.3.3. Relative Performance of Technologies 

One way to compare the performance of desalination technologies relative to each other is 

to use a matrix with weighted factors. The matrix includes a ranking of each technology in order 

of performance in the categories of specific energy consumption, cost, system recovery, system 

complexity, and technology readiness. The first three categories utilize the numerical results from 

the pilot tests and economic calculations. The final two are subjective and based on the author’s 

assessment of the technology. Different assumptions and weights could yield different results. A 

technology is rated as “better” than the others if its performance is better. For example, if ZDD 

has a recovery of 97% and CERRO 77%, ZDD would be assigned a value of one and CERRO a 

value of two. Since recovery is assumed to play a crucial role in whether a desalination plant is 

built, recovery is given a higher weight (30%) than the other four categories. Technology readiness 

is assumed to carry a higher weight, at least with respect to municipal facilities, so the assigned 
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weight is 25%. The remaining categories each have a 15% weight. In some cases, the performance 

was similar (e.g., ZDD recovery = 91% and CCRO recovery = 90%15), so a tie is declared and 

each technology is given the same rank value. Evaluating the complexity was done for the system 

as a whole for each technology and is admittedly subjective. The readiness ranking was decided 

based on the number of customers. CCRO has sold more than 100 systems on six continents to 

different customers and has a developed marketing strategy. CERRO has been installed at one 

location and three more are planned in El Paso, Texas. No known installations exist for the ZDD 

technology. The CCRO and CERRO desalination processes themselves are considered to be less 

complex than the ZDD system since ZDD includes two desalination processes and salt recovery. 

The rank and weighted score are shown for each of the categories for the two site comparisons in 

Table 3.8 and Table 3.9. The order of the technology preference is the opposite of weighted scores 

(i.e., low score = better performer). At the KBH, the technology preference is CCRO-90% 

(1.45) > CERRO (1.55) > ZDD (2.4). At the BGNDRF Well 2, the technology preference is 

CERRO (1.45) > ZDD (1.55). It is assumed that CCRO would perform similarly to CERRO at the 

Well 2 site. 

Table 3.8. Relative Performance of CCRO and CERRO with Deep Well Injection, and ZDD with 

Evaporation Ponds at KBH 

 
CERRO CCRO ZDD 

Cost 3 1 2 

SEC 1 2 3 

Recovery 1 2 2 

Complexity 1 1 2 

Readiness 2 1 3 

Weighted 

Average 

1.55 1.45 2.4 

 

                                                 
15 While the CCRO is expected to be able to operate stably at 94% with high salt rejection membranes, since 90% 

recovery was the highest piloted with RO membranes, that case is used for comparison purposes. 
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Table 3.9. Relative Performance of CERRO and ZDD Technologies (both with Evaporation 

Ponds) at BGNDRF Well 2 

 
CERRO ZDD 

Cost 1 2 

SEC 1 2 

Recovery 2 1 

Complexity 2 1 

Readiness 1 2 

Weighted Average 1.45 1.55 

3.4. Conclusions 

Several medium and high recovery technologies were compared for the desalination of 

brackish groundwater in the El Paso, Texas, and Alamogordo, New Mexico, areas. While better 

cost estimates and possibly additional piloting are needed to confirm the results obtained, some 

general statements can be made. There does seem to be a water quality factor that causes 

differentiation between the technologies, however more research is needed to quantify. At a first 

glance, it seems that waters similar to those in El Paso (relatively low Y-Index) are well-suited for 

semi-batch processes such as CERRO and CCRO and water similar to those in Alamogordo could 

benefit from ZDD with salt recovery.  

Since costs are known for the KBH desalination plant, some specific observations can be 

made: 

 Assuming the semi-batch CERRO system will operate the same as the batch system 

tested at the KBH, the CERRO option has the largest increase in recovery (16%), 

followed by ZDD with salt recovery (10.5%), and CCRO (9.1%).  

 All technologies will increase the system recovery and consequently increase the 

specific energy consumption required to produce drinking water. The CERRO process 

would have the smallest increase in SEC relative to KBH (37%), followed by CCRO 

(107%), and ZDD with salt recovery (160%). 
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 Assuming the semi-batch CERRO system scales with permeate production and that 

evaporation ponds are an acceptable concentrate management solution, CCRO has the 

lowest increase in unit cost (39%), followed by CERRO (53%), then ZDD (95%). If 

the existing injection wells could not be utilized for the CERRO and CCRO 

concentrate, the unit increase would be higher because evaporation ponds would be 

required (and the cost of deep well injection has a relatively lower capital cost).  

 ZDD with salt recovery offers the smallest evaporation pond size, but it is likely still 

infeasible at the KBH and Well 412 sites. The KBH plant is located near the airport, so 

ponds would not be good because of reflection, and they could attract birds. The Well 

412 site is located near the Interstate Highway 10 in a congested area. The CERRO 

concentrate is currently sent to the sewer system at the Well 412 site, which is not a 

problem since there are minimal salts added (although locally the concentration may 

increase in the pipelines). 

In cases where the brackish water contains relatively high proportions of divalent ions (high 

Y-Index), ZDD may have an advantage because it is able to achieve the highest recoveries. It is 

possible that there would be savings from pumping less groundwater to achieve the same 

production of drinking water and also that revenue from the sale of byproducts would lessen the 

cost increase from lower recovery desalination. In places where the geology or permitting rules do 

not allow for deep well injection, ZDD may be an attractive option. 
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General Conclusions 

Desalination is being considered by many cities, regions, and industry as a way to augment 

their existing water supplies. Electrodialysis, reverse osmosis, and nanofiltration systems have 

been installed in many locations throughout the US and rest of the world, however these 

technologies are generally limited to 75-80% recovery for brackish feed water. This means that 

20-25% of the initial volume of water pumped from a deep aquifer must now be managed as a 

waste stream. Desalination concentrate can be disposed of in surface water supplies (river, lake), 

evaporation ponds, deep well injection, pipelines to the ocean (as in southern California), or 

thermal zero liquid discharge processes. In most cases, the cost and land requirement for 

evaporation ponds will eliminate this evaporation ponds. Regulations and availability of suitable 

geological formations for disposal can limit high recovery processes will limit where deep well 

injection is feasible. And disposal into surface water supplies is generally limited to low volume, 

low salinity concentrate streams. Finally, thermal processes can be expensive, both in terms of 

capital and operating cost. 

High recovery desalination technologies such as ZDD, CCRO, and CERRO can reduce the 

volume of concentrate that would need to be disposed of and, assuming a fixed product flow, could 

also reduce the amount of brackish water that would have to be pumped from an aquifer in the first 

place. Of course, each site will have its own challenges and requirements that will affect the choice 

of desalination method and its unit cost. 

A mathematical process model was used to evaluate the technical performance of ZDD for 

the desalination of eight brackish groundwaters in Texas, New Mexico, Colorado, and California. 

The model combines proprietary software output, ZDD pilot data from the BGNDRF and the KBH 

Desalination plant, mass and energy balances, and theoretical calculations. The model allows for 

user-selection of a range of membranes (loose NF, tight NF, hybrid NF, low-energy RO, standard 

RO) and manual input of EDM characteristics (membrane resistance, current efficiency, etc.). The 

model output suggests that an optimum ZDD design will balance the capital cost of EDM stacks 
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with the ZDD system specific energy consumption. The lowest cost designs evaluated in this 

research included ZDD systems that maximized the RO/NF recovery, minimized the EDM current 

density and recycle ratio, and incorporated salt recovery. The choice of membrane for the primary 

desalter is driven by the desired product water quality. If high rejection membranes are chosen, 

lower ZDD recovery can be expected. The predicted sodium chloride solution purity may not be 

pure enough to use directly in the EDM, however pilot studies have shown different results. 

A comparison of three desalination technologies capable of achieving medium (>90%) and 

high (>95%) recoveries for the desalination of brackish groundwater at four locations (two El Paso 

desalination plants and two Alamogordo, New Mexico, well waters). While additional research is 

necessary in order to fine tune the economic analyses and further optimize the system designs, 

some general observations were made. The type of groundwater being desalinated does seem to 

have an impact on the choice of technology. Brackish groundwater similar to that of El Paso 

Water’s KBH and Well 412 are well-suited for semi-batch processes such as CERRO and CCRO. 

Brackish groundwater with relatively high concentrations of calcium and sulfate relative to TDS 

could benefit from ZDD with salt recovery, because it can achieve very high recovery (93%-98%) 

even with relatively high TDS (3,500 mg/L). A numerical matrix ranking approach was developed 

to compare the relative performance of ZDD, CERRO, and CCRO with respect to specific energy 

consumption, cost, system recovery, and system complexity. The relative performance for 

desalinating brackish water with relatively low divalent ion concentrations is: CERRO > CCRO > 

ZDD. The relative performance for the desalination of brackish water with relatively high 

concentrations of divalent ions is: ZDD > CERRO = CCRO, although this is subject to the 

assumptions made in the chapter. Site-specific details such as the feasibility of deep-well injection 

can change the order of technology preference.  
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Future Work 

The results of the ZDD modeling effort suggest that a design different (75% RO recovery 

versus 55% recovery, lower EDM ion removal) from what was piloted could have substantial 

energy and cost savings. A pilot test that evaluates the performance of ZDD as a function of design 

choices would allow for better cost estimates to be made. Additionally, a field test that 

demonstrates the feasibility of salt recovery using precipitation and evaporation processes would 

be useful to evaluate the purity of the recovered solid products and sodium chloride solution. 

More models should be built to evaluate whether the CERRO and CCRO designs could be 

further optimized to reduce energy and capital cost savings. Simple models that are commercially 

available could be used for this process. In the case of CCRO, some of the antiscalant software 

models have actually built in the CCRO concept, which will allow for detailed analysis of 

concentrate stability with chemical treatment. If possible, additional testing with a 3:2:1 semi-

batch CERRO should be tested at new El Paso Water wellhead desalination systems prior to the 

full scale systems being installed.  

Several agencies and other entities have published maps of brackish groundwater 

chemistries of the United States.  Linking the database values to desalination technologies may be 

of interest to design engineers working to design desalination plants. 
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Appendices 

This section includes two documents included with the supporting information for Chapter 

1 of this dissertation and as published in the IECR article [1]. 

 Appendix A: ZDD Model details with supporting piloting data (as submitted to the 

IECR [1], which describes sections 1-5 in the model shown in Appendix B) 

 Appendix B: ZDD MathCad 14.0 Model (version as of April 8, 2018) 

 Appendix C: Sample ZDD Model Output and Cost Calculations 

http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.7b02472
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Appendix A. ZDD Model Details with Supporting Piloting Data 

This appendix16 provides supplemental details to the manuscript and additional context to 

the Mathcad model (Appendix B). As described in Chapter 1 of this manuscript, the ZDD model 

was developed to simulate ZDD system performance using mass balance, desalination design 

equations, and experimental data. This appendix is organized to match each of the sections in 

Chapter 1, as well as the Mathcad ZDD model. 

1. Input Water Chemistry & Fixed Input Parameters 

1.1 Input Design 

A total of five cases were developed in order to evaluate the technical performance of ZDD 

designs with different RO and NF membranes. The input design parameters for the five cases are 

shown in Tables S.1 and S.2. In the ZDD Model, modeling parameters that are highlighted yellow 

in the ZDD model indicate a place that requires user input or choice. The model mostly employs 

US customary units (e.g., gpm, psi); however, Mathcad allows the user to modify units as desired. 

