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ABSTRACT 

 
Exacerbated by anthropogenic climate change, the water-energy nexus has become a major 

challenge for rural and remote communities that experience low water supplies, low drinking 

water quality, and underdeveloped electrical grid, such as in the Navajo Nation reservation in the 

southern U.S. As a result, desalination systems powered with renewable energy can becomes a 

viable and attractive option for treating brackish groundwater. This study focuses on removing 

total dissolved solids and specific contaminants from brackish groundwater using the newly 

developed closed-circuit desalination (CCD) reverse osmosis (RO) and nanofiltration (NF) 

processes powered by simulated solar energy for the Navajo Nation. Bench-scale and pilot-scale 

investigations and computer simulations were conducted to compare RO and NF desalination 

based on water productivity, product water quality, and energy demand. 

Desalination of two different synthetic feed solutions, with and without pretreatment, with 

the BW30 and NF90 membranes (DuPont), were compared at 80%, 90%, and 95% water 

recoveries. Multiple 50-hour long bench scale experiments were conducted under variable 

conditions. The NF90 membrane produced water with higher permeate concentrations (~80-400 

mg/L) at all recoveries compared to the BW30 (50-100 mg/L), and specific water energy 

consumption (SWEC) for the NF90 was 0.2-0.9 kWh/m3 compared to 0.2-0.5 kWh/m3 for the 

BW30. CCD-RO system performance under two simulated solar energy profiles (5-days in 

winter and summer) were evaluated at 90% recovery with one BW30-4040 membrane on a pilot-

scale system. System inefficiencies were determined from SWEC calculations (9-18 kWh/m3) 

due to small number of membranes installed in the system. However, salt rejections of 85-98% 

over the course of a day resulted in high quality, drinkable water. Computer simulations with the 

WAVE and ROSA design platforms determined optimal system design and performance by 

evaluating different membrane configurations with the intent of producing 3,000 gallons of 

purified water per day. Results revealed that a CCD system with one BW30-400 or 6-8 BW30-

4040 membranes in series will be required to produce good quality drinking water at high 

recovery (80-94%) and low SWEC (<1 kWh/m3). 
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CHAPTER 1  

INTRODUCTION 

Through recent and historical scientific data, it is evident that global water and energy 

resources are becoming scarce in many parts of the world, will limit sustainable development, 

and might trigger geopolitical tensions. Exacerbated by anthropogenic climate change, the water-

energy nexus is especially challenging for communities that also experience low drinking water 

quality, low water supplies, and underdeveloped electrical grid. Modern day water treatment 

methods include processes that rely heavily on pumps and controls to produce and convey high-

quality water for local communities; thereby consuming large amounts of electrical energy that 

some communities have never seen before in their homes. In particular, this problem is common 

among United States federally recognized tribal lands, such as the Navajo Nation (NN) 

reservation. 

The NN is home to approximately 173,000 people (off-reservation population: 300,000+) 

that reside in parts of Arizona, New Mexico, and Utah. The Navajo Nation, like many other 

small and remote communities, lack the water and energy infrastructure necessary to power the 

communities’ water supply and demands. In fact, 58 out of every 1,000 Native American homes 

lack plumbing infrastructure compared to 3 out of every 1,000 homes for average American 

households [1]. Furthermore, it would cost more than $200 million to supply basic sanitation and 

water access, and $40,000 on average to connect one home, which adds up when considering that 

30% of the NN population still remain disconnected to a central power source [2, 3]. 

Given that the arid land has been experiencing frequent droughts and water injustices related 

to surface water allocations of the adjacent Colorado River, about half the reservation 

consequently endures miles of driving to buy drinking water or capture groundwater from 

sporadic, unregulated water sources. Common constituents found in most groundwater aquifers 

are sodium, chloride, calcium, magnesium, sulfate, potassium, bicarbonate, and high 

concentrations of total dissolved solids (TDS) [4]. The NN’s groundwater includes these 

constituents as well as heavy metals and radioactive material, most of which exceed the 

maximum contamination levels in drinking water, including uranium and arsenic [5, 6]. These 

constituents occur naturally in the environment but have increased contamination in groundwater 

aquifers due to historical mining throughout the reservation. Possible health effects from 
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drinking such contaminated water include kidney and heart disease, diabetes, and bone and lung 

cancer. A recent University of New Mexico study showed that more than a quarter of Navajo 

women had higher levels of uranium in their body than that found in the top 5 percent of the U.S. 

population, further identifying that on average teenage Navajo girls are 17 times more likely to 

have reproductive organ cancers than U.S. girls [7]. 

The Navajo Nation groundwater can be categorized as brackish due to TDS levels in the 

range of 1,000-3,000 mg/L. However, the national secondary maximum contaminant level 

(SMCL) recommends TDS levels to be at or below 500 mg/L for potable water. In response to 

the COVID-19 pandemic beginning in 2020, the NN was hit the hardest in the first wave, 

surpassing the states of New York and New Jersey in per-capita COVID-19 infection rates [8]. 

Without basic sanitation (i.e., water and soap) to combat the pandemic, the NN suffered and lost 

933 lives as of January 20, 2021 [9]. For a poverty-stricken community where the average 

household income is approximately $27,000 annually, an innovative and economically viable 

solution is crucial to tackle this water-energy crisis, especially as COVID-19 persists during the 

period of when this paper was written. 

 

1.1  Desalination of the Navajo Nation’s Brackish Groundwater 

Viable technologies that can separate the contaminants of concern from potable water is 

desalination via membrane processes such as reverse osmosis (RO), nanofiltration (NF), or 

membrane distillation (MD). RO and NF are commercial pressure-driven membrane processes 

that use semipermeable membranes to filter particles less than 0.001 micrometers (m) in 

diameter, including monovalent ions such as sodium and chloride. RO and NF have been proven 

to successfully remove dissolved solids and recover 95-99% of water from impaired sources, 

further qualifying as the best water treatment process for groundwater in remote communities. 

MD is an experimental thermal process in which contaminated water is heated and pure water is 

evaporated through a microporous-hydrophobic membrane. On the other side of the membrane, 

the pure water vapor condenses to form pure distillate. 

Membrane desalination has been historically overlooked due to its high energy consumption 

and feed water pretreatment costs for effective and efficient membrane operation. However, 

more recently, desalination systems have been investigated and operated with different sources 

of renewable energy (RE) such as solar photovoltaic (PV) and wind. Due to the natural variation 
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of solar irradiance and wind speed, RE-RO systems tend to be energy inefficient [10]. This is a 

problem that can affect the membrane life, system life, and overall water quality and quantity. 

Pressure-driven membrane processes are more successful when the system is in continuous 

operation and consuming a consistent amount of power over time, because constant and high 

crossflow velocity of the feed stream minimizes scaling and fouling, which is the accumulation 

of dissolved minerals and particulate matter (e.g., colloids, microorganisms) on the membrane 

surface, respectively [11]. Various approaches to operate RO and NF systems off the grid, while 

overcoming power intermittency and increasing energy efficiency, include operation with: 1) 

backup diesel generators, 2) batteries to store RE, 3) batteries with a charge regulator, 4) 

(super)capacitors, 5) maximum power point trackers for solar energy, 6) energy recovery devices 

(i.e., pressure-exchangers), and 7) hybrid systems that use two sources of energy input (e.g., 

wind and solar, pressure retarded osmosis (PRO) and solar, electrodialysis reversal (EDR) and 

solar) [6, 8–13]. One study investigated operations with a DC motor and a three-phase motor in a 

bench-scale PVRO system with batteries. As a result, the three-phase motor achieved lower 

specific energy consumption (SEC) of 3.03 kWh/m3, versus the DC motor with 4.72 kWh/m3 

[18]. 

There are more than 100 PVRO systems installed or currently undergoing feasibility tests in 

remote and underdeveloped communities, some of which may be due to the increase of 

commercial, small-scale brackish water PVRO systems [17–19]. For example, a small village in 

Jordan treated 1700 ppm TDS feed water using a PVRO system with four membranes for 24-

hour operation by utilizing eight PV modules with a charge regulator and two batteries for 

periods of limited solar energy (i.e., nighttime and cloudy days). The system included a softener 

unit (i.e., two cartridge filters and a granulated activated carbon unit) to prevent scaling, three 

pumps, and an electronic control unit; achieving an average SEC of 26 kWh/m3, ~34% water 

recovery, ~98% salt rejection, and 0.5 m3/day average permeate production [10]. 

Water desalination is not sustainable without proper pretreatment to protect downstream 

processes and materials, such as the softening unit in the previous study. Several proper 

pretreatment methods for RO and NF processes include screening for course sediment (>3,000 

m) removal, cartridge filters for finer sediment (1-3,000 m) removal, chemical oxidants for 

organic material control, and acid or antiscalants dosing for inorganic material control [7, 16]. 

NN groundwater contains little to no organic material, therefore this study will only focus on 
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removing inorganic material such as dissolved minerals. Common minerals to cause scaling are 

calcium sulfate (CaSO4), calcium carbonate (CaCO3), magnesium hydroxide (Mg(OH)2), 

magnesium carbonate (MgCO3), and silica [23]. Scaling problems are typically treated by dosing 

the feed water with antiscalants, which have been known to suppress precipitation of salts. 

However, because most anti-scalants are polyphosphate-based, they can increase the risk of 

biofouling, and hence reduce water recovery, increase the need for membrane cleaning, and 

complicate concentrate disposal [24]. Another option is to selectively remove scale-forming ions 

such as calcium and magnesium, using ion exchange (IX) technology. IX resins work well until 

the resins reached their capacity to exchange. Therefore, a regeneration step is required to 

reconstitute the resin as close to its original state for continuous operation. Regeneration can be 

costly, depending on the regenerate chemical of choice and how often regeneration occurs [25]. 

As of today, a large number of studies have tested IX resin as a pretreatment method for RO, and 

also have demonstrated the use of RO brine as an effective IX regenerate instead of purchasing 

additional chemicals [17, 18, 20–24]. A grid-connected, pilot-scale, single-stage RO (one 

Filmtec LC HR-4040) system with IX softening pretreatment confirmed that IX used as a 

pretreatment step for BWRO can easily increase water recoveries (from 75% to 85%), and is the 

preferred method to decrease scaling effects [26]. The study also proved that high recovery RO 

brine can effectively and efficiently regenerate the strong cation exchange resin due to the high 

monovalent-multivalent ratio [26]. 

A previous desalination study has already been completed on NN land. In 2014, sweeping 

gas MD (SGMD) desalination coupled with solar PV and thermal energy was investigated for the 

NN’s brackish groundwater at a pilot-scale site (located in Leupp, AZ) operated by the 

University of Arizona and Bureau of Reclamation (BOR) [32]. SGMD follows the same process 

as MD, but with the addition of utilizing cool-inert gas on the permeate side of the membrane to 

sweep clean water vapor into an external condenser. The study found the SGMD system to be 

overly complex and expensive for widespread development, and therefore investigated NF 

treatment. The BOR continued the NF study where two systems were designed and tested to 

produce 500 gallons per day (gpd) of permeate. One small-scale system used one NF270-4040 

membrane and a larger scaled system used a combination of NF270-2540 and NF90-2540 

membranes (two pressure vessels in series with three elements in each). Although both systems 

performed successfully, water recoveries remained very low – between 15% (small-scale) and 
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30% (large-scale) – for the purpose of preventing the use of added chemicals (i.e., antiscalants, 

acids) and to produce brine concentration levels that may be within livestock drinking water 

quality [33]. Operating at low water recoveries implies that there will be high volumes of 

residual brine, and therefore additional costs and components need to be considered for brine 

management. Brine management in the above study consisted of disposing brine into an adjacent 

evaporation pond that required periodic (1-3 years) sediment removal. 

Due to the capital costs included with design and operation of a PVRO system, interested 

stakeholders may first design and optimize a PVRO system by utilizing one or more software 

that can simulate different operations. Therefore, there are more than 50 simulated PVRO 

models that have been published [8, 13, 28–36] to optimize and determine the feasibility of RE-

RO systems in their area of interest. The most common software that studies have used to 

determine economic feasibility of RE-driven desalination is the HOMER software developed by 

NREL [28, 33, 36, 37]. 

 

1.2  Closed-circuit desalination 

Other than energy recovery devices and batteries, an additional method for optimizing energy 

demand in desalination is to integrate the newly commercialized closed-circuit desalination 

(CCD) configuration in RO and NF processes [38–41]. CCD is an emerging semi-batch process 

that enables high water recovery (up to 97%) at low pressures, thereby minimizing 

scaling/fouling and lowering overall energy consumption [42–45]. Like the conventional RO 

process presented in Figure 1.1a., CCD brings in feed water and pushes it through a semi-

permeable membrane, producing both brine (also known as concentrate or reject) and permeate. 

However, instead of continually generating large volumes of brine, CCD recirculates the brine 

with the incoming feed water as shown in Figure 1.1b. 

As a semi-batch process, the brine continues to recycle during the closed-circuit (CC) phase, 

until reaching a desired water recovery ratio or feed water concentration as shown in Figure 1.1c. 

[46]. Once the CC phase reaches it end point, the system opens the discharge valve and switches 

to plug flow (PF) phase to flush out the concentrated brine with feed water as shown in Figure 

1.1d. [46]. Once the system is effectively “washed out”, a new sequence of CC and PF starts. 