                                                 
16 This appendix was published in Industrial & Engineering Chemistry Research (I&ECR) with co-authors 

W. Shane Walker, and Thomas A. Davis. Some slight edits were made to fix typographical errors and to fulfill 

UTEP formatting requirements:  

Ind. Eng. Chem. Res., 2017, 56 (37), pp 10448–10460, DOI: 10.1021/acs.iecr.7b02472 
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Table S.1. Input Parameters for Dow FILTMEC ROSA Designs 

 Cases 1-4 Case 5 

Membranes NF270 NF90 XLE BW30 NF-90 & 

NF270 

Staging by rRO 1-stage: 50-60%, 2-stage: 70-80% 

Pressure Vessels 

(PVs) a 

1-stage: 78 PVs 

2-stage: 52 x 26 PVs 

1-stage: 71 PVs 

2-stage: 47x24 PVs 

1-stage: 78 PVs b 

2-stage: 52 x 26 PVs c 

Permeate Flow 2083 gal/min 

RO/NF Feed T  25oC 

Average Flux 13.7 gal·ft-2·day-1 (gfd) 

Permeate Back P 

(2-stage only) 

40 psi 30 psi 40 psi 30 psi 0 psi 

 

Notes: a All designs have seven 8”x40” membranes per pressure vessel 
b The NF90-NF270 design has four NF90 membranes followed by three NF270 

membranes 
c The NF90-NF270 model for two stage has NF90 membranes in the first stage and 

NF270 in the second stage 

Table S.1. MEGA EDM Stack Design Parameters [1] 

Parameter Value 

Number of Quads per Stack 100 

Membranes in a Quad (2) AEM-PES and (2) CEM-PES 

Thickness of Main Spacers 0.8 mm 

Thickness of Electrode Rinse Spacers 1 mm (two at each electrode) 

Electrodes Ti/Pt at anode, 316 Stainless steel at cathode 

Spacer Dimensions 1610mm x 410mm x 0.8mm 

Membrane Sheet area 0.660 m2 

Sealing & Channel rake off 36.4% 

Active Membrane Area 0.420 m2 

Linear Velocity 5-11 cm/s 

1.2 Choose Feed Water Composition 

This section of the model includes eight different water chemistries (listed in Table 1 of 

Chapter 1) that can be used in the model. Several of these waters are from the Brackish 
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Groundwater National Desalination Research Facility (BGNDRF), and others are from locations 

where ZDD has been tested by UTEP or other researchers.  

Additional information for each source: 

 cWell1and4_2013: Pilot testing research sponsored by the U.S. Bureau of Reclamation (USBR) 

Desalination and Water Purification Research (DWPR) program was performed by the 

authors from 2011 through 2013. A blend of BGNDRF Wells 1 and 4 (about 40% of 

Well 1 and 60% of Well 4) was tested in order to approximate the chemistry of water 

from the Snake Tank wells available to the City of Alamogordo.  The concentrations 

reported in Table 1 of the manuscript are the average of 2013 ZDD pilot data at the 

BGNDRF. 

 cwell1, cwell2, cwell3, cwell4 are Wells 1-4 at the BGNDRF and are based on the analyses 

listed on the BGNDRF website for 6/27/2016. 

 craw_KBH is typical brackish water chemistry at the Kay Bailey Hutchison desalination 

plant in El Paso, Texas. 

 craw_Alamo is the average of the three Snake Tank wells, as provided in 2003 (personal 

communication with Livingston Associates). 

 craw_LaJunta is the average of the raw water samples taken by others and analyzed by UTEP 

during pilot operations at the desalination plant in La Junta, Colorado. 

 craw_Brighton is the average of the raw water samples taken by and analyzed by UTEP 

during pilot operations at the desalination plant in Brighton, Colorado. 

 craw_BH is the water chemistry for the Beverly Hills, California as reported by Bond, et al. 

in a California Energy Commission report, CEC-PIR-11-020 

Prior to performing any calculations, the chosen feedwater is adjusted for electroneutrality. 

The ZDD model includes a function that calculates the error in electroneutrality and then adjusts 

the concentration of each ion by the magnitude of the error.  The function EN(ci) is also defined 

here because it is used in later calculations in the model. 
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1.3 Input Parameters: Flow Balances 

This section of the ZDD model defines the flow balances summarized in Figure 4 of the 

manuscript. Most of the equations should be self-explanatory, as they are algebraic. The DI water 

sizing and EDM concentrate flows may require more explanation. When ions are transported into 

each of the EDM concentrate streams, a volume of water is also transported. This transported water 

is called the “water of hydration” and was estimated from ZDD piloting. During startup research 

tests in April 2013, the waste flows for the Mixed Na and Mixed Cl were measured when no DI 

dilutions were being added, and average flows were measured. Ratios were calculated for each of 

the concentrate streams to the total waste flow. The average values for the ratios obtained are 

shown in the Mathcad model (approximately 52% for Mixed Cl and 48% Mixed Na). DI water 

consumption is approximated as 1.0% of the product water in the model and is apportioned equally 

between the DI for NaCl pellet dissolution and Mixed Na dilutions. These values were chosen by 

entering pilot flows and adjusting the fractions in QDI_NaCl and QDI_mNa until the calculated 

concentrate flows (QmNa and QmCl) were similar to what was observed during the pilot activities. 

2. ZDD Design Parameters 

2.1 RO/NF Design and Membrane Choice 

Feed water composition and product water quality requirements also drive membrane 

choice and RO/NF design. If brackish water contains nitrate, boron, arsenic, or other uncharged 

and small dissolved constituents, a high rejection RO membrane or a multiple-pass configuration 

may be required to meet product water goals. Brackish water composition is important in terms of 

membrane choice and RO/NF design because sparingly soluble salts will dictate the maximum 

recovery and the presence of fouling constituents will dictate the maximum flux. The goal of the 

RO/NF design is to maximize the production of permeate (maximize flux) while optimizing the 

energy consumption (minimize pressure, cross-flow velocity) and mitigating precipitation and 

fouling (optimal flux and cross-flow velocity). 
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The RO/NF membrane used must be designed strategically to optimize the performance of 

the entire ZDD system. Otherwise, improper design and membrane choice can increase cost and 

reduce the overall efficiency of the process. For example, RO and most NF membranes are very 

effective at rejecting silica. Silica can limit RO and NF recovery, even with the use of antiscalants. 

Also, there is a feedback loop between the RO/NF and EDM systems. Electrodialysis metathesis 

only removes charged species. Since silica (silicic acid) has a pKa1 = 9.8 [2], silica is less than 1% 

ionized in a near-neutral RO concentrate with pH of 7-8. Hence, silica is essentially not removed 

by the EDM. This means that silica will concentrate in the RO/NF-EDM loop over time and could 

precipitate in one or both systems if an RO/NF membrane with high silica rejection is employed. 

Silica can be removed in a pre-treatment step by co-precipitation with magnesium and filtration or 

electrocoagulation, but these methods are typically relatively expensive. Another option is to have 

a constant bleed to maintain a constant silica concentration in the RO/NF-EDM loop, but this 

reduces the efficiency of ZDD. Some membrane manufacturers have developed low rejection NF 

membranes (e.g., Dow FILMTEC NF-270) that allow silica to pass through to the permeate. This 

option allows for the highest ZDD recovery and mitigation of silica precipitation. 

Dow FILMTEC NF270 membranes were used for two phases of ZDD piloting in 2011-

2013. The Phase 1 pilot tested a ZDD system with 76 L/min (20 gallons per minute, gpm) of 

permeate in which the primary desalter was a three-stage RO/NF array (4:2:1 ratio) with four 

NF270-4040 (4 inch nominal diameter, 40 inch length) membranes in each pressure vessel. The 

Phase 2 pilot tested a ZDD system with 151 L/min (40-gpm) of permeate in which the primary 

desalter had a two-stage 2:2 array with eight NF270-400 (diameter: 201-mm, or 7.9-in) membranes 

in total, which mimics a single 8-element pressure vessel in a full scale design. Pilot tests 

performed by others [3] with UTEP equipment included combinations of Dow FILMTEC NF90 

and NF270 membranes to achieve lower product water TDS while still mitigating silica scale in 

the ZDD process. 
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2.2 RO/NF Salt Rejection 

The salt rejection (i.e., removal) of each ion was calculated using individual linear 

regressions were developed for each ion for each membrane type. To accomplish this, the average 

water quality from ZDD piloting (cWell1and4_2013) was entered into the Dow ROSA program to 

generate models for 50-80% recovery. The designs for recoveries of 50% and 60% for the 37 m2 

(400 ft2) membrane elements (NF270, NF90, and BW30) included a single stage of 78 pressure 

vessels, and the 70% and 80% models were two-stage, 52x26 arrays. All designs assume seven 

elements per pressure vessel. The XLE membranes have 41-m2 (440-ft2) available surface area, so 

the two-stage designs were modified slightly to match the flux in the other three membrane designs 

(i.e., the 50% and 60% design had 71 pressure vessels, and 70% and 80% designs had 47x24 

arrays). The temperature was fixed at 25°C and the water type was chosen to be “Well Water” for 

all models. The resulting permeate concentrations for Cases 1-5 are summarized in Table S.3. 



 

 111  

Table S.3. ROSA Predicted RO/NF Permeate Water Concentrations (all in mg/L except pH) 

 

Recovery 

(%) Na Mg Ca HCO3 Cl SO4 SiO2 TDS pH 

Feed N/A 379 121 288 248 342 1298 20.0 2698 7.6 

NF270 

50 186 18.8 59 148 332 37 15.4 797 7.5 

60 194 19.9 61 159 340 43 15.8 834 7.5 

70 199 20.2 62 167 342 48 16.2 855 7.6 

80 209 21.4 65 183 349 59 16.7 904 7.6 

NF90-

NF270 

55 126 12.0 37 97 215 31 9.6 527 7.3 

70 117 12.1 36 96 196 36 8.8 503 7.3 

75 130 13.5 40 108 218 41 9.8 560 7.4 

80 144 15.1 45 121 240 46 10.8 623 7.4 

NF90 

50 34.8 1.9 4.4 26.2 35.8 21.7 1.2 126 6.6 

60 39.6 2.2 5.1 29.9 40.6 25.2 1.3 144 6.6 

70 42.7 2.4 5.5 32.0 44.0 27.0 1.4 155 6.6 

80 52.8 3.0 7.0 39.7 54.1 34.4 1.8 193 6.7 

XLE 

50 16.9 2.0 4.7 12.4 16.0 23.1 0.5 75.6 6.3 

60 19.2 2.3 5.4 14.1 18.2 26.5 0.6 86.3 6.3 

70 21.6 2.6 6.0 15.7 20.4 29.4 0.7 96.3 6.3 

80 26.7 3.2 7.5 19.5 25.2 36.9 0.8 120 6.4 

BW30 

50 5.0 0.6 1.4 3.8 4.8 6.8 0.2 22.5 5.8 

60 5.8 0.7 1.6 4.4 5.4 7.9 0.2 26.0 5.8 

70 6.3 0.7 1.7 4.8 6.0 8.5 0.2 28.3 5.8 

80 7.8 0.9 2.2 5.9 7.3 10.6 0.3 34.9 5.9 

There are many choices in RO and NF membranes from several manufacturers. In general, 

RO membranes will have higher rejection of dissolved constituents as compared to NF 

membranes. However, there is some variation among the individual types. ROSA automatically 

balances for electroneutrality and the user can choose the ions to add for balancing. Since the 

BGNDRF water contains mostly calcium and sulfate, those ions were chosen for electroneutrality 

balancing in the ROSA models used. All of the membranes had lower salt rejection as the recovery 

was increased, but the effect was most pronounced with the nanofiltration membranes, especially 

the NF270.  

The rejection of each species was calculated at each recovery and then graphs were 

produced for each membrane type at 50% and 80% recovery (see Figure S.1). Finally, linear 
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regression was used to describe the salt rejection as a function of RO/NF recovery. Table S.4 

summarizes the regression equations and R2 values for the NF270, NF90, XLE, and BW30 

membrane models used in Cases 1-4. 

 

Figure S.1. Comparison of RO and NF Rejection with the BGNDRF wells 1&4 blend (Table 1.1 

in Chapter 1) and an average flux of 22.3 lmh (13.7 gfd). 

  



 

 113  

Table S.4. Salt Rejection (Ri) vs RO/NF Recovery (rRO) for Cases 1 – 4 (based on ROSA) 

Ri NF270 Rejection NF90Rejection XLE Rejection BW30 Rejection 

RCa 
-0.0655*rRO + 0.8284 

(R2 = 0.96) 

-0.0282*rRO + 0.9992 

(R2 = 0.92) 

-0.0316*rRO + 1.0001 

(R2 = 0.95) 

-0.0085*rRO + 0.9996 

(R2 = 0.95) 

RMg 
-0.0673*rRO + 0.8781 

(R2 = 0.96) 

-0.0288*rRO + 0.9991 

(R2 = 0.92) 

-0.032*rRO + 1 

(R2 = 0.95) 

-0.0088*rRO + 0.9997 

(R2 = 0.94) 

RNa 
-0.1939*rRO + 0.606 

(R2 = 0.98) 

-0.1504*rRO + 0.9857 

(R2 = 0.94) 

-0.0833*rRO + 0.9985 

(R2 = 0.95) 

-0.0233*rRO + 0.9987 

(R2 = 0.95) 

RCl 
-0.1507*rRO + 0.1011 

(R2 = 0.95) 

-0.1703*rRO + 0.9832 

(R2 = 0.94) 

-0.0872*rRO + 0.9983 

(R2 = 0.96) 

-0.0243*rRO + 0.9986 

(R2 = 0.96) 

RHCO3 
-0.4616*rRO + 0.6381 

(R2 = 0.98) 

-0.1719*rRO + 0.983 

(R2 = 0.94) 

-0.0923*rRO + 0.9978 

(R2 = 0.95) 

-0.026*rRO + 0.9979 

(R2 = 0.95) 

RSO4 
-0.0536*rRO + 0.9989 

(R2 = 0.96) 

-0.0307*rRO + 0.9991 

(R2 = 0.92) 

-0.0343*rRO + 1 

(R2 = 0.95) 

-0.0093*rRO + 0.9995 

(R2 = 0.95) 

RSiO2 
-0.2175*rRO + 0.3393 

(R2 = 0.99) 

-0.1015*rRO + 0.9944 

(R2 = 0.94) 

-0.0485*rRO + 0.9982 

(R2 = 0.95) 

-0.0145*rRO + 0.9996 

(R2 = 0.94) 

The hybrid model used in Case 5 employs two types of NF membranes (NF90 and NF270). 

Only one single-stage model was developed for 55% recovery and three were made for a range of 

recoveries (70-80%). One ROSA model was created for a 55% recovery option with a single stage 

with 78 pressure vessels, each with four NF90 membranes followed by three NF270 membranes. 

A second ROSA model was developed for a two-stage design and 70-80% recovery; this had the 

same staging as the previous designs (52x26, 7 membranes per pressure vessel), but had different 

membranes in each stage (1st stage: 52 vessels with NF90, 2nd stage: 26 vessels with NF270). Table 

S.5 summarizes the regression equations and R2 values for the NF90-NF270 membranes models 

used in Case 5. 
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Table S.5. NF90-NF270 Salt Rejection for 55% Recovery Design (from ROSA)1 

 rRO=55% rRO=70-80% 

Constituent Rejection (%) Rejection (%) 

Ca 87.1 -0.3104* rRO+1.0933 (R2 = 1.0) 

Mg 90.1 -0.2521* rRO + 1.0771 (R2 = 1.0) 

Na 66.9 -0.7055* rRO + 1.1851 (R2 = 1.0) 

Cl 37.2 -1.2819* rRO + 1.3238 (R2 = 1.0) 

HCO3 61.0 -1.0125* rRO + 1.322 (R2 = 1.0) 

SO4 97.6 -0.0784* rRO + 1.0267 (R2 = 1.0) 

SiO2 52.0 -1.005* rRO + 1.2649 (R2 = 1.0) 
1Note: R2 values ranged from 0.9987-1.0, all are rounded to two significant figures 

2.3 EDM Membrane Choice and Design 

Electrodialysis equipment (called “stacks”) are built with alternating cation- and anion-

exchange membranes. Commercial stacks can include hundreds of cell pairs. An aqueous solution, 

such as brackish water, is fed into alternating feed compartments. As an electrical potential 

(voltage) is applied, anions move towards the positively charged anode and cations move towards 

the negatively charged cathode [4]. This leads to changes in the salt content of alternating streams; 

one is a diluted stream (called diluate) and the other is a concentrated stream (called concentrate). 

Oxidation and reduction reactions occur and gasses are generated at each of the electrodes. An 

electrode rinse stream flows across each electrode to provide a path for current to flow from the 

electrodes into the rest of the stack, as well as to cool both electrodes and sweep gases out of the 

stack. Gases generated in the electrode rinse compartments are vented to the atmosphere.  

EDM was first described in US Patent 2,721,171, which was issued in 1955 and assigned 

to DuPont. Several other researchers have used EDM for a variety of uses [5-8]. An electrodialysis 

metathesis (EDM) stack is built similarly to an ED stack, but instead of a single diluting and single 

concentrating stream, EDM has two diluting streams and two concentrating streams. The 

combination of the four streams and associated membranes is called a “quad”; commercial EDM 

stacks may include 100 or more quads. Figure S.2 shows a single quad and how that quad is 

incorporated in the rest of the EDM stack. Brackish water or desalination concentrate is fed to the 



 

 115  

EDM feed compartments. Cations from the EDM feed combine with chloride from the NaCl to 

produce a mixed chloride salt concentrate stream (called Mixed Cl). Anions from the EDM feed 

combine with sodium from the NaCl to produce a mixed sodium salt concentrate stream (called 

Mixed Na). This metathesis, or changing of partners, produces highly soluble sodium and chloride 

salts such as calcium chloride and sodium sulfate from sparingly soluble salts like calcium sulfate. 

NaCl is added to the EDM at a rate equivalent to the rate of ions removed from the EDM feed. 

 

Figure S.2. Flow of Ions in Electrodialysis Metathesis (C=cation exchange membrane, A=anion 

exchange membrane) 

Similar to RO/NF design, care must be taken to optimize the design of electrodialysis 

systems, EDM included. However, unlike RO/NF, the electrodialysis (ED) industry has not 

standardized the geometry of equipment used for desalination. In RO/NF, the size of the pressure 

vessels is such that any membrane can be used with minimal changes required. However, in ED 

systems, one must purchase the stack and membranes together. In general, membranes are not 

interchangeable and manufacturers require use of their membranes in their equipment. The cost of 
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ED is largely driven by the cost of the equipment and membranes, but also by the operating cost 

related to the electrical resistance of the membranes. There are many ED membrane manufacturers 

located around the world (see appendix in [4]) and there is a wide variety of performance 

characteristics and cost. Piloting activities at the BGNDRF were carried out with stacks and 

RALEX membranes made by MEGA. Laboratory and small pilot experiments have been 

performed by UTEP using both RALEX and a variety of Neosepta membranes, supplied by 

ASTOM, including some with special characteristics such as oxidation resistance and the ability 

to selectively transport monovalent ions. RALEX membranes are heterogeneous (i.e., ion 

exchange material bound to a structural mesh/fabric) and generally have higher electrical 

resistance as compared to the (homogeneous) Neosepta membranes. However, RALEX 

membranes are also more durable since they are thicker and, at the time of piloting, were 

significantly less expensive than the Neosepta membranes.  

2.4 EDM Ion Removal 

The EDM feed and diluate concentrations are calculated using data obtained during ZDD 

pilot research. The extraction (removal) of ions within the EDM were calculated as a ratio of the 

EDM extraction (removal) of calcium, ECa. The relative removal of each ion (RRRi) is based on a 

user-input value for the EDM removal of calcium (ECa) from the EDM feed: 

𝑅𝑅𝑅𝑖 =
[(𝐶𝐸,𝑖−𝐶𝑑,𝑖)/𝐶𝐸,𝑖]

𝐸𝐶𝑎
    (3) 

The extraction of the rest of the ions are calculated using the product of the relative removal 

ratio (RRRi) and calcium removal. The RRR values were approximated by dividing the removal of 

the ion (REDM,i) by the calcium removal (REDM, Ca) observed in BGNDRF 2013 pilot results. The 

average values for each of the ZDD streams during pilot activities is shown in Table S.6. As 

mentioned above, silica is poorly ionized at neutral pH, so the EDM was conservatively assumed 

to remove no silica. The resulting EDM diluate concentration is adjusted to be electroneutral. Table 

S.7 summarizes the average and range of ion removal (calculated from ZDD pilot results shown 

in Table S.7), the relative removal of each ion, and model removal equations for each ion. 
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Table S.6. Water Quality for ZDD Streams during 2013 BGNDRF Piloting (all are in mg/L 

except pH and conductivity) 

 
Raw NF 

feed 

NF 

permeate 

NF 

reject 

EDM 

feed 

EDM 

diluate 

Mixed 

Cl 

Mixed 

Na 

 Average (Standard Deviation) 

pH 7.8 

(0.1) 

6.8 

(0.2) 

6.8 

(0.2) 

6.8 

(0.2) 

6.6 

(0.2) 

6.4 

(0.2) 

4.7 

(1.7) 

7.8 

(0.2) 

Conductivity 

(S/cm) 

3546 

(135) 

3558 

(153) 

1259 

(63) 

8259 

(438) 

4950 

(330) 

3765 

(377) 

170171 

(5196) 

115186 

(4526) 

TDS 2641 

(149) 

2740 

(192) 

640 

(45) 

8471 

(744) 

4287 

(368) 

3006 

(363) 

185338 

(14646) 

164980 

(6730) 

Ca 264 

(20) 

246 

(19) 

26 

(2.6) 

835 

(90) 

355 

(39) 

206 

(38) 

20976 

(2047) 

661 

(250) 

Mg 112 

(13) 

108 

(11) 

8.9 

(1.4) 

371 

(47) 

172 

(19) 

108 

(19) 

9218 

(829) 

243 

(137) 

Na 369 

(19) 

396 

(23) 

191 

(11) 

947 

(63) 

617 

(56) 

507 

(67) 

18492 

(1948) 

55713 

(6483) 

Cl 310 

(17) 

241 

(30) 

289 

(16) 

151 

(11) 

108 

(5) 

94 

(9) 

93266 

(9234) 

11194 

(1050) 

HCO3 238 

(27) 

129 

(45) 

100 

(17) 

150 

(38) 

90 

(29) 

76 

(36) 

58 

(54) 

2735 

(917) 

SO4 1208 

(90) 

1661 

(929) 

38 

(10) 

4973 

(476) 

2444 

(134) 

1770 

(250) 

808 

(295) 

96549 

(11417) 

SiO2 20.9 

(0.7) 

23.0 

(1.5) 

21. 

(0.6) 

26.5 

(1.4) 

27.5 

(1.5) 

28.1 

(2) 

5.5 

(1.3) 

11.1 

(5.8) 

Table S.7. 2013 BGNDRF Pilot Results and Calculated Relative Removal Ratios (RRRs) 

 
Average removal of 

ion (range of values) 

Relative removal, 

(Ca as basis) 

EDM Removal 

used in model 

(RRRi) 

REDM,Ca 43% (32-50%) 100% ECa 

REDM,Mg 38% (27-47%) 90% 0.9*ECa 

REDM,Na 17% (11-27%) 40% 0.4*ECa 

REDM,Cl 13% (11-19%) 30% 0.3*ECa 

REDM,SO4 28% (24-39%) 70% 0.7*ECa 

REDM,HCO3 16% (13-60%) 40% 0.4*ECa 

2.5 Concentration Calculation Iterations 

The initial calculation assumes that the RO/NF feed concentration is equal to the brackish 

water feed quality. The concentration of each constituent in the permeate (𝑐𝑅𝑂𝑝𝑖
) is calculated 
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based on the salt passage (SPi) of the constituent using the constituent’s salt rejection (Tables S.4 

and S.5). The concentration of each constituent in the RO/NF concentrate (cROc) is calculated using 

the concentration factor, CF. The resulting concentration is then balanced for electroneutrality 

similar to the process described for the permeate. 

Similarly, the initial calculation assumes the EDM feed is solely comprised of RO 

concentrate. The diluate quality is then calculated based on the salt passage from the EDM feed to 

concentrate streams (SPEDM) using the relative removal for each ion (Table S.7). Next, the EDM 

feed is calculated as a blend of the EDM diluate and RO concentrate using the ratio of each 

stream’s flow to the total EDM feed flow. 

The while loop shown in the model iterates until the maximum change in the calculated 

ion concentrations is less than 0.1% from the previous iteration: 

1. The RO/NF feed water quality is calculated using a volumetric blend of the brackish water 

and EDM diluate. 

2. The RO/NF permeate water quality is calculated using the salt passage (based on salt 

rejections shown in Tables S.4 and S.5), then balanced for electroneutrality. 