There are multiple cycles that occur during the CC phase and therefore a complete CC batch 

makes up those cycles. A full CC sequence is the CC batch with a PF batch. 
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Figure 1.1 Flow diagram of a conventional one-stage RO system (a) and a CCD system (b) that 
includes a recirculation pump (CP) and 3-way valve. The CCD process operates in two phases. 
The first being (c) closed-circuit (CC) phase where brine is continually being recycled with feed 
water by a CP. The second phase (d) is plug flow (PF) where the 3-way valve switches to 
discharge the highly concentrated solution with feed water. 
 

Previous and ongoing CCD case studies have been integrated in real-world applications in 

the US. For example, the Coca-Cola company was able to reduce their water cost and footprint 

by increasing recovery from 80% to 90%; the Southern California Edison company increased 

reliability and reduced operation costs of five of their power plants by operating at 91% water 

recovery; and California municipalities are upgrading current RO units to achieve 92-96% water 

recovery [52]. Smaller scaled CCD studies (i.e., models, bench, pilot) have demonstrated high 

salt and organic rejection of oil & gas produced water for reuse [53], high nitrate removal 

(~80%) and 90% recovery from highly concentrated nitrate water [54], and 20-29% energy 

savings with seawater CCD (without energy recovery devices) compared to conventional 

seawater RO [55]. Another study retrofitted a conventional BWRO unit to include a separate 

CCD system that achieved an overall energy consumption of 0.61 kWh/m3 [56]. The pressurized 

brine produced from the conventional BWRO unit was fed into the CCD system (holding four 

membranes) for an 88.5% overall water recovery and 180 mg/L average permeate TDS [56]. The 
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above CCD studies were achieved through electrical grid connection. As of today, no studies 

have investigated brackish groundwater treatment by CCD-RO/NF in conjunction with RE. 

Therefore, the main objective of this research was to develop small-scale, combined water-

energy CCD systems that minimize brine production while maximizing water recovery, water 

quality, and RE utilization when desalinating impaired brackish groundwater for remote 

communities. This was accomplished through OLI scaling analysis, bench-scale experimentation 

with and without pretreatment, pilot-scale experiments under simulated solar scenarios, and 

Water Application Value Engine (WAVE) CCD and ROSA coupled with a DPP tool 

(Desalitech) for modeling larger-scale CCD systems for performance optimization. 
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CHAPTER 2  

MATERIALS AND METHODS 

2.1 Groundwater analysis and synthetic solution  

The feed water tested on the bench and pilot-scale desalination systems was a synthetic 

solution that simulates the chemistry of well 5T-529 near Leupp, Arizona (35°25'53.2"N 

111°06'43.5"W). The water analysis, summarized in Table 2.1, is moderately challenging with 

some contaminants being at or above the National Secondary Drinking Water Regulations. There 

are two different water sample analysis for Well 5T-529. As labeled in Table 2.1, the ‘less 

challenging’ (LC) water analysis is an average of six samples taken at different times and 

excluded Fe3+ concentrations, while the ‘more challenging’ (MC) is the highest concentration 

sample among the six samples with the addition of Fe3+. The darker gray highlighted cells 

indicate values that are above the EPA secondary maximum contaminant levels (SMCL) and the 

lighter gray cells indicate values that are within 5% of reaching the SMCL. Prior to bench-scale 

experiments, 60 L batches of synthetic solution were prepared by first adding sodium 

metasilicate pentahydrate to deionized (DI) water and then adjusting the pH to approximately 7.5 

using hydrochloric acid and sodium hydroxide. The rest of the salts (ACS grade, Sigma Aldrich) 

were then mixed into the solution. Feed water batches of ~800 L (~211 gal) for pilot-scale 

experiments were prepared in the same order. 

 

Table 2.1 Full analysis of the 5T-529 well at less challenging (LC) and more challenging (MC) 
qualities, and of the bench-scale and pilot-scale synthetic feed solutions. Cells highlighted in 
darker gray indicate values are above EPA secondary maximum contaminant levels (SMCL) and 
lighter gray cells indicate values within 5% of reaching the SMCL. Salt used in the preparation 
of the feed solutions at a 1X concentration factor (CF) include NaCl (276 mg/L), FeCl3 (2 mg/L), 
CaCl2·2H2O (287 mg/L), KCl (5 mg/L), MgCl2·6H2O (397 mg/L), Na2SO4 (340 mg/L), 
Na2SiO3·5H2O (37 mg/L), and NaHCO3 (286 mg/L). 

Analyte Well 5T-529 LC 

Well 5T-529 

MC 

Bench-Scale LC 

Feed without 

Pretreatment 

Pilot-Scale 

Feed LC with 

Pretreatment 

pH   7.5 7.5 7.5 7.0 

D.O., mg/L   9.5 9.5 -- -- 

Cond., mS/cm   2.26 2.26 2.4 2.3 

Alkalinity, mg/L CaCO3  208 208 -- -- 

TIC, mg/L mean  56.3 49.0 -- -- 

TDS (calc), mg/L  1330 1356 -- -- 

Cl–, mg/L   448.7 475.0 408.1 409.6 

SO4
2–, mg/L  2230 242.0 275.8 191.8 
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Table 2.1 continued 

Analyte Well 5T-529 LC 

Well 5T-529 

MC 

Bench-Scale LC 

Feed without 

Pretreatment 

Pilot-Scale 

Feed LC with 

Pretreatment 

Na+, mg/L  240.3 254.0 338.8 150.3 

K+, mg/L  2.5 2.7 1.3 3.4 

Ca2+, mg/L  78.0 84.2 92.8 78.7 

Mg2+, mg/L  47.5 52.0 54.2 36.5 

Fe3+, mg/L 0.8 0.8 -- -- 

Al3+, mg/L 0.005 0.022 -- -- 

Sr2+, mg/L   1.5 1.7 -- -- 

Mn3+, mg/L 0.005 0.01 -- -- 

Si, mg/L  4.37 4.9 7.2 3.8 

SiO2, mg/L 9.0 10.6 -- -- 

 

2.2 Membranes investigated 

Dupont Filmtec BW30 and NF90 were the two commercial polyamide thin-film composite 

membranes investigated in this study. BW30 is a brackish water RO membrane that has been 

reported to offer high quality water (i.e., lowest salinity permeate) and recovery rates [55, 56]. 

On the other hand, NF90 has been used in previous studies as a pretreatment step for RO 

desalination [59], and has been reported to operate at higher flux rates and lower pressures, but 

has lower rejection rates than BW30 [58, 59]. Bench-scale experiments with the BW30 and 

NF90 flat sheet membranes were conducted in two crossflow membrane cells (SEPA-CF, GE 

Water) connected in series. Each cell holds a flat sheet membrane (0.014 m2) of the same 

membrane type (NF90+NF90 and BW30+BW30). Pilot-scale experiments were conducted with 

a single BW30-4040 spiral wound membrane (7.2 m2; 4” diameter and 40” in length) positioned 

in a single-membrane fiberglass pressure vessel. 

 

2.3 CCD-RO bench-scale system design 

A flow diagram of the bench scale CCD system is illustrated in Figure 2.1. The bench-scale 

system was fully automated, remotely monitored and controlled using a SCADA system 

(LabVIEW, National Instruments, Austin, TX; and UE9, LabJack Corporation, Lakewood, CO). 

A low-pressure pump was used to manually transfer raw synthetic feed water from a 60 L stock 

feed solution preparation tank through a cationic IX resin bed (Amberlite IRC747, Dow 

Chemical Company, Philadelphia, PA) and a 0.5-m cartridge filter, into another 60 L pretreated 

feed tank. A diaphragm pump (Par-Max 2.9 – 31395-0094, JABSCO, Minneapolis, MN) was 
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used to automatically convey the pretreated feed water from the 60 L tank to the 4 L feed tank at 

the start of a new CCD sequence. 

A positive displacement pump (Hydra-cell M03, Wanner Engineering Inc., Minneapolis, 

MN) was used to circulate synthetic feed water at constant flow (1.4 L/min) through the two 

membrane cells, whereby the first cell’s brine becomes the second cell’s feed, as depicted in 

Figure 2.1. Unlike large scale CCD systems (and to avoid the use of complex recirculation 

pump) [11], our bench-scale CCD system recirculates the brine back into the feed tank during the 

CC phase; thus, the solution in the feed tank becomes more concentrated while its volume 

decreases as time progresses. A feed conductivity probe and pressure sensor were installed in the 

feed tank, and a set point volume was used to stop the CC phase and start the PF phase. 

After passing through the two membrane cells and before returning to the feed tank, the brine 

passes through a pressure gauge, an automated back-pressure proportional valve that controls 

water flux, an analog flow meter, a heat exchanger connected to a cooling system, and an 

automated 3-way valve. Once water recovery was achieved during a CC phase, the PF phase 

starts; the 3-way valve is switched to drain, and the brine is flushed out of the system. PF 

flushing proceeds for 1-2 min based on system volume (i.e., remaining feed water volume, water 

lines, and membrane cells), and once PF concluded, the 3-way valve switched back to recirculate 

water into the 4 L feed tank (CC mode). Concurrently, the diaphragm pump is turned on and 

transfers a new batch of feed water into the 4 L feed tank. 

The permeate from each membrane cell flows through a train consisted of a flow meter 

(Atrato, Titan Enterprises Ltd., Sherborne, UK) and a conductivity probe (Cole-Parmer, Court 

Vernon Hills, IL) before entering a 1 L reservoir used for a secondary measurement of flux. 

Because there are two permeate lines and thus two flux measurements, the SCADA system was 

designed with user’s ability to control the system (constant water flux operation) by flux data 

from either cell #1 or cell #2. 
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Figure 2.1 Schematic of the bench-scale CCD system. Synthetic feed water is prepared in the 60 
L stock feed tank and pretreated through an IX column and cartridge filter. Pretreated feed water 
is conveyed via a diaphragm pump, from the 60 L pretreated feed tank and into a 4 L feed tank. 
The feed water then circulates through the membrane cells before flowing back to the 4 L feed 
tank during CC or flushing out of the system during PF. Permeate water is temporarily stored in 
the 1 L reservoir before it is discharged out of the system. 
 

2.4 Bench-scale experimental procedures 

Prior to startup and every three weeks, all conductivity probes, flow meters, and pressure 

sensors were calibrated. When new flat sheet membranes were installed into the membrane cells, 

pre-compaction tests were conducted using 4 L of a diluted salt solution (1000 mg/L NaCl in DI 

water) at constant flow, pressure, and temperature (1.4 L/min, 400 psi, 20 °C) with permeate 

recycling back to the feed tank. Using identical conditions, integrity tests were conducted prior to 

each experiment to ensure membrane integrity and accuracy of the digital flow meters. 

Given the high concentrations of magnesium and calcium in the feed solution, scaling of the 

membrane is possible; therefore, a scaling analysis was conducted using the OLI Stream 

Analyzer software (OLI Studio 9.6, OLI Systems, Inc.) The software provides the scaling 

tendency (ST) for 0-100% water recovery based on the constituents in the feed water. ST results 

are shown in Figure 2.2. 
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Figure 2.2 Scaling tendencies for the more (dashed lines) and less (solid lines) challenging 
waters, over different water recovery percentages for the Navajo Nation 5T-529 groundwater 
well. 
 

Scaling analysis results indicate sub-saturation (ST<1; solid unexpected to form) to 

saturation (ST=1; solid in equilibrium). Due to gypsum (CaSO42H2O) reaching saturation at 

high water recovery (>93%), pretreatment methods were added to the bench-scale system to 

ensure removal efficiency of calcium and magnesium. Silica is one of the major scalants for RO 

membranes, and as seen in Figure 2.2, it reaches saturation at 90% water recovery for the more 

challenging water and 95% water recovery for less challenging water. Silica’s low solubility 

characteristics enable precipitate to form once the TDS concentration reaches ~300 mg/L [62], 

and therefore makes it very difficult to clean the membrane without causing further damage from 

the cleaning chemicals [63]. Cations such as calcium and magnesium usually promote silica 

scaling and therefore previous studies investigated softening methods to indirectly alleviate silica 

scaling [9–11]. In the current study we explored the effectiveness of the IX softening process to 

reduce silica scale on RO and NF membranes. Other studies have removed or inhibited silica 

scale through coagulation [67], acid dosing [68], and/or antiscalant dosing [69]. 
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Bench-scale experiments were conducted over a 50-hour time period to compare Navajo 

brackish groundwater treatment at 80%, 90%, and 95% water recoveries while desalinating 

synthetic feed water with or without pretreatment. The CCD bench-scale system was limited to 

80% recovery due to a ratio between minimum and full water volumes in the system; therefore, 

for the higher recovery experiments (90% and 95%), the concentration of the synthetic feed 

solution was higher at the beginning of the experiments—a concentration factor of two and four, 

respectively. All bench-scale experiments were conducted under constant feed flow (1.4 L/min), 

temperature (20 °C), and flux (30 LMH) that was controlled via cell #1. Permeate samples were 

collected after 10-20 hours of operation to conduct an ion chromatography (IC) and inductively 

coupled plasma (ICP) spectroscopy for water quality determination. Post-experimental 

procedures included washing the system with 2-4 L of DI water at 0 psi. 