3. The RO/NF concentrate water quality is calculated using the concentration factor, then 

balanced for electroneutrality. 

4. The EDM feed is calculated based on a volumetric, the previous iteration’s EDM diluate 

water quality, and the current iteration’s RO/NF concentrate, then is balanced for 

electroneutrality. 

5. The EDM diluate water quality is calculated based on the relative removal ratios 

(Table S.6), then is balanced for electroneutrality. 

3. Check RO/NF Concentrate Stability 

3.1 Data output & graphing: Use to check solubility, other, externally 

In order to evaluate ZDD as a function of RO/NF recovery, EDM recycle ratio, EDM ion 

removal, and Silica bleed from the RO/NF concentrate, four tables are produced from the extracted 
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information produced during the iterations. This allows the model to run several iterations keeping 

all parameters constant except for the parameter of interest. These four data tables output for 

analysis are summarized as: 

 DATA_r_RO: The RO/NF recovery (rRO) is varied from 50 to 98% 

 DATA_RR: The EDM recycle ratio (RREDM) is varied from 0.20 to 2 for RO/NF 

recovery less than 70% and 2 to 4 for RO/NF recovery of 70-80% (requires manual 

adjustment of RREDM assignment). 

 DATA_cut: The EDM calcium removal fraction (ECa) is varied from 0.2 to 0.6. 

 DATA_Silica_bleed: the silica removal fraction (psilica) is varied from 0 to 0.30. 

3.2 Final Concentrations 

The final result of the iterations is shown and variables are assigned to the results. 

Electroneutrality is checked and several summary calculations are also shown. 

4. EDM Design, Concentrate Quality, and Power 

4.1 Calculate Mixed Na and Mixed Cl Concentrations 

The concentration of the ions transferred into the Mixed Na and Mixed Cl streams is 

calculated in a stepwise manner: 

1. The equivalent concentrations in the EDM feed and diluate are calculated based on the 

cation concentrations (NEDMfCat, NEDMdCat) and anion concentrations (NEDMfAn, NEDMdAn). 

2. The total volume of each ZDD stream produced each day is calculated. 

3. The number of Ca, Mg, and Na equivalents transferred are calculated by subtracting the 

equivalents in the diluate from the EDM feed. The chloride equivalents are assumed to be 

equal to the sum of the cation equivalents removed from the EDM feed. 

4. The number of Cl, HCO3, and SO4 equivalents is calculated by subtracting the 

equivalents in the diluate from the EDM feed. The sodium equivalents are assumed to be 

equal to the sum of the anion equivalents removed from the EDM feed. 
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5. The concentrations (in mg/L) for the Mixed Cl (cmCl) and Mixed Na (cmNa) streams are 

then calculated by dividing the results in Step 4 by the volume of Mixed Cl (VmCl) and 

Mixed Na (VmNa) and multiplying by each ion’s equivalent weight. 

4.2 NaCl Consumption and Evaporation Pond Sizing 

The theoretical amount of Na required each day is the first row in the EqmNa array and is 

calculated as: 

The theoretical amount of Cl required each day is the fourth row in the EqmCl array and is 

calculated as: 

 

The mass of NaCl is therefore the sum of MNa and MCl. 

The minimum area required to evaporate the ZDD waste is calculated from the daily 

volume (Vevap_no_rec) and evaporation rate (revap). 

As described earlier, two concentrate streams are produced by the EDM (Mixed Na and 

Mixed Cl). These streams can be considered super-concentrates, as the concentration is very high 

(generally more than 100,000 mg/L TDS). This concentration would likely be too high for disposal 

by deep well injection. However, useful byproducts can be recovered and sold to reduce the 

amount of (and cost associated with) NaCl purchased. Pilot tests performed by UTEP and others 

indicate that NaCl purchases account for about 40% of the operating cost (e.g. chemicals, power, 

maintenance by ZDD (or, about 90% of the cost of non-power operating expenses see Figure 8 

in [9]). 

If the Mixed Cl (calcium-rich) and Mixed Na (sulfate-rich) concentrate streams are 

combined in stoichiometric proportions gypsum will precipitate. Gypsum may be used by farmers 

to improve soil quality [10], as well as to produce drywall and other products (see Appendix 3 in 

[11]). If magnesium is present in sufficient concentration in the brackish water feed, it may be 

MCl NEDMfCat VEDMf NEDMdCat VEDMd







EW
3

 1 10
4

 kg

MNa NEDMfAn VEDMf NEDMdAn VEDMd







EW
2

 6506.37kg



 

 121  

advantageous to add lime to the Mixed Cl stream to precipitate magnesium hydroxide prior to 

mixing with the Mixed Na stream [12]. Replacing magnesium ions with calcium ions can allow 

for a better stoichiometric balance of calcium and sulfate, which will allow for maximum recovery 

of gypsum and minimize the residual sulfate in the remaining fluid, which is mostly NaCl. This 

NaCl can be purified using ED with monovalent-selective membranes or using evaporation 

ponds [12]. 

4.3 EDM Sizing & Power Calculations  

The model uses a manual iteration method to identify the EDM design and operating 

parameters. The first step involves calculating the EDM membrane area and number of stacks 

required to achieve the calculated ion removal (Eqrem) given a range of current density values (iedm 

array). The EDM design is assumed to be based on the MEGA EDM stacks used in the ZDD 

piloting activities. The calculated number of stacks is rounded to the next integer (Nstack_r) and the 

user can choose which design is preferred. More stacks offer more flexibility for changes in water 

quality, but also cause higher cost; fewer stacks offer lower capital cost, but minimal flexibility 

for changes in water quality. 

The next step involves identifying the appropriate velocity in the EDM stack. The EDM 

stacks operated with fewer problems when the EDM feed-diluate velocity was above 5.2 cm/s. 

The MEGA manual indicates that the maximum velocity is 11 cm/s. Programming conditional-if 

statements are used to determine if the number of stacks and velocity are acceptable for the design 

(Nstack_des and vstack). The model allows for a manual adjustment to the number of stacks. New 

values for the design velocity (vstack_adj) and membrane area (Amem_des) are calculated based on the 

entered value for Nstack_adj. 

Strathmann described the concept of limiting current density using a current density vs. 

voltage drop graph [4]. This graph includes three regions (ohmic, plateau, and overlimiting). A 

linear regression can be used to describe each of the regions. The limiting current density is located 

at the point where the slope changes dramatically between the ohmic and plateau regions and can 
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be determined graphically [4,13]. Piloting results from BGNDRF were used to identify limiting 

current density as a function of velocity to use in the ZDD model. As the current density increases, 

the rate of removal of ions through the exchange membranes increases, and the concentration 

gradients increase at the membrane surfaces. In general, cations diffuse towards the membrane 

more slowly than anions, so the concentration gradient is steeper at the surface of the cation-

exchange membrane than at the anion-exchange membrane [14], which leads to operational 

limitations of limiting current density (LCD) in the diluting cells and mineral scaling in the 

concentrate cells. When there is an insufficient concentration of ions available in the diluate 

solution at the membrane surface, the difference is made up by dissociation of water into H+ and 

OH- ions, which are transported through the cation- and anion-exchange membranes, respectively. 

This effect causes the pH to increase at the anion exchange membrane and decrease at the cation-

exchange membrane4. 

In Figure S.3, piloting results from the limiting current density experiments for three 

velocities are shown. The change in color depicts where the slope changes, indicating the limiting 

current density. The stack should be operated in the range shown in blue, the ohmic region, as 

described in the manuscript. The limiting current density for each velocity was then plotted to 

derive an equation that can be used to calculate the limiting current density as a function of velocity 

(shown in part (d) of Figure S.3). 
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Figure S.4. Limiting Current Density tests and Equation from 2013 BGNDRF Piloting 

The voltage required to achieve the calculated current density is a sum of the electrode 

voltage (Velec) and the voltage associated with the solutions and membranes. The minimum voltage 

drop for an EDM quad (Vquad) is estimated using physical parameters (e.g. spacer thickness) and 

field measurements (e.g. stream conductivities). The electric potential loss across each quad is split 

into two components. The first voltage loss is associated with liquid junction potentials between 

cells (Vdp), and the second voltage loss is associated with ohmic resistance through the 

membranes and solutions (VIR). Deviations from the predicted voltage drop using this 

approximation method can be associated with difference in stream temperatures, and scaling or 

fouling of the membranes. 

 

The electrode rinse conductivity and NaCl stream conductivity are fixed at 30 mS/cm and 

50 mS/cm, respectively. The remaining stream conductivities (EDM feed, Mixed Cl, Mixed Na) 
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are estimated using a relationship between concentration in TDS and conductivity derived from 

water quality analyses (see Figure S.4). 

 

 

Figure S.4. Estimation of EDM Stream Conductivity from BGNDRF Pilot (2013) 

The terms used in the Mathcad model are summarized as follows. T is the EDM feed 

temperature in Kelvin, and the conductivities () are converted to S/cm (see Section 4.3 in 

Appendix B).  is the shadow factor, which takes into account how the spacer material reduces the 

active area of the membrane available for transport. A value of 0.65 is used in this model for the 

shadow factor. Additional terms include the spacer thickness (= 0.08 cm) and membrane 

resistance (CEM=10 Ω.cm2, AEM=7.5 Ω.cm2) for the cation-exchange membrane (CEM) and anion 

exchange membrane (AEM). Each EDM quad contains two CEMs and two AEMs.  

An EDM stack has five pumped streams (EDM feed, NaCl, Mixed Na, Mixed Cl, and 

Electrode Rinse). The EDM is generally designed for a desired EDM feed flow and is operated in 

a way to minimize internal leaks by adjusting the other stream flows to ensure the pressures in 
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each stream are equal. For the purpose of the ZDD model, the flow of the NaCl, Mixed Na, and 

Mixed Cl are assumed to be equal to the calculated EDM feed (related to recycle ratio, RREDM) 

and the Electrode Rinse flow is assumed to be 20% of the EDM feed based on BGNDRF piloting. 

A relationship between the EDM feed velocity and pressure (PEDM) was derived from experimental 

data from BGNDRF piloting (see Figure S.5). The pumping energy required for the EDM is then 

calculated using the calculated feed pressure, EDM feed flow, and an assumed pumping efficiency. 

 

 

Figure S.5. EDM Pressure and Superficial Cell Velocity 

4.4 RO/NF System Power Calculations 

ROSA model output includes the estimated feed pressure required for a specific design. It 

accounts for membrane characteristics, osmotic pressure, permeate back pressure, and other 

factors, but it is not evident how each of the factors is considered. Permeate back pressure is 

required to balance permeate flux (and eliminate error messages in ROSA) in the two-stage 

models. In order to estimate the feed pressure required in the ZDD model, empirical equations 

were developed to approximate the RO/NF feed pressure. The process involves several steps: 
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1. Run models with and without any permeate back pressure and record estimated feed 

pressure values from ROSA. 

2. Calculate the osmotic pressure for the concentrate based on the ROSA-predicted 

concentrations: Π𝑐 = 𝑅𝑖𝑑𝑒𝑎𝑙 ∙ 𝑇𝑅𝑂𝑓 ∙ 𝐶𝑅𝑂𝑐 

3. Graph the difference between the RO/NF pressure without back pressure (Difference) 

against the concentrate osmotic pressure (conc).  

𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 =  
𝑃𝑅𝑂𝑓,𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝐵𝑃 − Π𝑐𝑜𝑛𝑐

Π𝑐𝑜𝑛𝑐
 

4. Develop equations to describe the difference as a function of the concentrate stream 

osmotic pressure. 

% 𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 =
Δ𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒

ΔΠ𝑐𝑜𝑛𝑐
∙ Π𝑐𝑜𝑛𝑐 + 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

5. Develop equations that include the relationship from Step 3 and add in a portion of the 

permeate back pressure, PBP, (a calibration factor, fBP, was determined manually): 

𝑃𝑅𝑂𝑓 = 𝑓𝐵𝑃 ∙ 𝑃𝐵𝑃(1 + 𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐)) ∙ Π𝑐𝑜𝑛𝑐 

This multi-step process is shown in detail here for the NF270 membranes and the other 

membrane’s results are summarized in Table S.8. The highlighted columns are graphed and shown 

in Figure 2.6. The energy required for desalination is calculated using the calculated RO/NF feed 

pressure (PROf), RO/NF feed flow (QROf), and assumed pumping efficiency (pump). 

Table S.8. NF270 Pressure Information (ROSA and ZDD model) 

rRO/NF 
Permeate 

back P (psi) 

Feed P w/ 

back P (psi) 

Feed P (w/o 

back P) 

(psi) 

Calculated 

c (psi) 

Diff 

between 

Feed P 

values (%) 

Est. RO/NF 

Feed P (psi) 

0.5 0 70 67 32 1.1 64 

0.6 0 67 64 38 0.7 70 

0.7 40 110 82 47 0.7 105 

0.8 40 106 79 65 0.2 108 

The ROSA output for each simulation, along with the calculated concentrate stream 

osmotic pressure (c), % difference between the RO/NF feed pressures with and without permeate 

back pressure, and estimated RO/NF feed pressure are shown in Table S.9. 
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Figure S.6. Relationship between Feed Pressure Difference and Concentrate Stream Osmotic 

Pressure 

Table S.9. Summary of Pressure Equations used in ZDD Model 

Membrane Back P (psi) – 

Two stage 

models only 

% Difference 

Equation (R2) 

RO/NF Feed P Equation 

NF270 40 
-0.023*c + 1.7201 

(0.8784) 

1-stage: (1 + %Diff)*c 

2-stage: (1 + %Diff)*c + 0.7*BackP 

NF90 30 
-0.0157*c + 1.4816 

(0.9523) 

1-stage: (1 + %Diff)*c 

2-stage: (1 + %Diff)*c + 0.4*BackP 

NF270-NF90 0 
-0.0181*c + 1.5003 

(0.9903) 
All models: (1 + %Diff)*c 

XLE 40 
-0.0201*c + 2.2132 

(0.9305) 

1-stage: (1 + %Diff)*c 

2-stage: (1 + %Diff)*c + 0.6*BackP 

BW30 30 
-0.0294*c + 3.849 

(0.9437) 

1-stage: (1 + %Diff)*c 

2-stage: (1 + %Diff)*c + 0.5*BackP 
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ZDD Specific Energy Consumption 

The power for the RO and EDM (summarized in sections 4.4 and 4.5 of this Appendix and 

the model in Appendix B) is divided by the ZDD product flow (Qprod) to calculate the subsystem 

specific energy consumption (SEC). As shown in the manuscript (Section 2.6), the SEC for the 

ZDD system is simply the sum of the sub-systems’ SEC values. 
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Appendix B: ZDD MathCad 14.0 Model (version as of May 2, 2018) 



1. Input Water Chemistry & Fixed Input Parameters

1.1 Input Design Parameters

Product Flow Rate Qprod 3mgd

DI for Dissolving NaCl Pellets QDI_NaCl 0.005 Qprod 1.5 10
4


gal

day


M.Na Dilutions QDI_mNa 0.005 Qprod 1.5 10
4


gal

day


M. Cl Dilutions QDI_mCl 0
gal

day


rEDM 99%EDM Diluate Recovery rEDM

Qd

QE
=

RO/NF and EDM feed
temperatures

TROf 25 °C TEDMf 30 °C

Ideal Gas Constant Rideal 0.08206
L atm

mol K

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1.2 Choose Feed Water Concentration

Avg raw feed, ZDD
pilot data at BGNDRF

cwell1and4_2013

288

121

379

342

248

1281

20























mg

L


Comp

"Ca"

"Mg"

"Na"

"Cl"

"HCO3"

"SO4"

"SiO2"

























BGNDRF Well Water Chemistry (6/27/16 sample from https://www.usbr.gov/research/bgndrf/water.html )

cwell1

129

34.9

450

36.1

140.3

1360

22.0























mg

L
 cwell2

479

347

696

537

307.4

3290

19.6























mg

L
 cwell3

387

204

377

630

228.1

1640

17.9























mg

L


Other Well Water Chemistry

craw_KBH

162

40

792

1392

93

295

26























mg

L
 craw_Alamo

413

88

164

133

132

1433

28























mg

L
 craw_LaJunta

173

63

115

44

263

581

16























mg

L
 craw_Brighton

108

22.3

118.8

133.4

294.33

176.9

20.8























mg

L


Choose raw chemistry
(type into equation)

craw_in craw_Alamo TDSraw_in craw_in 2391
mg

L

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1.3 Input Parameters: Flow Balances

Dilution Flow QDI QDI_NaCl QDI_mNa QDI_mCl 3 10
4


gal

day


Permeate Flow QROp Qprod QDI 2104.17 gpm

RO Recovery rRO

QROp

QROf
= rRO 70%

RO Feed Flow Rate QROf rRO 
QROp

rRO


RO Concentrate Flow QROc rRO  QROf rRO  QROp

Silica Purge Ratio psilica

QSi

QROc
= psilica 0%

Silica Purge Flow QSi rRO psilica  psilica QROc rRO  QSi rRO psilica  0 gpm

RREDM 2.5EDM Recycle Ratio RREDM

Qd2F rRO RREDM psilica 
QROc rRO  QSi rRO psilica 

=

EDM Diluate Recycle Flow Qd2F rRO RREDM psilica  RREDM QROc rRO  QSi rRO psilica  

EDM feed flow QE rRO RREDM psilica  QROc rRO  QSi rRO psilica   1 RREDM 

Fraction of EDM feed that is
Diluate:

fracEDM

Qd2F rRO RREDM psilica 
QE rRO RREDM psilica 



EDM Diluate Flow Qd rRO rEDM RREDM psilica  rEDM QE rRO RREDM psilica 

EDM Diluate Return to RO feed:
Qd2R rRO RREDM rEDM psilica  Qd rRO rEDM RREDM psilica  Qd2F rRO RREDM psilica 

Raw Flow Qb rRO RREDM rEDM psilica  QROf rRO  Qd2R rRO RREDM rEDM psilica 
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EDM Concentrate Flows. Assuming the water of hydration is equally spread to both Mixed Na & Mixed Cl
streams. Adding all dilution volume to Mixed Na

eq mol meq
eq

1000
 Far 96485

C

eq
 MWH2O 18

gm

mol
 ρH2O 1000

kg

m
3



Use assumed ratio of ratio of water of hydration from EDM feed and NaCl streams to Mixed Na & Mixed Cl. Fixed
amount of dilution water is added to each stream. Adjusted DI flows until EDM concentrate overflows matched what
was seen in Alamogordo.

hydmCl 0.52 hydmNa 1 hydmCl 0.48

QmCl rRO RREDM rEDM psilica  hydmCl 1 rEDM  QE rRO RREDM psilica  QDI_NaCl  QDI_mCl

QmNa rRO RREDM rEDM psilica  hydmNa 1 rEDM  QE rRO RREDM psilica  QDI_NaCl  QDI_mNa

Qwaste QmNa rRO RREDM rEDM psilica  QmCl rRO RREDM rEDM psilica  QSi rRO psilica  52.4 gpm

Qoutlet Qwaste Qprod 2135.73 gpm
QmCl rRO RREDM rEDM psilica  3.14 10

4


gal

day


QROout QROp QROc rRO  3005.95 gpm QmNa rRO RREDM rEDM psilica  4.4 10
4


gal

day


QROin QROf rRO  3005.95 gpm

QEDMin QROc rRO  QSi rRO psilica  QDI 922.62 gpm

QEDMout Qd2R rRO RREDM rEDM psilica  QmNa rRO RREDM rEDM psilica  QmCl rRO RREDM rEDM psilica 

Appendix B M.A. Cappelle

ZDD Model as of  5/2 135



Correct brackish feed for electroneutrality:

Molecular Weight, meq/mg EW

20

12.15

23

35.45

61

48

60























mg

meq
 z

2

2

1

1

1

2

0























 MM

40

24.3

23

35.45

61

96

60























gm

mol


Electroneutrality function: EN ci 

ci

MM
z












ci

MM
z












 Electroneutrality of the raw: EN craw_in  1.05 %

Equivalent Concentration, raw

EN_correct ci 

1 EN ci   ci0


1 EN ci   ci1


1 EN ci   ci2


1 EN ci   ci3


1 EN ci   ci4


1 EN ci   ci5


ci6































 craw EN_correct craw_in 

417.4

88.9

165.7

131.6

130.6

1417.9

28























mg

L
 Craw

craw

EW











20.9

7.3

7.2

3.7

2.1

29.5

0.5























meq

L


EN craw  0
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2. ZDD Design Parameters

2.1. RO/NF Membrane Choice

MembraneChoice

"1 = NF270"

"2 = NF90"

"3 = XLE"

"4 = BW30"

"5 = NF90-NF270 (55%)"

"6 = NF90-NF270 (70-80%)"



















= MembraneChoice 6

2.2 RO/NF Salt Rejection

Equations are from ROSA output for 50-80% recovery. Enter number for corresponding membrane choice.

RRO_NF270 rRO 

0.0655 rRO 0.8284

0.0673 rRO 0.8781

0.1939 rRO 0.606

0.1507 rRO 0.1011

0.4616 rRO 0.6381

0.0536 rRO 0.9989

0.2175 rRO 0.3393

























 RRO_NF90 rRO 

0.0282 rRO 0.9992

0.0288 rRO 0.9991

0.1504 rRO 0.9857

0.1703 rRO 0.9832

0.1719 rRO 0.983

0.0307 rRO 0.9991

0.1015 rRO 0.9944



























RRO_NF90NF270_55

0.871

0.901

0.669

0.372

0.61

0.976

0.52
























RRO_NF90NF270_70_80 rRO 

0.3104 rRO 1.0933

0.2521 rRO 1.0771

0.7055 rRO 1.1851

1.2819 rRO 1.3238

1.0125 rRO 1.322

0.0784 rRO 1.0267

1.005 rRO 1.2649



























RRO_XLE rRO 

0.0316 rRO 1.0001

0.032 rRO 1

0.0833 rRO 0.9985

0.0872 rRO 0.9983

0.0923 rRO 0.9978

0.0343 rRO 1

0.0485 rRO 0.9982

























 RRO_BW30 rRO 

0.0085 rRO 0.9996

0.0088 rRO 0.9997

0.0233 rRO 0.9987

0.0243 rRO 0.986

0.026 rRO 0.9979

0.0093 rRO 0.9995

0.0145 rRO 0.9996


























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RRO rRO  RRO_NF270 rRO  MembraneChoice 1=if

RRO_NF90 rRO  MembraneChoice 2=if

RRO_XLE rRO  MembraneChoice 3=if

RRO_BW30 rRO  MembraneChoice 4=if

RRO_NF90NF270_55 MembraneChoice 5=if

RRO_NF90NF270_70_80 rRO  MembraneChoice 6=if



If desired, can manually input RO/NF rejection values (requires disabling previous assignment calculation)

RRO rRO 

89%

91%

62%

4 %

38%

97%

26%

























CF rRO  1
rRO RRO rRO 

1 rRO
 CF rRO 

3.04

3.1

2.61

2

2.43

3.27

2.31























 RRO rRO 

88

90

69

43

61

97

56























%

TDS ci  ci

TDS craw  2380.11
mg

L


2.3 EDM Membrane Choice and Design

Membrane Resistance: ρCEM 10Ω cm
2

 ρAEM 7.5Ω cm
2



Stack & Spacer Information Quadstack 100 Wstack 320mm tspacer 0.8mm
Astack 4200cm

2


Shadow Factor (<1.0) β 0.65 Current Efficiency ξ 75%

ConvAC_DC 85%Inverter Efficiency

2.4 EDM Ion Removal

Starting with fixed numbers based on the reduction in concentration from the EDM feed to diluate in Alamogordo
(Year 2). E signifies removal rate. RRRs are relative removal ratios as compared to Calcium. Only input desired
calcium removal (ECa), remaining ones are calculated from it.

ECa 0.25 RRRHCO3 0.4 RRRCl 0.3

RRRMg 0.9 RRRSO4 0.7

RRRNa 0.4 ESiO2 0
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2.5 Concentration Calculation Iterations

This section combines the RO/NF and EDM system desalination peformance and tracks the
silica and calcium concentrations in the RO/NF concentrate and permeate.