 

2.5 Pilot-scale designs and procedures 

2.5.1 Hybrid conventional RO/NF and CCD-RO/NF pilot-scale design  

A positive displacement, high-pressure pump (HPP; Hydra-Cell M03, Wanner Engineering 

Inc., Minneapolis, MN) was used to convey synthetic feed water from a 275-gallon (~1000 L) 

IBC feed tank. A chiller was used to control feed water temperature at a preset level. Feed water 

was flowing through a 0.5 m cartridge filter, a 3-way valve used for flushing salt water from the 

membrane, a pH sensor, and a temperature sensor before entering the HPP. After the HPP, the 

feed flows through a digital flow meter (Great Plains Industries Inc., S07N, Wichita, KS) and has 

the option to enter one of two pressure vessels by use of a 3-way manual valve as shown in 

Figure 2.3. Only the short pressure vessel was used in this study. Pressure transducers and 

gauges are installed before and after the membrane. The brine flows through another 3-way 

manual valve, a high-pressure conductivity sensor (ASTI, AST41 with 3-TX CON, Orange, CA), 

a digital flow meter, a turbidity sensor (Optek, AF16-N, Germany), and a circulation pump (CP; 

Grundfos, D-99673555, Denmark). After the CP, brine enters an automatic 3-way valve that 

controls conventional RO operation or CCD operation. In conventional RO mode, the valve is 

continually positioned to discharge brine out of the system, and in CCD mode the valve switches 

positions from recirculating brine into the membrane loop (CC) to discharging the brine out of 

the system (PF). When recirculated back to the membrane, brine reenters the manual 3-way 

valve (before the pressure vessels) and mixes with incoming feed flow. When discharging or 
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operating in conventional RO mode, the HPP is continually bringing in feed water, mixing with 

brine and flows through a back-pressure proportional valve (Hanbay, MCL-000AB, China) and 

an analog flow meter before it is released into the 275-gallon (~1000 L) permeate/brine tank.  

 

 

Figure 2.3 Schematic flow diagram of the hybrid conventional RO/NF and CCD system. Flow 
begins from the 1000 L feed tank, through the feed line of sensors and cartridge filter, before 
entering the high-pressure pump (HPP). A manual 3-way valve right before and after the 
pressure vessels determines the direction feed (dark blue line) and brine (orange line) flow, 
respectively. Only one pressure vessel can be selected for water treatment. Brine is discharged to 
the large permeate/brine tank. Permeate flows into the permeate flush tank, whereby overflow at 
87 L is transported to the permeate/brine tank. The flush tank is used for flushing the system at 
the “end of the day” and prior to the idle state during solar energy mode. 

 

The permeated water leaving the membrane flows into a flow meter (JLC International, Titan 

Series 800) and a conductivity sensor before discharging into an elevated 100 L permeate flush 
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tank. The flush tank has an overflow outlet at approximately 87 L for excess permeate to 

discharge into the permeate/brine tank. The permeate water held in the flush tank is released into 

the feed line via an automated 3-way valve and allows for a clean flush (i.e., reject conductivity ≅ permeate conductivity) of the desalination system before it goes into a standby mode (e.g., 

when RE is becoming unavailable). The large permeate/brine tank was installed above the feed 

tank and drains permeate into the feed tank on command via a solenoid valve. Being a closed-

loop system, no liquid is discharged from the system; rather, all water is recycled and stored 

within the system to regenerate synthetic feed water by mixing the permeate and brine that is 

already in the feed tank. 

Lastly, there are two AC current transducers (CR Magnetics Inc., CR4110-25) installed on 

the HPP and CP to measure and record electric current. With a 208 VAC system, the SCADA 

system calculates power demand based on the current readings and set system voltage. All other 

sensor, meters, and valves in the system receive power directly from the electrical grid and are 

not recorded for power consumption. Therefore, later energy results are specified as specific 

water energy consumption (SWEC) rather than SEC that includes total system SEC.  

 

2.5.2 Operational profiling of the pilot-scale CCD-RO system 

Operational profiling experiments were completed to understand and determine optimum 

CCD-RO operation of the pilot-scale system for simulated solar experiments under NN synthetic 

solution. An 800 L synthetic batch of the same water quality as the less challenging pretreated 

bench-scale solution was prepared and mixed in the large feed tank (Table 2.1). These 

experiments were conducted at 80%, 90% and 91-93% recoveries under a constant 

brine/recirculation flowrate of 45 L/min during CC. At each recovery, experiments with water 

flux of 15, 20, 25, and 28 LMH were conducted for one full CC batch. For 80% water recovery, 

experiments were also conducted at 10 LMH. During PF mode, feed flow was set to 3.5 L/min 

and water flux was to 50% of the CC flux rate setpoint, and the 3-way valve was set to discharge 

with the CP left in standby (0% pump speed). To ensure thorough cleaning of the system 

between batches, the PF process continued until the reject conductivity readings reached the 

initial conductivity of ~2.5 mS/cm. Temperature was set to control feed water at 20 °C. All 

parameters were monitored and recorded, including the power consumed by the HPP and CP via 

the current transducers installed. 
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2.5.3 Simulated solar profiles 

In this study, real solar PV energy was not collected for CCD-RO power demand; rather, 

hardware-in-the-loop (HitL) simulations of historical (30-year average) solar energy were 

discretized and converted into five energy levels (i.e., five pump voltage settings). HitL 

generated an understanding of the system performance characteristics, design considerations and 

adjustments, and potential flexibility of RE-powered desalination systems. The solar profiles 

used in this study were retrieved from NREL’s PVWatts Calculator 6.1.4. The PVWatts 

calculator is an interactive tool that enables users to model and estimate solar PV energy 

production and system costs expected from a proposed system.  PVWatts provided hourly PV 

performance data for a 1 kW DC system (fixed open rack array) for one full calendar year. Data 

included hourly beam and diffuse solar irradiance (annual daily average of 6.43 kWh/m2/day), 

ambient temperature, AC system output (1771 kWh/yr), and a few other parameters. Although 

Leupp, AZ coordinates were requested, the closest NREL solar data collection site and data used 

was 40 miles east, near Flagstaff, AZ (35.21, -111.66). Two sets of 5 days were chosen for solar 

simulation (January 1-5 and July 10-14) as shown in Figure 2.4. The AC output data was then 

discretized and converted to the five energy levels as follows: 1V = 100% power (full power), 

2V = 80% power, 3V = 60% power, 4V = 40% power, and 5V = 0% power (idle). The percent 

power states adjust system flux rates and the PF feed flow according to the 100% full power state 

that had been established at the start of experiments. 

 

2.5.4 CCD-RO experimental procedures with simulated solar 

Standard calibration procedures for the flow meters, pressure sensors, and probes were 

completed on the pilot system prior to startup and every three weeks. Similar to the operational 

profiling experiments, and because there is no pretreatment unit installed with the pilot-scale 

system, the synthetic feed solution prepared for experiments used water quality of pretreated, 

less challenging Navajo groundwater. The feed water analysis is shown in Table 2.1. The CCD 

system was run for 120 hours at a 25 LMH flux and 45 L/min brine/recirculation flow during CC 

mode and at 0-6 LMH flux and 3.5 L/min feed flow during PF mode. These operating conditions 

were tested under the two sets of solar profiles in Figure 2.4. Flow rates, pressure, conductivity, 

and power consumed were monitored and recorded every 5 seconds.  
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Figure 2.4 Historical 30-year average solar irradiance from (a) January 1-5 and (b) July 10-14 for 
a location 40 miles east of Leupp, AZ. Data collected from NREL’s PVWatts calculator 
determined the AC system output which further determined the pump voltage for system 
readability and operation. 
 

2.6 Process simulation 

2.6.1 WAVE for RO and CCD-RO simulations 

The Water Application Value Engine (WAVE), by Dupont Water Solutions, is a modeling 

software for water-treatment plant design that integrates ultrafiltration, RO, and IX. WAVE 

1.77a was used to optimize field-scale operation and performance and determine SEC across 

different RO and CCD configurations. The 14 different WAVE scenarios for less challenging 

NN groundwater are listed in Table 2.2; with each scenario projecting results in the range of 60-

97% overall water recovery depending on design limits. The desired production rate of 3000 

gallons per day (GPD; ~11,350 L/day) was previously determined by the BOR and is an 
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acceptable rate for the sporadic water wells across the reservation. Due to permeate flow limits in 

the BW30-4040 and NF90-4040 membranes (i.e., 1771 GPD and 1861 GPD, respectively), 

elements were added in series to achieve 3000 GPD. Considering limited hours of operation due 

to varied sunlight hours, the production rates were adjusted based on desired hours of operation 

(2.1): 

 𝑃𝑒𝑟𝑚𝑒𝑎𝑡𝑒 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 (𝐺𝑃𝐷) = 3000 𝐺𝑃𝐷 ∗ 24 ℎ𝑟𝑠𝐻𝑟𝑠 𝑜𝑓 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛   (2.1) 

 

Table 2.2 WAVE simulated scenarios for NN brackish groundwater of the less challenging 
water. 

Membrane Membrane 

diameter 

#Membranes in 

a pressure vessel 

Permeate 

production 

rate (GPD) 

Hours of 

operation/day 

Configuration 

BW30-4040 4 in 2 3000 24 95% BR 

NF90-4040 4 in 2 3000 24 95% BR 

BW30-4040 4 in  6 8000 9 95% BR 

NF90-4040 4 in 6 7000 10 70% BR 

BW30-4040 4 in 7 9000 8 95% BR 

NF90-4040 4 in 7 8000 9 85% BR 

BW30-4040 4 in 8 9000 8 95% BR 

NF90-4040 4 in 8 9000 8 95% BR 

BW30-400 8 in 1 9000 8 95% BR 

NF90-400/34i 8 in 1 9000 8 95% BR 

BW30-400 8 in 1 8000 9 95% BR 

NF90-400/34i 8 in 1 8000 9 95% BR 

SOAR-3000 8 in 1 8000 9 CCD 

SOAR-4000 8 in 1 8000 9 CCD 

 

WAVE 1.77a has the ability to use the CCD configuration; however, the program only 

allows CCD simulations with special Dupont CCD membranes, of which have yet to be released 

during the process of this paper. Following communication with Dupont representatives, two of 

the five spiral-wound 8” diameter membranes, namely SOAR-3000 (similar to NF90) and 

SOAR-4000 (similar to BW30) were used in the simulations. All other membrane elements that 

could not be simulated on WAVE with CCD, were simulated through conventional RO in 

WAVE but with a maximum 95% brine recycling (BR). NF90-4040 membranes in series (6 and 

7 elements) were limited by design warnings of reaching maximum permeate flow rates, 

primarily for the first element in series, and thus BR-RO recoveries had to be lowered. 
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2.6.2 DPP and ROSA for CCD simulations 

Prior to WAVE, Desalitech (now Dupont Water Solutions) developed a tool that enabled 

CCD simulations for most Filmtec membranes, including the membranes listed in Table 2.2, and 

it is the DesaliPRO Partner Tool (DPP). The DPP tool was used to assess the RO scenarios in 

Table 2.2 that could not be simulated in CCD mode, with the exception of the SOAR 

membranes. DPP works in conjunction with the Reverse Osmosis System Analysis (ROSA) 

software that primarily specializes in RO and NF design and performance, and some scale 

control options. Design information for a CCD-RO simulation began in DPP, whereby the tool 

generated three different CCD-RO projections (PF cycles, the first CC cycle, and the last CC 

cycle) used for ROSA inputs. ROSA 9.4.3, by DOW, without the CCD feature, generated results 

for each of the projections using the same feed water data (less challenging Well 5T-529) for all 

three projections. DPP would then converge the three projections into a single report of results. 

Similar to the WAVE scenarios, DPP/ROSA used equation 2.1 and adjusted element 

configuration to production rate and projected scenario results from 70-96% overall recovery 

depending on the design limits for each. Table 2.3 summarizes the 12 different DPP/ROSA 

scenarios. 

 

Table 2.3 DPP/ROSA simulated scenarios for NN brackish groundwater of the less challenging 
water. 

Membrane Membrane 

diameter 

#Memb in series/ 

pressure vessel 

Permeate 

production 

rate (GPD) 

Hours of 

operation/day 

Configuration 

BW30-4040 4 in 2 3000 24 CCD 

NF90-4040 4 in 2 3000 24 CCD 

BW30-4040 4 in  3 3000 24 CCD 

NF90-4040 4 in 3 3000 24 CCD 

BW30-4040 4 in 6 8000 9 CCD 

NF90-4040 4 in 6 7000 10 CCD 

BW30-4040 4 in 7 9000 8 CCD 

NF90-4040 4 in 7 8000 9 CCD 

BW30-4040 4 in 8 9000 8 CCD 

NF90-4040 4 in 8 8400 8.6 CCD 

BW30-400 8 in 1 8000 9 CCD 

NF90-400/34i 8 in 1 8000 9 CCD 
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Additional DPP/ROSA simulations were completed to compare specific water energy 

consumption (SWEC) with 6-membranes (BW30-4040 and NF90-4040) in series under the 

following desalination processes: zero BR, with BR, and CCD. Hours of operation were tested at 

9 and 10 hrs depending on the membrane. Table 2.4 summarizes the 7 different WAVE and 

DPP/ROSA scenarios for SWEC comparison. 

 

Table 2.4 WAVE and DPP/ROSA simulated scenarios to compare SWEC for NN brackish 
groundwater of the less challenging water. 