EDM rRO RREDM ECa psilica  cROf craw

SPRO 1 RRO rRO 

cROp SPRO cROf 




cROp EN_correct cROp 

cROc CF rRO  cROf 




cROc EN_correct cROc 

REDM

ECa

RRRMg ECa

RRRNa ECa

RRRCl ECa

RRRHCO3 ECa

RRRSO4 ECa

ESiO2



























SPEDM 1 REDM

cd SPEDM cROc 




cd EN_correct cd 

cE

Qd2F rRO RREDM psilica 
QE rRO RREDM psilica 

cd
QROc rRO  QSi rRO psilica 

QE rRO RREDM psilica 
cROc

cd SPEDM cE 




cd EN_correct cd 

EDM
0 0

cROf

EDM
1 0

cROp

EDM
2 0

cROc

EDM
3 0

cE

EDM
4 0

cd

εmax 1

i 0

i i 1

cROf

Qd2R rRO RREDM rEDM psilica 
QROf rRO 

cd
Qb rRO RREDM rEDM psilica 

QROf rRO 
craw

εmax .001while


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cROp SPRO cROf 




cROp EN_correct cROp 

cROc CF rRO  cROf 




cROc EN_correct cROc 

cE

Qd2F rRO RREDM psilica 
QE rRO RREDM psilica 

cd
QROc rRO  QSi rRO psilica 

QE rRO RREDM psilica 
cROc

cd SPEDM cE 




cd EN_correct cd 

EDM
0 i

cROf

EDM
1 i

cROp

EDM
2 i

cROc

EDM
3 i

cE

EDM
4 i

cd

εj

EDMj i EDM
j i 1



EDMj i


j 0 4for

εmax max ε
0

ε
1

 ε
2

 ε
3

 ε
4

 

results
0

cROf

results
1

cROp

results
2

cROc

results
3

cE

results
4

cd

resultsreturn
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3. Check RO/NF Concentrate Stability

3.1 Data output & graphing: Use to check solubility, other, externally

result EDM rRO RREDM ECa psilica  Nit 300 i 1 Nit

DATA_r_RO

rRO
50 2 i

100


result EDM rRO RREDM ECa psilica 

results
i 0

rRO

results
i 1 7 j k

resultj 
k

mg

L



k 0 6for

j 0 4for

i 0 24for

results



DATA_RR

RREDM
20 2 i

100


result EDM rRO RREDM ECa psilica 

results
i 0

RREDM

results
i 1 7 j k

resultj 
k

mg

L



k 0 6for

j 0 4for

i 0 40for

results


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DATA_cut

ECa
20 2 i

100


result EDM rRO RREDM ECa psilica 

results
i 0

ECa

results
i 1 7 j k

resultj 
k

mg

L



k 0 6for

j 0 4for

i 0 20for

results



DATA_Silica_bleed

psilica
0 i

100


result EDM rRO RREDM ECa psilica 

results
i 0

psilica

results
i 1 7 j k

resultj 
k

mg

L



k 0 6for

j 0 4for

i 0 30for

results


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3.2 Final Concentrations

RO/NF feed: RO/NF permeate: RO/NF concentrate:

cROf result
0

529

122

293

158

173

2012

60























mg

L
 cROp result

1

48.62

8.99

66.98

114.17

83.96

71.34

26.26























mg

L
 cROc result

2

1652

388

785

307

408

6400

138























mg

L
 RRO_act 1

cROp

cROf


0.91

0.93

0.77

0.28

0.51

0.96

0.56

























EDM feed: EDM diluate: Check Electroneutrality:

cEDMf result
3

1045

256

655

247

313

4306

138























mg

L
 cEDMd result

4

802

203

604

223

275

3469

138























mg

L
 CheckEN

EN cROf 
EN cROp 
EN cROc 

EN cEDMf 
EN cEDMd 





















0

0

0

0

0



















Summary Calculations

ZDD Recovery ZDD Overall Salt Rejection ZDD Recovery - 2nd method
(permeate & waste)

Qprod 2083.33 gpm

TDSb craw 2380.11
mg

L
 rZDD2

QROp Qwaste

QROp
97.5 %

Qb rRO RREDM rEDM psilica  2135.73 gpm

rZDD

Qprod

Qb rRO RREDM rEDM psilica 
97.5 % TDSprod result

1 420
mg

L
 RZDD 1

TDSprod

TDSb
 82 %
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4. EDM Design, Concentrate Quality, and Power
4.1 Calculate Mixed Na and Mixed Cl Concentrations

NEDMfCat

cEDMf0

cEDMf1

cEDMf2













EW
0

EW
1

EW
2













 NEDMfAn

cEDMf3

cEDMf4

cEDMf5













EW
3

EW
4

EW
5













 NEDMdCat

cEDMd0

cEDMd1

cEDMd2













EW
0

EW
1

EW
2













 NEDMdAn

cEDMd3

cEDMd4

cEDMd5













EW
3

EW
4

EW
5















Flow in one day:

gpd gpm gpd 1440
gal

day


VEDMf QE rRO RREDM psilica  1 day( ) 5 10
6

 gal

VEDMd Qd rRO rEDM RREDM psilica  1 day( ) 4 10
6

 gal

Vd2F Qd2F rRO RREDM psilica  1 day( ) 1 10
7

 L

Vd2R Qd2R rRO RREDM rEDM psilica  1 day 4.74 10
6

 L

VSid QSi rRO psilica  1 day( ) 0

VDId QDI 1 day( ) 1.14 10
5

 L

Vb Qb rRO RREDM rEDM psilica  1 day( ) 1.16 10
7

 L

VROf QROf rRO  1 day( ) 2 10
7

 L

VROc QROc rRO  1 day( ) 5 10
6

 L

VROp QROp 1 day( ) 1 10
7

 L

VmCl QmCl rRO RREDM rEDM psilica  1 day( ) 1.2 10
5

 L

VmNa QmNa rRO RREDM rEDM psilica  1 day( ) 1.7 10
5

 L

Vprod Qprod 1 day( ) 1 10
7

 L

EqmCl

NEDMfCat0
VEDMf NEDMdCat0

VEDMd





NEDMfCat1
VEDMf NEDMdCat1

VEDMd





NEDMfCat2
VEDMf NEDMdCat2

VEDMd





NEDMfCat VEDMf NEDMdCat VEDMd























 EqmNa

NEDMfAn VEDMf NEDMdAn VEDMd

NEDMfAn0
VEDMf NEDMdAn0

VEDMd

NEDMfAn1
VEDMf NEDMdAn1

VEDMd

NEDMfAn2
VEDMf NEDMdAn2

VEDMd




















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cmCl

EqmCl

VmCl

EW
0

EW
1

EW
2

EW
3





































 TDSmCl

EqmCl

VmCl

EW
0

EW
1

EW
2

EW
3

















 cmNa

EqmNa

VmNa

EW
2

EW
3

EW
4

EW
5





































 TDSmNa

EqmNa

VmNa

EW
2

EW
3

EW
4

EW
5



















4.2 NaCl consumption & Evaporation Pond Sizing

Na, per day MNa NEDMfAn VEDMf NEDMdAn VEDMd





EW
2

 7745.31 kg

Cl, per day MCl NEDMfCat VEDMf NEDMdCat VEDMd





EW
3

 1.19 10
4

 kg

MNaCl MNa MCl 4.34 10
4

 lbNaCl, lb/day

Evaporation pond sizing assumes No Salt Recovery

Vevap_no_rec VmNa VmCl VSid 2.86 10
5

 L

revap 177.6
cm

yr


Aevap

Qwaste

revap
14.51 acre
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4.3 EDM Sizing & Power Calculations

Calculate potential EDM stack membrane areas using fixed current efficiency & vary current density

Choose stack design & current density (pilot results used for this model)

Choose current density range for
initial calculations:

iedm

30A

Astack

40A

Astack

50A

Astack



















 iedm

71.43

95.24

119.05









A

m
2



Calculate equivalents removed:

NE

cEDMf0

EW
0

cEDMf1

EW
1



cEDMf2

EW
2

 Nd

cEDMd0

EW
0

cEDMd1

EW
1



cEDMd2

EW
2

 Eqrem QE rRO RREDM psilica  NE Nd 

Calculate range of membrane area required:
Round to next integer:

Amem Eqrem
Far

iedm ξ
 Nquads

Amem

Astack
 Nstack

Nquads

Quadstack
 Nstack_r ceil Nstack 

161

121

97











Choose number of stacks. Max would allow for flexibility, Minimum reduces Capital Cost.

Nstack_des_area Nstack_r2
97

vmin 5.2
cm

s
 Qmin vmin Nstack_des_area Quadstack tspacer Wstack 

Nstack_min_v

QE rRO RREDM psilica 
vmin Quadstack tspacer Wstack 


Qstack

QE rRO RREDM psilica 
Nstack_des_area



vstack_in

QE rRO RREDM psilica 
Nstack_des_area Quadstack tspacer Wstack

 vmax 11
cm

s
 Qmax vmax Nstack_des_area Quadstack tspacer Wstack 

vstack_in 8.02
cm

s


Nstack_max_v

QE rRO RREDM psilica 
vmax Quadstack tspacer Wstack 

70.71

Nstack_des round Nstack_des_area  vstack_in vminif

round Nstack_max_v  vstack_in vmaxif

round Nstack_min_v  otherwise

 vstack vstack_in vstack_in vminif

vmax vstack_in vmaxif

vmin otherwise



If desired add or subtract a few stacks to improve current density. ensure velocity is ~5.1-10.9 cm/s

Nstack_adj 12 vstack_adj

QE rRO RREDM psilica 
Nstack_adj Nstack_des  Quadstack tspacer Wstack

7.14
cm

s
 Astack 0.42 m

2


Amem_des Nstack_adj Nstack_des  Quadstack Astack
Amem_des 4578 m

2

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Fixed current efficiency & calculate current density

ξfixed ξ Nstack_adj Nstack_des 109 iedm_des_in

QE rRO RREDM psilica  NE Nd  Far

ξfixed Amem_des
 Iedm iedm_des_in Astack

LCD 74.98
vstack_adj

cm

s











0.2672


A

m
2


iedm_des_in

LCD
82.7 % iedm_des iedm_des_in iedm_des_in LCDif

0.95 LCD( ) otherwise



Conductivity is assumed for NaCl (50 S/cm) and rest are estimated using
Alamogordo Cond/TDS relationship.

mS
S

1000
 μS

mS

1000


Kd 0.86

cEDMd
mg

L

 1112













μS

cm
 6.03 10

3


S

cm


KNaCl 50
mS

cm
 0.05

S

cm


Kc2 0.32

cmNa
mg

L

 62291













μS

cm
 0.108

S

cm


Kc1 0.37

cmCl
mg

L

 99459













μS

cm
 0.156

S

cm


ΔUdp

Rideal TEDMf

Far
ln

KNaCl

Kc1







 ln
Kc2

KNaCl







 ln
Kd

Kc2







 ln
Kc1

Kd














0.21 V

ΔUIR

iedm_des

β

tspacer

Kc1

tspacer

Kc2


tspacer

KNaCl


tspacer

Kd
 2 ρCEM 2 ρAEM







 0.82 V
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Velec is based on Walker, et al (2014).
Equations 14-18 describe electrode voltage.
The first term assumes that the electrode rinse
is well-buffered. The second term assumes the
anode and cathode are equivalent and uses
fitting parameters α and i0. Walker found
α=0.1074, i0=0.4599 A/m^2. MEGA stacks are
built with two spacers at each end; one is
1mm and the other is 2mm. Total width
(combined anode & cathode) = 6mm.
Alamogordo pilot was operated at 20-25
mS/cm

Velec 1.23V 2
Rideal TEDMf

0.1074 Far
 ln

iedm_des

0.4599
A

m
2














iedm_des 6 mm

25
mS

cm

 4.12 V

Vquad ΔUdp ΔUIR 1.04 V Vstack Vquad Quadstack Velec 107.65 V

Pdc Vstack iedm_des Nstack_adj Nstack_des  Astack 516.8 kW Pac

Pdc

ConvAC_DC
608.06 kW

pedm 0.2403
vstack

cm

s











2

 0.5953
vstack

cm

s

 6.5029









psi 17.18 psi

ξpump 80% QErinse 0.2 QE rRO RREDM psilica 

Assuming that all EDM pumps will have same flow & pressure

PEDMpumps 4 QE rRO RREDM psilica 
pedm

ξpump
 QErinse

pedm

ξpump
 123.84 kW

QE rRO RREDM psilica  3156.25 gpm
PEDM Pac PEDMpumps 731.9 kW

kgal 1000gal Eunit_EDM

PEDM 24 hr

Vprod
5.86

kW hr

kgal

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4.4 RO/NF System Power Calculations

CROf

cROf

MM 0.06
mol

L
 posmotic_ROf Rideal TROf CROf 21.65 psi

CROc

cROc

MM 0.18
mol

L
 posmotic_ROc Rideal TROf CROc 63.18 psi

Back pressure for NF270 and XLE is 40 psi in ROSA modeling, and is 30 psi for NF90 and BW30

BackP 0 rRO 70%if

0 MembraneChoice 5=if

0 MembraneChoice 6=if

30 MembraneChoice 2=if

0 MembraneChoice 4=if

40 MembraneChoice 1=if

40 MembraneChoice 3=if

rRO 65%if

























psi

PROf_NF270 0.7 BackP 1 0.023
posmotic_ROc

psi
 1.7201


















posmotic_ROc 80.05 psi

PROf_NF90 0.4 BackP 1 0.0157
posmotic_ROc

psi
 1.4816


















posmotic_ROc 94.12 psi

PROf_XLE 0.6 BackP 1 0.0201
posmotic_ROc

psi
 2.2132


















posmotic_ROc 122.78 psi
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PROf_BW30 0.5 BackP 1 0.0294
posmotic_ROc

psi
 3.849


















posmotic_ROc 189.01 psi

PROf_NF90NF270_55 70psi

PROf_NF90_NF270 1 0.0181
posmotic_ROc

psi
 1.5003


















posmotic_ROc 85.72 psi

PROf PROf_NF270 MembraneChoice 1=if

PROf_NF90 MembraneChoice 2=if

PROf_XLE MembraneChoice 3=if

PROf_BW30 MembraneChoice 4=if

PROf_NF90NF270_55 MembraneChoice 5=if

PROf_NF90_NF270 MembraneChoice 6=if



If desired, can enter pressure manually (but must disable preceeding calculation):

PROf 82.5psi

PROf 85.72 psi

PROf 5.91 10
5

 Pa
PRO QROf rRO 

PROf

ξpump
 140.11 kW

QROf rRO  0.19
m

3

s


Eunit_RO

PRO 24 hr

Vprod
1.12

kW hr

kgal


EZDD Eunit_EDM Eunit_RO 6.98
kW hr

kgal


NaCl purchases (no NaCl recovery)

MNaCl 4.34 10
4

 lb
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5. ZDD Model Output

InputsOutputs

rRO

RREDM

ECa

BackP

psi

QmCl rRO RREDM rEDM psilica 
gpm

QmNa rRO RREDM rEDM psilica 
gpm

QSi rRO psilica 
gpm

rZDD

rZDD2

TDSprod

mg

L

cROc6

mg

L

Amem_des

m
2

Nstack_des Nstack_adj

vstack_adj

cm

s

iedm_des

A

m
2

Iedm

A

Vstack

V

Pdc

kW

Pac

kW

PEDMpumps

kW

PEDM



























































































































0
0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

0.7
2.5

0.25
0

21.8292
30.5667

0
0.9755
0.9751

420.3198
138.2996

4578
109

7.1362
104.8774

...


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EDM

kW

PRO

kW

Eunit_EDM

kW hr
kgal

Eunit_RO

kW hr
kgal

EZDD

kW hr
kgal

Aevap

acre

MNaCl

lb
365


















































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6. Salt Recovery  & Evaporation Ponds
 There are three methods included in this model:
1. Low Recovery: Blend Mixed Na + Mixed Cl w/o magnesium recovery or optimization of CaSO4 recovery.
2. Medium Recovery: Blend Mixed Na + Mixed Cl w/o magnesium recovery, but with optimization of CaSO4 recovery.
3. High Recovery: Blend Mixed Na + Mixed Cl w/ magnesium recovery and optimization of CaSO4 recovery.
Note: in all cases, the silica purge goes to a separate pond. In stoichiometric mix options (cases 2 and 3), the excess
Mixed Na stream is sent to the same pond as the silica purge.

Compconc

"Ca"

"Mg"

"Na"

"Cl"

"HCO3"

"SO4"



















 zconc

2

2

1

1

1

2



















 MMconc

40

24.3

23

35.45

61

96



















gm

mol


zconc

2

2

1

1

1

2




















I ci  0.5

ci

MMconc
zconc

2












6.1 Low Recovery

VmCl 1.19 10
5

 L VmNa 1.67 10
5

 L VNaCl_1 VmCl VmNa

Qwaste_1 QSi rRO psilica 

Awaste_1

Qwaste_1

revap
0 acre

QNaCl_1 QmCl rRO RREDM rEDM psilica  QmNa rRO RREDM rEDM psilica  75450
gal

day

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ANaCl_1

0.5 QNaCl_1

revap
7.26 acre For salt recovery option 1, calculate the

concentration of each ion before the precipitation
occurs using a ratio of the daily volume of each of
the streams. This program assumes that the Mixed
Cl only contains Ca, Mg, Na, and Cl and the Mixed
Na only contains Na, Cl, HCO3, and SO4. So, the
Ca concentration is (VmCl/(VmCl + VmNa))*

C(Ca)mCl. For ions that are in both streams (i.e.

Na), there are two terms: (VmNa/(VmCl + VmNa))*

C(Na)mNa + (VmCl/(VmCl + VmNa))* C(Na)mCl 

csup_1

VmCl

VmNa VmCl
cmCl0


VmCl

VmNa VmCl
cmCl1


VmNa

VmNa VmCl
cmNa0


VmCl

VmNa VmCl
cmCl2


VmNa

VmNa VmCl
cmNa1


VmCl

VmNa VmCl
cmCl3


VmNa

VmNa VmCl
cmNa2


VmNa

VmNa VmCl
cmNa3












































15111

3310

30593

43375

2454

52529



















mg

L


Calculate alkalinity as carbon for MINTEQ:

csup_14

MMconc4

40.22
mol

m
3



csup_14

12

61
 482.69

mg

L


Isup_1

I csup_1 
mol

L

3.42 CCa_bef_1

csup_10

MMconc0

377.78
mol

m
3

 CSO4_bef_1

csup_15

MMconc5

547.18
mol

m
3



ΔCCaSO4_1 0.36517
mol

L


ΔcCa_1 ΔCCaSO4_1 MMconc0
 1 10

4


mg

L
 ΔcSO4_1 ΔCCaSO4_1 MMconc5

 35056
mg

L


MCaSO4_1 ΔcCa_1 ΔcSO4_1  VmCl VmNa  31271 lb

Calculate the concentration of the supernatant, which
is mostly NaCl. Multiplying everything by 2 to account
for evaporating half the water

cNaCl_1 2

csup_10
ΔcCa_1

csup_11

csup_12

csup_13

csup_14

csup_15
ΔcSO4_1





























1009

6620

61187

86750

4907

34945



















mg

L


cNaCl_14

MMconc4

80.45
mol

m
3



cNaCl_14

12

61
 965.38

mg

L


INaCl_1

I cNaCl_1 
mol

L

3.92

Na in Mixed Na & Mixed Cl streams CtotNa_1

cNaCl_12

MMconc2

2660
mol

m
3


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Cl in Mixed Na & Mixed Cl streams
CtotCl_1

cNaCl_13

MMconc3

2447
mol

m
3



MNaCl_1 min CtotNa_1 CtotCl_1  MMconc2
MMconc2








VmNa VmCl 

2


MNaCl_1 35440 lb RecNaCl_1

MNaCl_1

MNaCl
81.7 %

6.2 Medium Recovery

ratio of SO4 (in Mixed Na) to Ca (in Mixed Cl):
SO4_Ca2

cmNa3

MMconc5

cmCl0

MMconc0

1.03

Volume of Mixed Na for stoichiometric blend of Ca and SO4: Volume of Mixed Cl for stoichiometric blend of Ca and SO4:

VmNa2 VmNa SO4_Ca2 1if

VmNa

SO4_Ca2
SO4_Ca2 1if

 VmCl2 VmCl SO4_Ca2 1if

VmCl SO4_Ca2 SO4_Ca2 1if



VNaCl_2 VmNa2 VmCl2

Qwaste_2 QSi rRO psilica 
VmCl VmCl2 

day
 SO4_Ca2 1if

QSi rRO psilica 
VmNa VmNa2 

day
 SO4_Ca2 1if

 Qwaste_2 1463
gal

day


Awaste_2

Qwaste_2

revap
0.28 acre revap 0.004863

m

day


QNaCl_2

VmNa2 VmCl2

day
 QNaCl_2 73987

gal

day


ANaCl_2

0.5 QNaCl_2

revap
7.12 acre

calculate concentration in supernatant before CaSO4 precipitation:
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csup_2

VmCl2

VmNa2 VmCl2
cmCl0


VmCl2

VmNa2 VmCl2
cmCl1


VmNa2

VmNa2 VmCl2
cmNa0


VmCl2

VmNa2 VmCl2
cmCl2


VmNa2

VmNa2 VmCl2
cmNa1


VmCl2

VmNa2 VmCl2
cmCl3


VmNa2

VmNa2 VmCl2
cmNa2


VmNa2

VmNa2 VmCl2
cmNa3












































15410

3376

30279

44179

2419

51787



















mg

L


csup_24

MMconc4

39.66
mol

m
3



csup_24

12

61
 475.87

mg

L


Isup_2

I csup_2 
mol

L

3.43

CCa_bef_2

csup_20

MMconc0

385.25
mol

m
3

 CSO4_bef_NL

csup_25

MMconc5

539.45
mol

m
3



ΔCCaSO4_2 0.37189
mol

L


ΔcCa_2 ΔCCaSO4_2 MMconc0
 14876

mg

L
 ΔcSO4_2 ΔCCaSO4_2 MMconc5

 35701
mg

L


MCaSO4_2 ΔcCa_2 ΔcSO4_2  VmCl2 VmNa2  31229 lb

cNaCl_2 2

csup_20
ΔcCa_2

csup_21

csup_22

csup_23

csup_24

csup_25
ΔcSO4_2





























1069

6751

60558

88359

4838

32171



















mg

L


INaCl_2

I cNaCl_2 
mol

L

3.88

Na in Mixed Na & Mixed Cl streams CtotNa_2

cNaCl_22

MMconc2

2633
mol

m
3


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Cl in Mixed Na & Mixed Cl streams
CtotCl_2

cNaCl_23

MMconc3

2492
mol

m
3



MNaCl_2 min CtotNa_2 CtotCl_2  MMconc2
MMconc2








VmNa2 VmCl2 

2


MNaCl_2 35397 lb RecNaCl2

MNaCl_2

MNaCl
81.6 %

6.3 High Recovery

Treat Mixed Cl stream with lime to precipitate Mg(OH)2, which will boost the relative concentration of calcium (assume
pH=11.1) :

In this case, assuming that lime will be added until the
pH is 11.1 (different value could be input by user). The
first part just defines the mixed Cl stream prior to lime
addition. 