Membrane Membrane 

diameter 

#Memb in series/ 

pressure vessel 

Permeate 

production 

rate (GPD) 

Hours of 

operation/day 

Configuration 

BW30-4040 4 in 6 8000 9 0 BR 

NF90-4040 4 in 6 8000 9 0 BR 

NF90-4040 4 in  6 7000 10 0 BR 

BW30-4040 4 in 6 8000 9 95% BR 

NF90-4040 4 in 6 7000 10 70% BR 

BW30-4040 4 in 6 8000 9 CCD 

NF90-4040 4 in 6 7000 10 CCD 
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CHAPTER 3  

RESULTS & DISCUSSION 

3.1 CCD bench-scale results 

3.1.1 Bench-scale testing with less challenging Navajo synthetic feed water 

Flux, salt rejection, permeate conductivity, pressure, and specific water energy consumption 

(SWEC) were monitored over time to determine membrane integrity, possible scaling, and power 

demand. Water flux was kept constant at 30 LMH based on cell #1 throughout the duration of all 

experiments with ‘less challenging’ synthetic solution as shown in Figure 3.1 , where cell #1 

fluxes are depicted on the left and cell #2 on the right. Results from the more challenging feed 

solution are discussed in Section 3.1.2. One CC batch lasted 3-4.5 hours and can be defined by 

the interval between the spikes. The spikes in flux represent the switch from CC to PF—the 

system adjusts slower to the fast and substantial changes in feed concentration and pressure (i.e., 

from higher to lower) when attempting to maintain constant water flux. The greater the 

difference in final versus starting concentration, the higher the peaks. For example, NF90 at 95% 

water recovery had the highest peaks compared to the 80% and 90% water recovery. The same 

results were found for BW30 at 80% and 90% water recoveries. 

As explained in Section 2.3, the SCADA system allows the user to determine water flux 

based on cell #1 or cell #2 permeate flow rate. Therefore, the higher peaks in NF90 at 90% and 

95% recoveries for cell #2 versus that of cell #1 can be attributed to the system’s flux reading set 

to cell #1. In other words, the system will work harder to control cell #1 flux and the flux in cell 

#2 is dictated by the pressure needed to maintain preset flux in cell #1. BW30 80% and 90% 

recoveries had slightly shorter flux peaks than NF90 recoveries. This is due to the BW30 

membrane being less permeable than NF90 and therefore having a lower water flux. In addition, 

BW30 in cell #2 shows slightly lower fluxes at 27-29 LMH and this is because of the cell 

configuration in series; feed for cell #2 was cell #1’s brine. 

Note that the following results for the less challenging water treated via NF90 at 95% 

recovery without pretreatment did not last the entire duration of 50 hours due to the maximum 

pressure reaching 450 psi. On the other hand, NF90 at 95% recovery with pretreatment lasted the 

entire experiment duration. Further verifying that the NN brackish groundwater (for all varying 

water quality concentrations) needs to be pretreated or introduced to additional cleanings if the 

NF90 membrane will be used to recover 95% of the water or higher. 
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Figure 3.1 Water flux as a function of time and CC water recovery (80%, 90%, and 95%) during 
bench-scale CCD experiments with less challenging NN synthetic feed solution for (a) cell #1 
with NF90 (b) cell #2 with NF90, (c) cell #1 with BW30, and (d) cell #2 with BW30 flat sheet 
membranes. Two membrane sheets in series allowed for separate permeate results, thereby 
distinguishing them by cell #1 (first in line) and cell #2. A constant flux of 30 LMH was used for 
all experiments with the exception of peak fluxes that occurred during PF mode, which is due to 
the abrupt changes in feed concentration and time required for the SCADA system to adjust the 
feed pressure. 

 

As the feed concentration increases over time during the CC phase (Figure 3.2a ), osmotic 

pressure also increases and forces the feed pressure to increase (Figure 3.2b and 3.2c) in order to 

maintain constant water flux. Figure 3.2a depicts feed conductivity for NF90 experiments, which 

were very similar to BW30 experiments. The first two CC batches/sequences for each 

experiment started and ended at lower concentrations compared to the subsequent batches 

because the system needed time to adjust to the incoming feed water. Once a few batches have 

cycled through, the concentration of salt in the system at the beginning and end of each 

batch/sequence reached steady state, resulting in uniform feed conductivity batches. However, 

this was not the case for the 95% recovery experiments that fluctuated in end-of-batch permeate 

conductivity, which was due to the feed conductivity sensor reaching its maximum reading of 24 

mS/cm. All 95% recovery experiments recording feed conductivity >24 mS/cm had to be re-
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calculated/extrapolated based on a conversion factor determined from the initial feed TDS and 

changing feed volume. 

 

 
Figure 3.2 Bench-scale CCD (a) feed conductivity results for NF90 experiments and reject 
pressure performance for (b) NF90 and (c) BW30 membranes from different CC recoveries 
(80%, 90%, and 95%) using less challenging NN synthetic solution that has or has not been 
pretreated. Reject pressure was dictated by the preset water flux in cell #1. Feed conductivity and 
reject pressure increased during each CC batch due to the system being operated under constant 
permeate flux and brine flowrate. 

 

It is important to note that there was very little to no difference between the feed and reject 

pressure, and therefore feed pressure was assumed to be equal to the reject pressure monitored. 

The feed pressures on the two NF90 membranes (Figure 3.2b) remained steady during the 50-

hour operation; however, there was a steady increase in end-of-batch pressure peaks over time 

during the 90% and 95% water recovery experiments. For example, the NF90 at 95% recovery 

(pretreated and non-pretreated) ended the first CC batch at approximately 280 psi and by the end 
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of its last (eighth) CC batch the reject pressure was at 450 psi. This is because the system was not 

able to flush out all the salts during PF; thus, leaving enough salts in the system to return to the 

feed tank and increase the next batch’s initial feed conductivity. 

Initial shutdown settings on the control system were set to a max feed pressure of 450 psi; 

however, NF90 specifications allow a 600-psi maximum pressure and therefore the experiment 

could have lasted longer. As mentioned from the flux results, this change in initial and final 

pressure at each batch is due to the concentration changes on the membrane surface and can be 

an indicator of scaling effects. The BW30 membrane experienced higher feed pressure compared 

to the NF90 pressures at 80% and 90% water recoveries, further verifying that BW30 requires 

higher pressure to push potable water through the membrane at the same preset flux. 

Permeate conductivity for all experiments with NF90 and BW30 remained at or below 2 

mS/cm and are shown in Figure 3.3. As concentration in the feed tank increased to achieve a 

desired water recovery, the permeate concentration also increased due to salt flux dependency on 

concentration difference across the membrane. Comparing the membranes, NF90 resulted in 

higher permeate conductivity for 80% and 90% recoveries with and without pretreatment. For 

example, NF90 at 80% recovery peaked at 0.8-1.0 mS/cm while BW30 at 80% recovery peaked 

at 0.5 mS/cm. When comparing cells, NF90 cell #1 showed lower permeate conductivity than 

cell #2, which may indicate that the membrane in cell #2 has a small defect, leading to an 

increase in salt permeability. However, BW30 did not vary in permeate conductivity between 

cell #1 and #2. Lastly, permeate conductivity of water desalinated by BW30 was unaffected by 

water that was or was not pretreated. 

Salt rejection is function of permeate conductivity (i.e., cell #1 and #2) and feed conductivity 

over time. The salt rejection for all experiments from both NF90 and BW30 membranes 

averaged above 93% with the exception of significant declines during the PF process, as 

presented in Figure 3.4. NF90 salt rejection was slightly lower than BW30, with an average salt 

rejection of 95.5% during CC mode for all water recoveries, and an average of 98.5% for BW30. 

BW30 also had higher salt rejection (90%) than NF90 (80%) during PF mode. Again, this 

suggests that NF90 has higher salt permeability than BW30. For the same reasons as explained 

previously, NF90 cell #1 had higher salt rejection than cell #2. 
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Figure 3.3. Permeate conductivity as a function of time and CC recovery (80%, 90%, and 95%) 
for bench-scale CCD with less challenging NN synthetic solution for (a) cell #1 with NF90, (b) 
cell #2 with NF90, (c) cell #1 with BW30, and (d) cell #2 with BW30. Two membrane sheets in 
series allowed for separate permeate results thereby distinguishing them by cell #1 (first in line) 
and cell #2. 

 

Salt rejection for the three different water recoveries were more impacted in NF90 

experiments than BW30. Figure 3.4a-b shows that NF90 salt rejection decreased with increasing 

water recovery. Furthermore, salt rejection results for pretreated water were higher than the non-

pretreated water for the NF90 membrane; however, there is little to no difference in salt rejection 

for the pretreated and non-pretreated water for the BW30 membrane. 
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Figure 3.4. Salt rejection as a function of time and CC water recovery (80%, 90%, and 95%) for 
bench-scale CCD with less challenging NN synthetic solution for (a) cell #1 with NF90, (b) cell 
#2 with NF90, (c) cell #1 with BW30, and (d) cell #2 with BW30. Two membrane sheets in 
series allowed for separate permeate results thereby distinguishing them by cell #1 (first in line) 
and cell #2. Note: the sharp decreases indicate PF mode. 
 

The instantaneous permeate concentration in CCD constantly changes, but when 

accumulating and mixing in a large tank, the concentration will reach a steady state, which is the 

important measure for people that will use it as their source water. The permeate conductivity 

results shown above were used to determine the average permeate concentration over time, 

which can be seen in Figure 3.5. All experiments for both membranes and cells were able to 

remain below the SMCL of 500 mg/L TDS, except for NF90 cell #2 at 95% recovery that 

surpassed the SCML after 20 hours of continuous operation. This further suggests that additional 

pretreatment or additional cleaning between CC batches might be needed for NF90 desalination 

at 95% recovery or higher. BW30 permeate TDS concentration remained very low over the 

course of the experiments, averaging 50 and 100 mg/L for 80% and 90% water recoveries, 

respectively, with both cells showing similar results. 
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Figure 3.5 Permeate concentration as a function of time and CC recovery (80%, 90%, and 95%) 
for bench-scale CCD with less challenging NN synthetic solution from (a) cell #1 with NF90, (b) 
cell #2 with NF90, (c) cell #1 with BW30, and (d) cell #2 with BW30. Permeate concentration is 
a function of the permeate conductivity monitored and a conversion factor (0.55). Two 
membrane sheets in series allowed for separate permeate results thereby distinguishing them by 
cell #1 (first in line) and cell #2. 
 

Specific water energy consumption (SWEC) over the course of the NF90 and BW30 

experiments are shown in Figure 3.6. SWEC was calculated to determine how much energy it 

would take to produce a unit volume (m3) of permeate. This information can be used as a 

preliminary calculation to pilot-scale experiments that will be conducted with real solar PV 

energy, providing details for system design and optimization. SWEC is a function of feed 

pressure (Pf) and flowrate (Qf), and the permeate flowrates (Qp) of both cell #1 and #2 over time 

(SWEC = ·Qf·Pf/Qp, where  is a unit conversion factor). SWEC results only include energy 

from the filtration process (i.e., water desalinated through the membranes) and do not include 

energy consumed by the SCADA system, sensors, and valves. NF90 and BW30 had very similar 

SWEC for 80% and 90% water recoveries, with and without pretreatment, averaging 0.35 
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kWh/m3. On the other hand, NF90 at 95% recovery had an averaged SWEC of 0.6 kWh/m3. 

Considering that this is a bench-scale system, and only SWEC is calculated, a larger system will 

most likely have higher SEC than this, and therefore energy recovery or storage devices should 

be examined. Lastly, pretreated water across all recoveries were found to have slightly lower 

SWEC than the non-pretreated water; thus, power generation and energy recovery/storage should 

also consider both the pretreatment processes (prior to RO/NF) and the RO/NF process of the 

pretreated or non-pretreated feed water. 

 

 

Figure 3.6 Specific water energy consumption (SWEC) over time for bench-scale CCD using 
less challenging NN synthetic solution tested with (a) NF90 and (c) BW30 flat sheet membranes. 
SWEC is a function of both permeate flowrates over time and feed pressure. 
 

3.1.2 Bench-scale testing with more challenging Navajo synthetic solution 

Experiments were also conducted with more challenging NN groundwater, and data was 

collected for water flux, salt rejection, permeate conductivity, feed pressure, and SWEC. The 

more challenging feed solution was only tested under pretreated conditions for the BW30 

membrane and therefore results are compared to the above results from experiments with the 

BW30 and pretreated, less challenging water. Water flux for BW30 as a function of time for the 

less challenging water is originally displayed in Figure 3.1c andFigure 3.13.1d, but simplified to 

pretreated experiments in Figure 3.7a and 3.7b; and the more challenging water experiments are 

shown in Figure 3.7c and 3.7d. Experiments with 80% and 90% water recovery and with 

pretreatment lasted the full planed duration of 50 hours. However, experiments with the 95% 

water recovery and pretreatment did not last 50 hours due to feed pressure reaching the 
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maximum setpoint after ~3 hours. With the more challenging feed solution, it took each CC 

batch a slightly longer time to reach target water recovery—the less challenging solution 

completed about 11.6 batches, while the more challenging solution completed 11 batches within 

50 hours. 