The next part calculates how much
magnesium would remain at pH 11.1. Then, I
calculate how much magnesium was
removed (as Mg(OH)2) and how much
additional Ca is now in the mixed Cl stream.

cmClnew

cmCl0

cmCl1

cmCl2

cmCl3

0

0

























0
0
1
2
3
4
5

36271
7945
8340

100326
0
0

mg

L


pHBL 7.0 pHAL 11.1

ALK CT pH( ) CT
10 pH

10
6.3

1
10

10.3

10 pH












1

2
10 pH 2

10
6.3

10
10.3



10 pH

10
10.3

 1











1














mol

L

10
14

10 pH

mol

L
 10 pH mol

L


ΔCMg 0.32662
mol

L
 ΔcMg ΔCMg MMconc1

 7937
mg

L
 Enter Visual Minteq output for brucite

CLime

ALK 0.0
mol

L
 pHAL





ALK 0.0
mol

L
 pHBL











zconc0

ΔCMg CLime 327.25
mol

m
3



MLime CLime 56
gm

mol







 VmCl 4807 lb

cmCl_AL

cmClnew0
CLime MM

0


cmClnew1
ΔcMg

cmClnew2

cmClnew3

cmClnew4

cmClnew5





























49361

8

8340

100326

0

0



















mg

L


MMgOH2 ΔCMg VmCl MMconc1
2 17

gm

mol






 4995 lb
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ratio of SO4 (in Mixed Na) to Ca (in Mixed Cl): Volume of Mixed Na for stoichiometric blend of Ca and SO4:

SO4_Ca3

cmNa3

MMconc5

cmCl_AL0

MMconc0

0.76

cmNa3

MMconc5

937.94
mol

m
3


cmCl_AL0

MMconc0

1234.01
mol

m
3



Volume of Mixed Na for stoichiometric blend of Ca and SO4: Volume of Mixed Cl for stoichiometric blend of Ca and SO4:
VmNa3 VmNa SO4_Ca3 1if

VmNa

SO4_Ca3
SO4_Ca3 1if

 VmCl3 VmCl SO4_Ca3 1if

VmCl SO4_Ca3 SO4_Ca3 1if



VNaCl_3 VmNa3 VmCl3

Qwaste_3 QSi rRO psilica 
VmCl VmCl3 

day
 SO4_Ca3 1if

QSi rRO psilica 
VmNa VmNa3 

day
 SO4_Ca3 1if



Awaste_3

Qwaste_3

revap
1.45 acre QNaCl_3

VmNa3 VmCl3

day
 ANaCl_3

0.5QNaCl_3

revap
6.53 acre
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calculate concentration in supernatant before CaSO4 precipitation:

csup_3

VmCl3

VmNa3 VmCl3
cmCl_AL0


VmCl3

VmNa3 VmCl3
cmCl_AL1


VmNa3

VmNa3 VmCl3
cmNa0


VmCl3

VmNa3 VmCl3
cmCl_AL2


VmNa3

VmNa3 VmCl3
cmNa1


VmCl3

VmNa3 VmCl3
cmCl_AL3


VmNa3

VmNa3 VmCl3
cmNa2


VmNa3

VmNa3 VmCl3
cmNa3












































17366.56

2.94

33064.65

37050.14

2726.17

58362.79



















mg

L


csup_34

MMconc4

44.69
mol

m
3



csup_34

12

61
 536.29

mg

L


Isup_3

I csup_3 
mol

L

3.35

CCa_bef_3

csup_30

EW
0

868.33
mol

m
3

 CSO4_bef_3

csup_35

EW
5

1215.89
mol

m
3



ΔCCaSO4_3 0.42271
mol

L
 Enter Visual Minteq output here

ΔcCa_3 ΔCCaSO4_3 MMconc0
 16908

mg

L
 ΔcSO4_3 ΔCCaSO4_3 MMconc5

 40580
mg

L


MCaSO4_3 ΔcCa_3 ΔcSO4_3  VmCl3 VmNa3  32580 lb

cNaCl_3 2

csup_30
ΔcCa_3

csup_31

csup_32

csup_33

csup_34

csup_35
ΔcSO4_3





























916

6

66129

74100

5452

35565



















mg

L
 INaCl_3

I cNaCl_3 
mol

L

3.31

Na in Mixed Na & Mixed Cl streams Cl in Mixed Na & Mixed Cl streams

CtotNa_3

cNaCl_32

EW
2

2875.19
mol

m
3

 CtotCl_3

cNaCl_33

EW
3

2090.28
mol

m
3


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MNaCl_3 min CtotNa_3 CtotCl_3  MMconc2
MMconc2








VmNa3 VmCl3 

2


MNaCl_3 27246 lb RecNaCl3

MNaCl_3

MNaCl
62.8 %

7. Output Data

RecoveryEvapOutput

Awaste_1

acre

Awaste_2

acre

Awaste_3

acre

ANaCl_1

acre

ANaCl_2

acre

ANaCl_3

acre

MCaSO4_1

lb

MCaSO4_2

lb

MCaSO4_3

lb

MNaCl_1

lb

MNaCl_2

lb

MNaCl_3

lb

MMgOH2

lb

MLime

lb

VNaCl_1

gal

VNaCl_2

gal

VNaCl_3

gal

VmCl

gal

















































































































0
0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

0
0.28
1.45
7.26
7.12
6.53

43.13·10
43.12·10
43.26·10
43.54·10
43.54·10
42.72·10

4995.26
4807.44

47.55·10
...


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NaCl_quality

cNaCl_10

cNaCl_11

cNaCl_12

cNaCl_13

cNaCl_14

cNaCl_15

cNaCl_20

cNaCl_21

cNaCl_22

cNaCl_23

cNaCl_24

cNaCl_25

cNaCl_30

cNaCl_31

cNaCl_32

cNaCl_33

cNaCl_34

cNaCl_35





























1009

6620

61187

86750

4907

34945

1069

6751

60558

88359

4838

32171

916

6

66129

74100

5452

35565



















mg

L


Ratios_Minteqinfo

ΔCCaSO4_1

mol

L

ΔCCaSO4_2

mol

L

ΔCCaSO4_3

mol

L

ΔCMg

mol

L

SO4_Ca2

SO4_Ca3







































0.36517

0.37189

0.42271

0.32662

1.034384

0.760074




















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Appendix C: Sample ZDD Model Output and Cost Calculations 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

A B C D

Output or formula Result

Water Alamogordo blend Alamogordo blend

Membrane NF90-NF270 NF90-NF270

Qprod gpm 2083.33333333333 2083.33333333333

mgd 3 3

QROp gpm 2104.17 2104.17

mgd =C6*1440/1000000 3.0300048

rRO/NF 0.7 0.7

RR 2.5 2.5

Eca 0.25 0.25

BackP psi 0 0

QmCl gpm 21.8292 21.8292

QmNa gpm 30.5667 30.5667

Qsi gpm 0 0

rZDD 0.9755 0.9755

=C15*100 97.55

rZDD2 0.9751 0.9751

Permeate TDS mg/L 420.3198 420.3198

Reject SiO2 mg/L 138.2996 138.2996

Amem m2 4578 4578

Nstacks 109 109

vstack cm/s 7.1362 7.1362

iedm A/m2 104.8774 104.8774

Iedm A 44.0485 44.0485

Vstack V 107.6478 107.6478

Pdc kWDC 516.848 516.848

Pac kWAC 608.0564 608.0564

PEDMpumps kWAC 123.8441 123.8441

PEDM kWAC 731.9006 731.9006

PRO/NF kW 140.1051 140.1051

EEDM kWh/kgal 5.8552 5.8552

ERO/NF kWh/kgal 1.1208 1.1208

EZDD kWh/kgal 6.976 6.976

EEDM kWh/m3 =C31*264.172/1000 1.5467798944

ERO/NF kWh/m3 =C32*264.172/1000 0.2960839776

EZDD kWh/m3 =C33*264.172/1000 1.842863872

Evap pond size acre 14.5142 14.5142

NaCl Needed lb/yr 15839000 15839000

Appendix C M.A. Cappelle

163



1

A B C D

Output or formula Result

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

Awaste1 acre 0 0

Awaste2 acre 0.28 0.28

Awaste3 acre 1.45 1.45

ANaCl1 acre 7.26 7.26

ANaCl2 acre 7.12 7.12

ANaCl3 acre 6.53 6.53

MCaSO4_1 lb/day 31300 31300

MCaSO4_2 lb/day 31200 31200

MCaSO4_3 lb/day 32600 32600

MNaCl_1 lb/day 35400 35400

MNaCl_2 lb/day 35400 35400

MNaCl_3 lb/day 27200 27200

MMgOH (case 3) lb/day 4995.26 4995.26

MLime (case 3) lb/day 4807.44 4807.44

VNaCl - salt recovery 1 gal/day 75500 75500

VNaCl - salt recovery 2 gal/day 74000 74000

VNaCl - salt recovery 3 gal/day 67900 67900

VmCl - salt recovery 3 gal/day 31400 31400

Coefficients & ratios

DCaSO4_1 mol/L 0.36517 0.36517

DCaSO4_2 mol/L 0.37189 0.37189

DCaSO4_3 mol/L 0.42271 0.42271

DMg mol/L 0.32662 0.32662

SO4_Ca2 (ratio) 1.034384 1.034384

SO4_Ca3 (ratio) 0.760074 0.760074

MNaCl1/MNaCl =C49*365/C$38 0.815771197676621

MNaCl2/MNaCl =C50*365/C$38 0.815771197676621

MNaCl3/MNaCl =C51*365/C$38 0.626807247932319

Capital Costs assumptions

EDM $1300/m2 =1300*C20 5951400

RO/NF $1.50/gpd ROp =1.5*C7*1000000 4545007.2

Concentrate Management & Salt Recovery

Evaporation pond - no salt recovery $200K/acre =200000*C37 2902840

Evaporation ponds - salt recovery 1 $200K/acre =200000*(C40+C43) 1452000

Evaporation ponds - salt recovery 2 $200K/acre =200000*(C41+C44) 1480000

Evaporation ponds - salt recovery 3 $200K/acre =200000*(C42+C45) 1596000

Gypsum reactor - salt recovery 1 $0.79/gpd feed =0.79*C54 59645
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Gypsum reactor - salt recovery 2 $0.79/gpd feed =0.79*C55 58460

Gypsum reactor - salt recovery 3 $0.79/gpd feed =0.79*C56 53641

Lime softening system - salt recovery 3 $0.96/gpd feed =0.96*C56 65184

Annual Production gal,90% capacity factor =0.9*365*C5*1000000 985500000

Total Capital Cost $

Installation factor 1.5

No Salt Recovery =$B$84*(C$70+C$71+C73) 20098870.8

Salt Recovery - 1 =$B$84*(C$70+C$71+C74+C77) 18012078.3

Salt Recovery - 2 =$B$84*(C$70+C$71+C75+C78) 18052300.8

Salt Recovery - 3 =$B$84*(C$70+C$71+C76+C79+C80) 18316848.3

Total Annual CapEx 6%, 20 yr

No Salt Recovery =-PMT(0.06,20,C85) 1752311.14643298

Salt Recovery - 1 =-PMT(0.06,20,C86) 1570375.06681786

Salt Recovery - 2 =-PMT(0.06,20,C87) 1573881.84766086

Salt Recovery - 3 =-PMT(0.06,20,C88) 1596946.30424769

Annual Operations & Maintenance Costs =C33/1000*C82 6874848

Power $/year, $.10/kWh =C33/1000*C82*0.1 687484.8

NaCl Purchased ='mineral prices'!G75 /lb (USGS) /lb (USGS)

No salt recovery =0.9*C38*$B$97 821571.520715588

Salt recovery - 1 =C$98-0.9*365*C49*$B$97 151357.13728443

Salt recovery - 2 =C$98-0.9*365*C50*$B$97 151357.13728443

Salt recovery - 3 =C$98-0.9*365*C51*$B$97 306604.53683628

Lime Purchased ($/lb, USGS) ='mineral prices'!J9 =$B$102*0.9*365*C53 87095.308806

RO Chemicals 0.07/kgal feed =0.07*C7/C8*1000*365 110595.1752

RO membrane replacement 0.16/kgal feed =0.16*C7/C8*1000*365 252788.971885714

EDM membrane & electrode replacement 0.32/kgal perm =0.32*C5*1000*365 350400

Evap pond Annual Costs

No salt recovery =0.9*(0.005*C73) 13062.78

Salt recovery - 1 =0.9*(0.005*C74) 6534

Salt recovery - 2 =0.9*(0.005*C75) 6660

Salt recovery - 3 =0.9*(0.005*C76) 7182

Total O&M Costs $/year

No salt recovery =C$96+C98+C103+C104+C105+C107 2235903.2478013

Salt recovery - 1 =C$96+C99+C103+C104+C105+C108 1559160.08437014

Salt recovery - 2 =C$96+C100+C103+C104+C105+C109 1559286.08437014

Salt recovery - 3 =C$96+C101+C102+C103+C104+C105+C110 1802150.79272799

$/year, 0.5% of installed evap pond cost (Mickley 2006-See La Junta final report)
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