The water flux with the more challenging water in cell #1 (Figure 3.7c) was steady at 30 

LMH, except for the peaks during PF operation; however, flux in cell #2 (Figure 3.7d) steadily 

decreased after 20 hours of operation, reaching as low as 20 LMH by the end of the experiment. 

This suggests that the membrane in cell #2 may have been fouled or scaled (remember that water 

flux is dictated by membrane cell #1, and two membrane cells are used to ensure reliable and 

redundant information). Nevertheless, as can be seen in later results in this section, the 

membranes maintained good performance (rejection and energy demand). 

 

 
Figure 3.7 Water flux as a function of time and CC recovery (80%, 90%, and 95%) for bench-
scale CCD under BW30 flat sheet membranes tested for (a) cell #1 and (b) cell #2 with less 
challenging NN synthetic solution, and (c) cell #1 and (d) cell #2 with more challenging 
synthetic solution.  
 

Feed pressure as a function of time during experiments with the BW30 membrane are shown 

in Figure 3.8. Initial and final feed pressure for each CC batch kept increasing with every batch 

for the more challenging feed at 80% and 90% water recovery. This trend implies a possible 
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increase in concentration of salt in the system due to incomplete flushing of brine during the PF 

phase (less likely) or due to scaling on the membrane as discussed for Figure 3.7d (more likely). 

This implies that better pretreatment might be needed for the more challenging feed water. 

Furthermore, double PF flushing might be required every 4-5 batches for the more challenging 

solution to bring the concentration in the closed loop closer to the source water concentration at 

the beginning of the CC phase to prevent possible scaling—this might be relevant for bench-

scale testing and might not be relevant for pilot-scale or full-scale operations. The experiment 

with 95% water recovery did not last the intended 50 hours due to a sharp increase in pressure 

from 250 psi to 550 psi. Consequently, additional pretreatment and/or membrane cleanings will 

be required for the more challenging NN groundwaters if >95% water recovery is desired using a 

BW30 membrane. 

 

 

Figure 3.8 Feed pressure as a function of time and CC water recovery (80%,90%, and 95%) 
during bench-scale CCD using BW30 flat sheet membranes tested with (a) the less challenging 
NN synthetic solution and (b) the more challenging synthetic solution. Feed pressure was 
dictated by cell #1 and increased during each CC batch due to the system being operated under 
constant water flux and brine flowrate. 
 

As expected, permeate conductivity was higher for the more challenging solution than the 

less challenging solution as shown in Figure 3.9. Cell #1 permeate conductivity increased after 

each batch when operating at 80% recovery; however, at the 90% water recovery the peak 

permeate conductivity at the end of each CC phase was higher and somewhat constant. The high 

permeate conductivity for the 90% water recovery is clearly due to the higher feed conductivity, 

and the changes in maximum permeate conductivity are very likely due to slight changes in 
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initial and final feed conductivity associated with small changes in batch volumes. During 95% 

water recovery experiments, due to the sharp increase in feed pressure, the sequence ended 

before reaching a full CC batch concentration and therefore only permeate conductivity 

increased by only 0.2 mS/cm from its starting conductivity. Cell #2 experienced similar results as 

cell #1, with slightly higher conductivities due to the SCADA system controlling cell #1 water 

flux. 

 

 
Figure 3.9 Permeate conductivity as a function of time and CC water recovery (80%, 90%, and 
95%) for bench-scale CCD tested with BW30 flat sheet membranes for (a) cell #1 and (b) cell #2 
with less challenging NN synthetic feed solution, and (c) cell #1 and (d) cell #2 with more 
challenging synthetic feed solution. Two membrane sheets in series (cell #1 (first in line) and cell 
#2) allowed for two separate permeate results. 
 

Salt rejection is a function of permeate conductivity (cell #1 and #2) and feed conductivity 

over time. Average salt rejection for the more challenging synthetic solution was 97.5% for cell 

#1 and 95.5% for cell #2 during CC batches (Figure 3.10), which is 1-3% lower than for the less 

challenging solution. Despite the declining water flux in cell #2, the salt rejection was relatively 
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steady and did not decline, as would be expected. This might be the result of scaling on the 

membrane that prevented diffusion of salts through some areas of the membrane. 

 

 
Figure 3.10 Salt rejection as a function of time and CC water recovery (80%, 90%, and 95%) for 
bench-scale CCD tested with BW30 for (a) cell #1 and (b) cell #2 with less challenging NN 
synthetic solution and for (c) cell #1 and (d) cell #2 with more challenging synthetic solution. 
Two membrane sheets in series allowed for separate permeate results thereby distinguishing 
them by cell #1 (first in line) and cell #2. 
 

As with the results from testing with the less challenging feed stream (Figure 3.11a and 

3.11b; repeated and simplified from Figure 3.5a and 3.5b), cumulative permeate concentration 

over the duration of the experiments are shown in Figure 3.11c and 3.11d for the more 

challenging water and show permeate concentrations below the SMCL of 500 mg/L throughout 

the experiment. Cell #1 at 80% recovery had permeate conductivity remain very steady at 100 

mg/L, while the 90% water recovery demonstrated an increase from 100 mg/L to 180 mg/L for 

the first 20 hours before becoming steady thereafter. At 95% water recovery for cell #1, 

permeate conductivity started at 450 mg/L and declined shortly after to 210 mg/L because the 

system needed time to acclimate to the introduction of highly concentrated solution. This was 
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also demonstrated in cell #2, but cell #2 permeate for 95% water recovery reached a 250 mg/L 

concentration at the end of the short-term experiment. During the 80% and 90% water recovery 

tests, cell #2 demonstrated an increase in concentration for the first 20-25 hours before becoming 

steady at 200 mg/L thereafter. Overall, while the permeate concentration changes continuously in 

CCD, with a good design of permeate collection tank, mixing the semi-batches from BW30 

desalination can ensure that the water supply will remain much below the SMCL for TDS. 

 

 
Figure 3.11 Simulated cumulative permeate concentration in a collection tank as a function of 
time and CC water recovery (80%, 90%, and 95%) for bench-scale CCD using BW30 flat sheet 
membranes tested in (a) cell #1 and (b) cell #2 with the less challenging NN synthetic solution 
and in (c) cell #1 and (d) cell #2 with the more challenging synthetic solution. Permeate 
concentration is a function of the permeate conductivity monitored. 
 

SWEC was also calculated for the more challenging solutions and results are shown in Figure 

3.12. Because SWEC is calculated from pressure and flowrates, and the feed pressure continued 

to increase batch after batch due to scaling on the membrane, the SWEC resulted in the same 

trend. In comparison to the less challenging solution, the SWEC for the more challenging 

solution increased by a factor of approximately 2. And lastly, while not sustainable, during the 

95% water recovery experiments, SWEC reached a maximum of 1.15 kWh/m3. 
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Figure 3.12 Specific water energy consumption (SWEC) as a function of time and CC water 
recovery (80%, 90%, and 95%) for bench-scale CCD using BW30 flat sheet membranes tested in 
(a) cell #1 and (b) cell #2 with the less challenging NN synthetic solution and in (c) cell #1 and 
(d) cell #2 with the more challenging synthetic solution. Two membrane sheets in series allowed 
for separate permeate results thereby distinguishing them by cell #1 (first in line) and cell #2. 
 

3.1.3 Water quality from the less and more challenging NN synthetic solutions 

Permeate samples from the bench-scale experiments were tested using IC and ICP analysis 

and results are shown in Table 3.1. Chloride, sulfate, iron, and TDS concentrations were below 

the SMCL (250 mg/L, 250 mg/L, 0.3 mg/L and 500 mg/L, respectively) for all samples [70]. All 

other constituents are not considered SMCLs under EPA guidelines; however, they present a risk 

to overall membrane performance and integrity because of possible scaling. 

 

Table 3.1 Water quality analysis of permeate samples from the less and more challenging 
synthetic water during bench-scale experiments, where C1 represents cell #1 and C2 represents 
cell #2, and MC represents the more challenging feed solution while all others are the less 
challenging. 

 Permeate concentration (mg/L) 

Experiment  Cl– SO4
2– Ca2+ Fe K+ Mg2+ Na2+ Si 

NF90-80%rec-WithPre-C1 37.3 0.83 1.71 BDL BDL BDL 24.3 0.60 

NF90-80%rec-WithPre-C2 52.5 1.91 0.09 BDL BDL BDL 34.1 0.73 

NF90-80%rec-NoPre-C1 22.9 1.52 0.43 BDL BDL 0.31 13.7 0.13 

NF90-80%rec-NoPre-C2 155.0 14.7 7.96 BDL 0.30 5.05 81.3 1.14 

NF90-90%rec-WithPre-C1 96.8 2.88 0.78 BDL BDL 0.75 55.1 0.50 

NF90-90%rec-WithPre-C2 119.0 4.74 1.61 BDL 0.26 1.33 68.5 0.70 

NF90-90%rec-NoPre-C1 130.0 4.82 1.81 BDL BDL 1.13 72.5 0.69 

NF90-90%rec-NoPre-C2 148.5 7.44 2.86 BDL BDL 1.73 85.9 0.86 

NF90-95%rec-WithPre-C1 131.7 3.85 1.58 BDL BDL 1.02 79.3 0.70 

NF90-95%rec-WithPre-C2 154.4 6.19 2.42 BDL BDL 1.55 92.8 1.05 

NF90-95%rec-NoPre-C1 90.4 3.37 1.63 BDL BDL 1.09 70.2 0.53 

NF90-95%rec-NoPre-C2 144.2 6.18 2.40 BDL BDL 1.63 83.5 0.72 

BW30-80%rec-WithPre-C1 27.6 3.34 1.35 BDL BDL 0.77 14.0 0.18 

BW30-80%rec-WithPre-C2 29.6 3.48 1.70 BDL BDL 1.02 15.5 0.22 
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Table 3.1 continued 

 Permeate concentration (mg/L) 

Experiment  Cl– SO4
2– Ca2+ Fe K+ Mg2+ Na2+ Si 

BW30-80%rec-NoPre-C1 75.3 7.52 3.35 BDL BDL 2.05 39.7 0.42 

BW30-80%rec-NoPre-C2 71.6 6.50 2.72 BDL BDL 1.65 38.7 0.38 

BW30-90%rec-WithPre-C1 49.4 5.30 2.99 BDL BDL 1.69 25.3 0.28 

BW30-90%rec-WithPre-C2 43.3 4.63 2.42 BDL BDL 1.37 23.4 0.25 

BW30-90%rec-NoPre-C1 37.5 3.54 1.64 BDL BDL 1.00 19.6 0.23 

BW30-90%rec-NoPre-C2 35.0 3.03 1.43 BDL BDL 0.87 20.0 0.19 

BW30-80%rec-MC-WithPre-C1 34.4 5.52 0.80 BDL 0.61 1.13 21.5 0.21 

BW30-80%rec-MC-WithPre-C2 45.4 7.62 2.00 0.001 0.39 2.13 31.6 0.23 

BW30-90%rec-MC-WithPre-C1 44.9 7.31 1.03 BDL 0.32 1.77 30.5 0.27 

BW30-90%rec-MC-WithPre-C2 58.9 6.10 0.88 0.002 0.38 1.36 36.8 0.31 

BW30-95%rec-MC-WithPre-C1 133.0 16.0 3.05 BDL 0.93 4.07 90.7 0.65 

BW30-95%rec-MC-WithPre-C2 145.2 15.0 2.92 0.002 1.06 3.80 98.6 0.64 

 

3.2 CCD-RO pilot-scale results  

3.2.1 Operational profiling of the CCD-RO process without simulated solar 

The pilot-scale CCD-RO system was tested at different CC water flux rates to determine if a 

one element or two element pressure vessel (both housing one membrane) will optimize system 

performance. The one pressure vessel holding a BW30-4040 membrane treated the less 

challenging-pretreated synthetic solution (~2.5 mS/cm) at 80%, 90%, and ~92% water recovery 

under a constant brine/recirculation flowrate. Figure 3.13a shows the varied CC water flux rates 

and Figure 3.13b shows the corresponding feed pressures for 80% recovery in the first 5 hours 

(up to the 1st solid red line), 90% recovery from 5 to ~15 hours, and 92% recovery from ~15 to 

30 hours. Each water flux setpoint completed a full CC batch followed by a PF discharge. The 

PF process lasted 2-4 minutes depending on the recovery. Sequences operated at higher water 

recovery, and therefore higher final brine concentration, took a longer time to flush the system 

and bring the reject conductivity back to the low setpoint of ~2.5 mS/cm. The chiller was set to 

maintain a feed water temperature of 20 °C, but due to more heat dissipating by the pumps, the 

water temperatures in the CC loop varied between 21 and 25 °C. As water recovery and flux 

increased over the course of the experiment, feed and recirculation temperature slowly increased 

as well, but had negligible effects on the overall performance. 

Operational profiling of the water flux was tested at 15, 20, 25, and 28 LMH for all three 

recoveries with the 80% recovery also tested at 10 LMH. A 30 LMH flux was desired for testing 

in order to compare the bench-scale results; however, current HPP settings and controls limited 

the flux to 28 LMH (3.36 L/min permeate flow) during CC. During the 80% and 90% water 

recovery experiments, the CC phases ended for all flux rates without exceeding maximum 
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membrane pressure of 600 psi. A 95% recovery was also desired for testing to compare bench-

scale results, but pressures were nearing the membrane’s threshold and thus, limited recovery 

and experiments were stopped at 500-575 psi as seen in Figure 3.13b. Therefore, the higher 

recovered water varied in recovery for each flux rate. For example, 15 LMH reached 93.1%, 20 

LMH reached 91.4%, 25 LMH reached 91%, and 28 LMH reached 90.6% water recovery. The 

system’s maximum water flux of 28 LMH did not remain steady for the duration of all three 

water recovery experiments, rather, the flux decreased overtime. Having the sharpest increase in 

feed pressure, these water flux results may indicate possible scaling. 

Furthermore, Figure 3.13a shows that as flux increased, the CC sequence time decreased. For 

example, a 10 LMH water flux took approximately 107 minutes to recover 80% water, whereas 

the same recovered water at 25 LMH took only 30 minutes. Hence, 10 LMH water flux was 

omitted for later recovery experiments. On the other hand, as recovery increased under same 

water flux conditions, the sequence time also increased; as it did for 25 LMH, increasing from 30 

minutes to 141 minutes (~2.3 hours) for 80% to 90% recovery, respectively. This is because it 

takes a longer time to increase salinity for higher recovered water. 

Rather than seeing peaks in flux during PF discharge – as observed during the bench-scale 

experiments – the pilot-scale CCD-RO system experienced a decrease in flux and had little to no 

permeation. During CC, the 3-way valve was in a closed loop state while the HPP maintained 

flux, and once PF commenced, back-pressure was released by opening the 3-way valve to 

discharge and thus corresponding to a decline in flux. Furthermore, PF sequence time averaged 

~3.8 minutes and slightly decreased as flux rates increased (i.e., 80% recovery – 15 LMH (3.66 

min), 20 LMH (3.42 min), 25 LMH (3.42 min), 28 LMH (3.00 min)). At the time of operational 

profiling, the switch from CC to PF required a more substantial increase in HPP speed than all 

other fluxes. During CC, the HPP operated at a lower speed (~46%) to achieve 10 LMH 

compared to that of the higher flux rates (60-100%). During PF, the HPP required full speed and 

therefore a significant increase in speed from 46% to 100%, in order to reach >5 LMH (50% of 

the CC flux). 
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Figure 3.13 Pilot-scale CCD-RO operational profiling. (a) Water flux rates and (b) corresponding 
feed pressures as a function of time at 15, 20, 25 and 28 LMH for one pressure vessel holding a 
BW30-4040 membrane. A 10 LMH flux was also tested for 80% recovery. The solid red lines 
indicate the separation of water recoveries, beginning with 80% recovery for the first 5 hours and 
increasing to 90% and ~92% thereafter. The less challenging-pretreated NN synthetic solution 
was used with a feed conductivity of approximately 2.5 mS/cm. 
 

Permeate conductivity, salt rejection, average permeate concentration, and SWEC were 

monitored and/or calculated during operational profiling of different flux rates, as shown in 

Figure 3.14. Like in the bench-scale experiments, permeate conductivity in each CC phase 

increased with time due to the increase in feed concentration, and then abruptly declined during 

the PF phase, before increasing again during the next CC phase (Figure 3.14a). And like the 

bench scale results, the spikes in permeate conductivity between sequences are a result of low 

water flux and a relatively constant salt flux, resulting in a short term, sharp increase in permeate 
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TDS concentration. The spikes in permeate conductivity decreased as flux increased at the 

beginning of a new CC phase. Permeate conductivity spikes increased with increasing recovery 

because of the higher maximum feed salinity during a CCD sequence. For example, post 15 

LMH CC batch at 80% recovery peaked at ~0.3 mS/cm while the 90% recovery reached ~0.7 

mS/cm. 

The corresponding salt rejection during operational profiling of the varied flux rates is shown 

in Figure 3.14b. All experiments had a salt rejection above 98.5% during CC and the lowest salt 

rejection reached during PF was 80%. Furthermore, and as expected, salt rejection increased with 

increasing water flux, and salt rejection remained unaffected by the increase in recovery from 

80% to 90% at each water flux (i.e., providing equal salt rejection at 20 LMH for 80% and 90% 

recovery). However, the ~92% recovered water remained at 98.2% salt rejection across the four 

water flux rates. Regardless, these salt rejection percentages are high and conclude that good 

water quality was produced. 

Average batch permeate concentration, shown in Figure 3.14c, was estimated over time 

based on permeate conductivity readings and accumulated permeate volume. The average 

permeate concentration remained below 65 mg/L for both 80% and 90% recovery, while the 

bench-scale experiments had permeate concentrations of 50 mg/L for 80% recovery and 100 

mg/L for 90% recovery (Figure 3.11a). At 80% recovery, permeate concentration increased from 

20 to 50 mg/L because of the CC and PF peak in permeate conductivity from the 10 LMH 

sequence. Permeate concentration then decreases to 40 mg/L for the 15, 20, 25, and 28 LMH 

fluxes. At 90% recovery (after the solid red line), the average permeate concentration increases 

from 40 mg/L and experiences small peaks due to the high concentrations at the end of a CC 

batch, before stabilizing around 60 mg/L. At ~92% recovery, permeate concentrations increased 

and restabilized at 80 mg/L. 
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Figure 3.14 Pilot-scale CCD-RO results for (a) permeate conductivity, (b) salt rejection, (c) 
average permeate concentration, and (d) SWEC at 80%, 90%, and ~92% recoveries, as a result of 
operational profiling of varied water flux rates (15, 20, 25 and 28 LMH) for one pressure vessel 
holding a BW30-4040 membrane. A 10 LMH flux was also tested for 80% recovery. The solid 
red lines indicate the separation of recoveries, beginning with 80% recovery for the first 5 hours 
and increasing to 90% and 94% thereafter. The less challenging-pretreated NN synthetic solution 
was used. 
 

The specific water energy consumption (SWEC), shown in Figure 3.14d, had a range of 7-17 

kWh/m3 during CC mode, with high SWEC recorded for 80% recovery at 10 LMH and ~92% 

recovery at 15 LMH. These results are much higher than those seen during the bench scale 

testing for two reasons: 1) a recirculation pump was not used during bench scale testing and the 

pilot scale recirculation pump has low energy efficiency (~45%), and 2) the size of membrane 

was two small for the pump used in the pilot system. In other words, if we connected three 

BW30-4040 membranes in series in the pilot system, we would obtain approximately three times 

the permeate flowrate at the same energy expenditure, bringing the SWEC to 2.3-5.7 kWh/m3. 

As flux increased, the overall SWEC decreased. This observed trend is due to the power 

demand doubling as permeate flow triples, such as it did for 15 LMH to 28 LMH for 80% 
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recovery. Over the course of a CC batch, the SWEC increased due to the additional pressure, and 

thus feed pump power required to hold a constant flux. SWEC also increased as recovery 

increased, which is due to the additional feed pressures needed to desalinate higher salinity 

water. Although average SWEC results increased for 90% recoveries, the initial CC batch’s 

SWEC was equivalent to that of the 80% initial SWEC; and therefore, may be lowered if CC 

batch sequence time were lowered. 

These experiments confirmed that the two-element pressure vessel with one membrane will 

not increase efficiency but rather decrease it due to the additional residence time created from the 

empty second membrane volume. Overall, a one-element pressure vessel operated at higher flux 

rates will yield lower average permeate concentrations, SWEC’s, and sequence times, and 

therefore increase permeate production. Nevertheless, operation with additional membranes 

connected in series will substantially reduce the SWEC. 

 
3.2.2 CCD-RO experiments with simulated solar energy 

Based on the operational profiling results, CCD-RO experiments with one BW30-4040 in a 

one-membrane pressure vessel were tested at maximum 25 LMH and 90% water recovery. Water 

flux, salt rejection, permeate conductivity and average concentration, and SWEC were 

monitored/calculated for both January and July simulated solar profiles, and results follow 

similar trends as the operational profiling results. 

 

3.2.2.1 January simulated solar profile 

Water flux adjusted during daylight operation to four of the five system power states based 

on the full power mode (100%) of 25 LMH for the January 1-5 solar profiles (Figure 2.4) as 

shown in Figure 3.15a. Flux in January never reached 25 LMH because solar energy did not 

reach maximum setpoint. The straight flux lines dropping during the day (dotted lines seen in 

Figure 3.15a) are the PF phases and on average each day completed 2.6 sequences in 8-9 hours 

of operation. Therefore, a CC batch lasted an average of 3 hours, which is above the 

recommended CC cycle time (<60 min) [71]. The recommended time is a scaling prevention 

technique by limiting the induction time for precipitation of most sparingly soluble salts. 

However, stable flux and feed pressure conditions presented from day to day show good 

membrane integrity and thus the longer CC cycle time did not affect the performance. In 

addition, feed pressures began at ~140 psi and ended at ~400 psi between full sequences during 
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the day, of which can be an early indication of no scaling on the membrane (Figure 3.15b). Flux 

and pressure performance over one day can be seen for January 3 in Figure A.1a and Figure A.1b 

of Appendix A. The average daily permeate production was 884 L/day (~234 gal/day (GPD); 8-9 

hour operation days) for January 1-5 and the daily production for each of the five days can be 

seen in Table A.1. Because January 2 and 4 had the highest AC system output, the CCD system 

produced up to ~1000 L (264 gal) for both days. On the other hand, the lowest production was 

573 L (151 gal) for January 5 (9-hr operation and ~1.3 sequence completed). Overall, the system 

produced less than 3,000 GPD, which is the target for commercial systems but was not an 

objective developed for this study. 

 

 

  
Figure 3.15 Pilot-scale CCD-RO (a) water flux and (b) feed pressure performance of the less 
challenging and ‘pretreated’ Navajo water under January 1-5 simulated solar conditions. 
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Salt rejection was lower than during operational profiling and bench-scale, averaging 91% 

over the course of the 5-days and can be seen in Figure 3.16, along with the permeate 

conductivity results. Salt rejection remained above 85% during CC while PF salt rejection 

averaged 75%. Like the bench-scale results (Figure 3.9a), the permeate conductivity averaged 

0.23 mS/cm over the 5-day period. Maximum permeate conductivity occurred on June 1st and 5th 

at 0.25 mS/cm of which are the two days with the most cloud cover (i.e., drops in voltage from 

below 3V). Once again, the drops in salt rejection and peaks in permeate conductivity during the 

day are due to the PF phases in which water flux declines while salt permeability remains the 

same, leading to higher salt concentration in the permeating water. Salt rejection and permeate 

conductivity over the course of a day can be seen for January 3 in Figure A.1b and Figure A.1c. 

of Appendix A, respectively. Like the BW30 bench-scale results, the pilot BW30-4040 

membrane produced low permeate conductivity and therefore low permeate concentrations. The 

permeate concentration over the course of the 5-days averaged to 110 mg/L, as seen in Figure 

A.2a of the Appendix. 

 

  
Figure 3.16 Pilot-scale CCD-RO salt rejection and permeate conductivity over the course of the 
January 1-5 simulated solar conditions. 
 

The total power and SWEC by the pumps are summarized in Figure 3.17. The SWEC 5-day 

average was found to be 12.9 kWh/m3. As expected, the lower solar irradiance and therefore AC 

output by the PV system, increased the SWEC of the CCD system. The highest performing 

SWEC days were January 1st and 5th at 13.3 kWh/m3 and 14.5 kWh/m3, respectively. And the 
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lowest performing SWEC was January 4th at 12.1 kWh/m3. All other individual SWEC daily 

averages are summarized in Table A.1. 

During daylight operation, total system power continuously changed between 1.0-1.7 kW 

during CC mode and averaged 0.3 kW during PF, where the CP was set to a 0% pump speed 

during PF. Furthermore, the CP had a constant power consumption of 0.5 kW during CC mode 

because of the constant brine flowrate, while the HPP varied from 0.6-1.2 kW. Once again, the 

SWEC decreased as power intake increased over the course of the day, as seen for the January 3 

solar profile in Figure A.1d of the Appendix. This is because permeate flowrate increases as 

more power becomes available, thereby increasing production and lowering SWEC. 

Furthermore, the feed concentration influenced the SWEC performance because a higher 

feed concentration requires increased feed pressure (i.e., HPP speed) to maintain flux. For 

example, in Figure A.1.d, January 3 started and ended with the same conditions (1-hour of 40% 

power at 10 LMH flux), but the start of the morning averaged 14.7 kWh/m3 and the end of the 

day averaged 16.5 kWh/m3. This is because at the start of the day, the system consistently begins 

with a new batch of feed water at ~2.5 mS/cm, while the end of the day at the start of 10 LMH, 

the system had been 2 hours into concentrating feed water after its last PF sequence. Therefore, if 

system recovery were reduced the overall SWEC may be reduced as well. 

 

 
Figure 3.17 Pilot-scale CCD-RO specific water energy consumption and total power of the 
system under the January 1-5 simulated solar conditions. 
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3.2.2.2 July simulated solar profile 

Water flux results from the July 10-14 simulated solar profile can be seen in Figure 3.18a. 

The CC batches completed on average 3.1 sequences per daylight operation day (10-11 hours) 

and therefore one CC batch lasted ~3 hours. However, it is important to note that all CC batch 

durations will vary according to the changing water flux rates set by the “solar irradiance” and 

therefore CC batch duration will be an important scaling indicator at time of low solar irradiance. 

  

 

 
Figure 3.18 Pilot-scale CCD-RO (a) water flux and (b) feed pressure performance of the less 
challenging and ‘pretreated’ Navajo water under July 10-14 simulated solar conditions. 
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sequences (i.e., CC + PF) and produced the most permeate water. The July 5-day permeate 

production average was 1160 L/day (306 GPD), compared to 884 L/day (233 GPD) for the 

January 5-day average. As one of the longest operating days with little to no “cloud cover”, July 

11 operated for 11 hours, completed 4.5 sequences, and produced 1538 L (406 gal) of permeate. 

On the other hand, July 13 had only 10 hours of operation, completed ~2.6 sequences, and only 

produced 912 L (241 gal). All other daily averages are summarized in Table A.1. Due to higher 

flux rates reached for the first three days, feed pressure was also the highest, reaching 500 psi as 

seen in Figure 3.18b. A closer look of a single day’s water flux and feed pressure performance 

can be seen for July 14 in Figure A.2a and Figure A.2b. 

Salt rejection averaged 91.3% over the 5-day period in July, which is slightly higher (~0.4%) 

than the 5-day January average, as seen in Figure 3.19. The highest salt rejection and lowest 

permeate conductivity recorded in July was the 12th at 92.4% and 0.19 mS/cm, respectively. This 

is because the system performed at a higher voltage (hence, higher flux) for a longer period of 

time (i.e., 1V and 2V for 5 hours) compared to all other days. On the other hand, the lowest salt 

rejection and highest permeate conductivity recorded in July was the 10th at 89.1% and 0.27 

mS/cm, respectively. It was initially hypothesized that the third day (July 13) would generate the 

lowest water quality because of the lack of full power and drops in irradiance at the end of the 

day. However, July 10 had the shortest amount of time spent at higher voltages (i.e., 1-3V) 

compared to July 13, and thus July 10 performed lower in water quality. As mentioned, July 10 

had one of the highest daily production rates, and therefore it is concluded that higher AC system 

output by the PV does not always indicate better water quality, but indicates increase in permeate 

production. 

The total power and SWEC by the pumps for July 10-14 are summarized in Figure 3.20. The 

SWEC 5-day average was found to be 12.6 kWh/m3 (~0.3 kWh/m3 lower than the January 

average). The highest performing SWEC days were July 10th and 13th at 13.5 kWh/m3 and 13.8 

kWh/m3, respectively. And the lowest performing SWEC’s was July 11th and 12th at 11.5 

kWh/m3. All other individual SWEC daily averages can be seen in Table A.1. 
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Figure 3.19 Pilot-scale CCD salt rejection and permeate conductivity performance for the less 
challenging and pretreated NN synthetic feed solution (July 10-14 simulated solar profile). 
 

During daylight operation, total system power continuously changed between 1.1-2.0 kW 

during CC mode and averaged 0.3 kW during PF. Due to consistent brine flowrates between the 

January and July experiments, the CP also consumed 0.5 kW while the HPP ranged slightly 

higher at 0.6-1.3 kW for the July simulated solar profiles. Once again, the SWEC decreased as 

power input increased over the course of the day, as seen for the July 14 solar profile in Figure 

A.2d of the Appendix. Overall, July SWEC values were lower than January SWEC results 

because July produced more permeate at similar power consumption rates. 

 

 

Figure 3.20 Pilot-scale CCD-RO SWEC and total power performance for the less challenging 
and pretreated NN synthetic feed solution under July 10-14 simulate solar profile conditions. 
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3.3 Process simulation results 

3.3.1 WAVE RO and CCD-RO simulation results 

WAVE simulation results, shown in Figure 3.21, provide SWEC summaries for 16 

simulations (labeled A-N) at high recoveries for conventional and CCD RO and NF systems 

under six different membrane configurations in series with the less challenging and non-

pretreated water. The ion exchange pretreatment feature in WAVE was not utilized due to the 

large pretreatment unit sizes and limited choices of resin. As a result, the majority of these 

simulations had solubility warnings for BaSO4, CaSO4, CaF2, and SiO2 at >93% water recovery. 

BW30 (4” and 8” diameter) membranes are shown in Figure 3.21 in solid lines while the NF90 

(4” and 8” diameter) membranes are in dashed lines. NF90 required changes in permeate 

production (lines D and F) because 1) NF90 maximum permeate flowrates were reached for the 

first membrane in series or 2) brine recycling (BR) (lines D, F, and H) had to be reduced to 

prevent NF90 maximum brine flowrates. As explained in Section 2.6, all the simulations provide 

3,000 gallons of water per day (GPD), but at different number of hours of operation during a day. 

Because the WAVE software does not allow hours of operation as an input, rather the software 

uses feed or permeate flow rate, the permeate flow rate (GPD) values had to be increased in the 

different simulations to accommodate for <24 hr operation (i.e., realistic hours of solar 

irradiance). The RO simulations operated with brine recycling followed a declining trend in 

SWEC with increasing water recovery because at higher recovery, under same flux rates, more 

feed water is permeated through the membranes and therefore less brine is recycled back into the 

feed line (reduced energy demand/’wasting’). Although higher recoveries indicate and show an 

increase in feed pressure, the drop in feed flow was far more significant than feed pressure 

changes as recovery increased. This is logical because at lower feed flowrate, less work is done 

by the feed pump and therefore the SWEC is lower. 
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Figure 3.21. Specific water energy consumption (SWEC) from the WAVE simulations for 
BW30-4040, BW30-400, NF90-4040, NF90-400/34i, and SOAR membranes on the left with a 
zoomed-in frame of the data cluster on the right. Where the number between brackets represents 
the number of membranes in series in one pressure vessel. Production rates (in GPD) varied 
according to hours of operation and number of membranes in series. The “%BR” represents the 
percent of recycled brine in RO, while CCD is 100% brine recycling. BW30 membranes are 
symbolized in solid lines, NF90 in dashed lines, and SOAR in a combination of dashed and 
dotted lines. The 4” diameter (4040) membranes are symbolized in single lines, while the 8” 
(400, 3000, 4000) are in double lines. 
 

Overall, the BW30 membranes exhibited SWECs below 6.1 kWh/m3 and showed higher 

SWEC’s than NF90 membranes from 68% to 96% recovery because of the higher feed pressures 

necessary to push water through a less water-permeable membrane. In addition to the pressure, 

SWEC increased because the 6, 7, and 8 BW30 membranes (lines C, E, G) in series were able to 

recycle more brine and thus achieve higher recoveries compared to the 6, 7, and 8 NF90 

membranes (lines D, F, H) that could not achieve these higher brine flowrates (i.e., BR) due to 

their higher water-permeability. These three simulations with BW30 also had the highest 

recovery range of 91-96% compared to the other nine simulations with brine recycling. As the 
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number of membrane elements in series increased for BW30-4040 membranes, recovery also 

increased while SWEC decreased. For example, the 2 - BW30 membranes in series (line A) were 

able to recover 76-91% water with a corresponding SWEC ranging 2.1-3.7 kWh/m3, while the 8-

elements in series (line G) recovered 93-96% at 1.5-1.7 kWh/m3. In contrast, the NF90-4040 

membranes followed a different trend due to the changing production rates and brine recycling 

percentages. NF90-4040 SWEC remained below 2 kWh/m3 and can be ranked as follows: 2-

membranes (line B) > 7-membranes (line F) > 8-membranes (line H) > 6-membranes (line D). 

The 6-NF90 membranes expressed the lowest SWEC and widest recovery range out of all the 

simulations because it had one of the highest operating hours (i.e., lowest production rates of 

7,000 GPD) at 10-hours, and it had one of the lowest BR% (70%). This combination would not 

allow a higher production rate without exceeding maximum permeate flowrates for all 

membranes (i.e., these are high permeability membranes) and would not allow higher BR% 

without exceeding maximum feed flowrates. 

Eight-inch diameter membranes (BW30-400 and NF90-400/34i) were also simulated for 

comparison at two different hours of operation. At a BW30-400 8-hr operation (line I), the 

lowest SWEC and highest recovery achieved was 3.7 kWh/m3 and 82%, respectively. On the 

other hand, the same membrane at 9-hr of operation (line K) achieved a lower SWEC of 3.3 

kWh/m3 at the same recovery (~0.4 kWh/m3 difference). This trend was also noticeable for 

NF90-400/34i (lines J and L) but with closer SWEC values at 82% recovery (~0.1 kWh/m3). 

Furthermore, NF90-400/34i expressed lower SWEC than BW30-4040, by 2-3.4 kWh/m3 less. In 

comparison to all 4” diameter membrane simulations, the (1) 8” membranes SWEC values were 

well above the 4” SWEC results and could only reach a maximum recovery of 82% before 

reaching design limitations and warnings, while all other 4” membranes reached up 85%-96%. 

It is worth noting that these BR% simulations are not full CCD because of WAVE software 

restrictions at the time, thus wasting/discharging 5-30% of brine out of the system during every 

cycle. In addition, BR simulations did not include a CP (i.e., brine circulation pump) and 

therefore was not included in the calculations (i.e., SWEC). However, WAVE enabled with CCD 

configurations included a HPP and CP, and as previously stated in Section 2.6.1, could only 

allow “special” CCD membranes titled as “SOAR”. The SOAR-4000 membrane is somewhat 

equivalent to the BW30-400 membrane, and the SOAR-3000 membrane are somewhat 

equivalent to the NF90-400/34i membrane; therefore, these 8”-diameter membranes were used to 
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compare BR simulations to CCD. Noticeably, the CCD SWEC results (line M and N) follow an 

upward slope as opposed to the downward slope experienced in BR simulations. As recovery 

increases, feed salinity increases and causes an increase in pressure to provide the same amount 

of permeate. This pressure is provided by the HPP and therefore demands more power during CC 

as recovery increases. On the other hand, the CP remained unaffected by recovery and if brine 

flow remains consistent, CP will continue to demand the same amount of power. 

As expected, SOAR-4000 (line M) resulted in a higher SWEC over SOAR-3000 (line N) by 

approximately 0.5-1.0 kWh/m3 from 85-96% recovery. The lower recovery range was cutoff due 

to maximum permeate flowrates being reached during CC, whereas the higher recovery range 

was limited by the minimum brine flowrate during PF and the CC batch duration (60 min max). 

A system recovery of <84% was unattainable for SOAR CCD membranes because less cycles 

were required, which forces the system to have higher net feed flow rates and, in turn, cause 

higher permeate flowrates. However, at higher recovery (85-96%) the system will need to 

complete more cycles, thereby lowering the net feed flow and permeate flow. 

Minimum brine flowrates are a design warning for the purpose of preventing possible 

concentration polarization. However, PF sequence times were simulated to be <2 min and 

because the purpose of PF is to lower salinity in the system, this warning can be ignored. The CC 

batch duration is limited to 1-hour for scaling prevention purposes; lengthy CC times lead to 

longer times the system is running in a saturated state. However, if the water is properly 

pretreated or dosed with antiscalants to limit saturation, then CC sequence times can be longer 

than the maximum duration. 

In comparison to the 8” membranes used in BR simulations (lines K and L), the SOAR 

membranes in CCD (lines M and N) were able to reach higher overall recoveries, increasing 

from 69-82% to 85-96%, and lower SWEC values. BW30-400 and SOAR-4000 had a greater 

difference in SWEC (peak difference of 2.5 kWh/m3) than NF90-400/34i and SOAR-3000 (peak 

difference of 0.4 kWh/m3). 

Overall, these WAVE simulations are an estimate and should be verified against a real 

system of the same size and operation. The BR simulations were completed to estimate the 

performance of commercial BW30 and NF90 membranes to as-close-as-possible CCD processes 

under conventional RO in WAVE, thus simulating the maximum BR of 95%. The fact that 1) 

BW30-400 is nowhere near the results demonstrated by SOAR-4000 and 2) the SWEC range is 
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very broad, verifies the need for additional CCD simulations with commercial BW30 and NF90 

membranes because the BR results simply cannot be compared to CCD. Further technoeconomic 

analysis work is required to determine the best membrane configurations that produce a set 

volume per day with maximum water recovery. 

 

3.3.2 DPP and ROSA CCD-RO simulation results 

As detailed in the previous section, additional CCD-RO simulations were found to be 

necessary to determine SWEC for commercial BW30 and NF90 membranes, and therefore 

DPP/ROSA was utilized for this purpose. DPP/ROSA software ran 12 different simulations in 

CCD-RO and results are shown in Figure 3.22, where results for BW30 membranes are 

connected in solid lines and results for NF90 membranes are connected in dashed lines. It is 

immediately noticeable that the BW30 membranes demonstrated higher SWEC than NF90 in 

CCD-RO. However, all CCD-RO simulations were able to remain below 1 kWh/m3 from 73-

96% recovery. Rather than follow a descending-indirect trend between SWEC and overall 

recovery, as seen in WAVE RO simulations for the conventional RO and NF with brine 

recycling, the DPP/ROSA CCD-RO and NF simulations show an increasing and direct trend 

between the two parameters (i.e., SWEC increases with recovery), like in the WAVE CCD 

SOAR membranes. All 12 CCD-RO simulations were able to recover up to 94% water, with 

several able to reach 96%. Similar to the WAVE results (with the addition of 3-membranes), 

BW30-4040 membranes in series decrease in SWEC as follows: 2-membranes > 6-membranes > 

7-membranes > 8-membranes > 3-membranes. The identical slopes between the 2- and 6-

membranes in series, suggests that the 6 BW30-4040 membranes in series will consume the 

same amount of energy when producing 3,000 GPD as a 2 BW30-4040 membrane series system, 

but can do so in 9-hrs rather than 24-hrs. 

The 8 BW30-4040 membranes in series consumed the lowest amount of energy compared to 

the 2-, 6-, and 7-membranes in series because of the increase in surface area. More surface area 

provided by the added membranes, lowers the average flux rate per membrane, thereby lowering 

pressure exerted and energy consumed. For example, the 2 BW30-4040 membranes operated for 

24 hours with a daily production rate of 3,000 GPD consumed 0.2 kWh/m3 more energy than the 

3-membranes in series from 78-96% recovery. This was also noticeable for the BW30-4040 8-hr 

CCD operation with 7 and 8 membranes in series. An 8” diameter BW30 membrane was also 



  
 

52 

tested for a 9-hr operation and resulted in the highest SWEC (0.81-0.95 kWh/m3) across all other 

11 simulations. This further verifies the inefficiency in 8”-diameter BW30 membranes when 

compared to multiple 4” BW30 membranes in series for the scale of operation simulated here. 

That said, technoeconomic analysis needs to be performed to determine if capital and O&M 

costs of operating with more smaller membranes are favorable. 

 

 
Figure 3.22 Specific water energy consumption from the DPP/ROSA simulations for BW30-
4040, BW30-400, NF90-4040, and NF90-400/34i membranes. Where “()” represents the number 
of membranes in series in one pressure vessel. Production rates (in GPD) varied according to 
hours of operation and number of membranes in series. The “%BR” represents the percent of 
recycled brine in RO, while CCD is 100% BR. BW30 membranes are symbolized in solid lines 
and NF90 in dashed lines. The 4” diameter (4040) membranes are symbolized in single lines 
while the 8” (400) are in double lines. 
 

On the other hand, the NF90-4040 membranes in series consumed less than 0.5 kWh/m3 of 

energy and followed a decrease in SWEC as follows: 2-membranes > 6-membranes > 8-

membranes > 7-membranes > 3-membranes. However, all NF90-4040 simulations resulted in 

very similar SWEC values, causing some overlap in data at lower recoveries (<85%). Therefore, 
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NF90-4040 SWEC is not as affected by the number of membranes in series at different hours of 

operation, including the NF90-400/34i membrane. It is notable that the 3 NF90-4040 membranes 

in series ranked the lowest SWEC out of all NF90 and BW30 simulations for the same reasons 

discussed above. Complementary technoeconomic analysis and more comprehensive product 

water quality analysis will have to be conducted to enable final determination of the best process 

configuration and operating conditions. 

Further evaluation of SWEC between BR-RO, CCD-RO, and conventional RO (labeled 

RegRO in Figure 3.23) simulations with six membranes in series at 9-10 hour operation days, 

were completed and can be seen in Figure 3.23. Conventional RO simulations (dashed lines) 

followed similar trends to that of the BR-RO (i.e., decreasing SWEC as recovery increases) and 

never reached recoveries above 65% due to design limitations. Conventional BW30-RO had a 

low SWEC of 0.7 kWh/m3 at 60% recovery.  

 

 
Figure 3.23 Comparison of specific water energy consumption for the BR-RO (double solid 
lines), CCD-RO (single solid lines), and conventional RO (RegRO; single dashed lines) 
processes under 6 - BW30-4040 (blue lines) and NF90-4040 (yellow lines) membranes in series. 
BW30-4040 were simulated under 9-hr operations, while the NF90-4040 simulations were done 
under 10-hr operation windows, with the exception of one RegRO simulations reaching 9-hrs. 
 

Of the seven simulations, the 6 BW30-4040 membranes at 95% BR provided the highest 

SWEC (1.7-1.9 kWh/m3) regardless of overall recovery, making the BW30-CCD-RO more 

efficient and attractive at higher recoveries. Similarly, NF90-CCD was able to reach lower 



  
 

54 

SWEC at high recovery than the other two RO processes. NF90 simulations were ran under a 10-

hour operation (i.e., 7,000 GPD); however, regular RO was able to achieve 3000 GPD operation 

at 9-hrs (i.e., 8,000 GPD), thereby slightly increasing SWEC by 10%. 

Based on these simulations produced by the WAVE and DPP/ROSA, the lowest energy 

consuming and highest recovery membrane configuration under the most realistic hours of 

operation - is a 6-series NF90-4040 CCD-NF system. Figure 3.22 also proved that a one NF90-

400/34i membrane can consume the same amount of energy and provide just as high recoveries 

in CCD, as the 6 membranes in series. NF90-4040 membranes range around $400/membrane, 

whereas the NF90-400/34i membrane can approximately be $800/membrane, dependent on 

vendor prices. Consequently, one 8” NF90 membrane will be more cost effective, energy 

efficient, and provide acceptable permeate TDS levels. However, given the natural inconsistency 

of water chemistry in the different NN drinking water wells, a membrane that has the ability to 

remove more contaminants will be the attractive option, such as BW30. As mentioned, more 

technoeconomic analysis needs to be conducted if overall project goals aim to produce high 

quality water or low SWEC, or both. 
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CHAPTER 4  

CONCLUSION 

Bench-scale and pilot-scale CCD experiments, and computer simulations were conducted to 

evaluate water treatment of Navajo Nation brackish groundwater from a well located in Leupp, 

AZ. The goal of this study was to determine the best design and operating conditions when 

treating NN groundwater to optimize water quality and quantity (i.e., high water recovery) and 

by determining the specific water energy consumption (SWEC) when operating with simulated 

renewable solar energy. 

Bench-scale experiments were used to compare desalination of pretreated and non-pretreated 

feed water, with less and more challenging NN feed water, at three high water recovery rates 

(80%, 90%, and 95%), and with two commercially available membranes (BW30 and NF90). 

Results from bench-scale experiments not only revealed that pretreatment is necessary for NF90 

membranes operated at ~91-95% water recovery rates with both regular and challenging (i.e., 

include iron and have higher concentrations of inorganic material) NN groundwaters, but 

additional pretreatment or cleaning between batches (i.e., double flush = 2 x plug flow) will need 

to be evaluated for scaling prevention. NF90 produced acceptable water quality, except for 

operation at 95% water recovery that produced water having TDS concentration near EPA’s 

secondary standards (SMCL). As expected, the BW30 membrane produced higher quality water 

with lower TDS concentrations than the NF90 membrane. 

Both membranes also produced water at a similar SWEC of 0.22-0.48 kWh/m3 at 80% and 

90% water recoveries. Although BW30 was not tested at 95% recoveries for less challenging NN 

water, the higher and increasing feed pressure over time (i.e., early scaling indication) compared 

to that of NF90 implies that BW30 will require additional pretreatment or membrane cleanings 

between batches at higher recoveries, which may also increase the SWEC. Although the more 

challenging feed water was only tested for BW30 at all three recoveries, NF90 permeate quality 

results imply that the NF90 membrane will produce lower permeate quality (higher TDS 

concentrations) than BW30 and possibly lower SWEC values (based on feed pressures) when 

treating more challenging waters.  

Pilot-scale experiments were conducted with one BW30-4040 membrane and tested with 

simulated solar energy profiles from 5 days in the winter (January 1-5) and 5 days in the summer 

(July 10-14), having a mix of both sunny and cloudy days. The 5-day average permeate 
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concentrations were 100-150 mg/L TDS for both profiles, well below the TDS SMCL. The 

winter profile provided the lowest production rate of 884 L/day (~234 gal/day) because of fewer 

hours of operation (8-9 hours) compared to that of the summer profile (1160 L/day (306 

gal/day); 10-11 hours). The pilot system was not designed to and unable to produce the target 

daily volume of 3,000 gal because of the limited number (1) of membranes; however, based on 

process knowledge and computer simulations it is clear that by adding membranes in series, the 

same system can produce the target quantity at the desired water quality. Furthermore, the pilot 

system had a high SWEC of 9-19 kWh/m3 mainly because of the low number of membranes and 

because of the low efficiency recirculation pump (~45%). Adding five more membranes in series 

(total of 6) will reduce the SWEC to 1.5-3.7 kWh/m3 because power consumption would remain 

the same while the permeate production would increase (SWEC = power/permeate flow). And 

additional system optimization could further reduce SWEC to below 1 kWh/m3. Therefore, it is 

recommended the number of membranes is increased or the size of the membranes (i.e., 4” to 8” 

diameter) is increased to achieve 3,000 GPD at lower SWEC. Increasing permeate flow with 

multiple membranes, and remaining within allowable membrane operation, will also reduce the 

CC batch time because the system will be able to recover water faster. CC batch times were 2-3 

hours, which can result in membranes scaling if sparingly soluble salts are at supersaturation 

beyond their crystallization induction time. 

And this was proven by the simulated scenarios produced in WAVE and DPP/ROSA. The 

simulation results also showed that higher rejection was achieved for BW30 than NF90 but at the 

cost of consuming more energy. Considering that every groundwater well on the Navajo 

reservation will not have the same water quality, and the BW30 membrane can reject more 

contaminants than NF90, BW30 is the recommended membrane for desalinating the Navajo 

community’s brackish groundwater. Although the current pilot-scale design has the ability to run 

with two membranes in series, DPP/ROSA simulation results show that this design will still need 

to be run for 24 hours to produce 3,000 GPD. If 3,000 GPD and high-water recovery is desired, 

along with intermittent operation provided by the limited solar energy, then 6-8 BW30-4040 

membranes in series or 1 BW30-400 membrane is the best CCD-RO configuration. Ultimately, 

further technical and economic analysis (i.e., capital, operation, maintenance costs, etc.) will 

determine the optimal design for the Navajo Nation’s drinking water. 
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Furthermore, the synthetic feed water tested in this study did not include arsenic and 

uranium. Therefore, further evaluation of their removal and system performance with other 

constituents in the water will be necessary, especially for scaling tendencies. However, arsenic 

and uranium are known to be highly rejected by both NF and RO membranes. High feed pressure 

results presented an early occurrence of scaling on the membrane surface; thus, other scaling 

prevention techniques should be considered, including long term monitoring (2+ months). Prior 

to field testing, higher temporal resolution (i.e., every second) solar irradiance data should be 

tested for other days in the year because 1-hour interval data for one time in the summer and 

winter provides a starting point for system performance, but it does not resemble real-time solar 

energy availability. At this stage, it is also recommended that energy storage and/or energy 

recovery devices be evaluated, such as supercapacitors or lithium-ion batteries as discussed in 

the introduction. Results from the pilot-scale CCD BW30-4040 system revealed that even short 

term low solar irradiance decreases the efficiency of the system by reducing the amount of water 

that can be produced and also reduce water quality. If energy storage was available to offset the 

periods of low solar irradiance (i.e., start and end of day, or clouds), permeate production and 

quality will increase, and CC batch sequences will be faster at high recovery because of 

consistent operation. Lastly, brine management is an important factor in overall design, 

operation, maintenance, and cost. Seawater desalination gives operators the ability to discharge 

brine into the sea, whereas inland desalination presents some difficulties for brine fate. As 

discussed in the introduction section, previous NN groundwater studies had brine discharged into 

an evaporation pond. Although it is the most likely option, further brine management techniques 

should be evaluated for long term effects, especially for a community that has suffered through 

numerous environmental inequities. 
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APPENDIX A 

PILOT SCALE SIMULATION DATA 

 
Figure A.1 (a) Water flux, feed pressure, (b) salt rejection, (c) permeate conductivity, (d) SWEC 
and total power consumption from daylight operation on January 3, with system power state (i.e., 
solar profile) defined in (b) and (c). 
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Figure A.2 Average permeate concentration over time for the less challenging water treated with 
BW30-4040 under (a) January 1-5 and (b) July 10-14 simulated solar conditions.  
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Figure A.3 (a) Water flux, feed pressure, (b) salt rejection, (c) permeate conductivity, (d) SWEC 
and total power consumption from daylight operation on July 14, with system power state (i.e., 
solar profile) defined in (b) and (c). 
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Table A.1 Daily averages for CC hours of operation, permeate production, salt rejection, 
permeate conductivity, SWEC, and sequences completed from the pilot-scale CCD system from 
January 1-5 and July 10-14, under pretreated and less challenging waters.  

Date 

Hrs of 
daylight 
operation 

Production 
(L/day) 

Salt 
Rejection 

Permeate 
conductivity 

(mS/cm) 
SWEC 

(kWh/m3) 
Sequences 
completed 

1/1 8 785 90.0% 0.25 13.3 2.5 

1/2 9 1010 91.5% 0.21 12.2 2.7 

1/3 9 992 91.1% 0.22 12.3 2.7 

1/4 9 1061 90.1% 0.22 12.1 2.7 

1/5 9 573 91.8% 0.25 14.5 1.3+0.7 

Jan Avg 9 884 90.9% 0.23 12.9 -- 

7/10 10 1166 89.1% 0.27 13.5 2.8 

7/11 11 1538 91.4% 0.22 11.5 4.5 

7/12 10 1125 92.4% 0.19 11.5 2.9 

7/13 10 912 91.7% 0.21 13.8 2.6+0.4 

7/14 11 1060 92.0% 0.20 13.0 2.8+0.6 

July Avg 10 1161 91.3% 0.22 12.6 -- 
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