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Abstract: 15 

Membrane capacitive deionization (MCDI) has shown many advances, however, its performance in 16 

combination with other treatment technologies has not been widely reported. In this study, a pilot-scale 17 

low-pressure reverse osmosis (LPRO) (FilmTec™ XLE-2540) with MCDI (CapDI© C17, Voltea) post-18 

treatment was developed and tested as a promising modular desalination system. The systems were  19 

evaluated individually at different salinities and tested as a modular system in comparison to 20 

conventional seawater reverse osmosis (SWRO) (FilmTec™ SW30-2540) at pilot-scale and in theory 21 

using the software Water Application Value Engine (WAVE, DuPont™). Pilot tests were carried out in 22 

Can Gio, a riverine estuary region in South Vietnam where freshwater is affected by progressive 23 

salinization (TDS ≈ 22 g/L). Drinking water quality (TDS <600 mg/L) was achieved with a specific 24 

energy consumption (SEC) of 5.2 kWh/m³ and additional 1.9 kWh/m³ for the ultrafiltration (UF) pre-25 

treatment. While the SWRO had a slightly lower SEC of 5.0 kWh/m³, WAVE calculations showed that 26 

lowering the SEC to 3.6 kWh/m³ is possible for the combined process with the improvement of LPRO 27 

pump design and with an optimization of the MCDI operation. Furthermore, the results of the individual 28 

technologies were discussed and compared in this paper including a cost evaluation of the systems.  29 

Key words: MCDI, Low Pressure Reverse Osmosis , ultrafiltration, WAVE, river salinity   30 
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 Introduction 31 

Approximately one-quarter of the global population inhabits coastal regions. However, water supply 32 

here faces significant challenges as water sources are being threatened by climate change, rising 33 

seawater levels and increased salinization (Colombani et al., 2016; Greene et al., 2016). In this regard, 34 

estuaries are particularly affected by climate change. Droughts will occur more frequently in future, 35 

reducing fresh water input into tidal rivers and bays. This raises salinity in estuaries and enables salt 36 

water to mix further upstream (Galliari et al., 2021).  37 

The Can Gio mangrove estuary in the south of Vietnam, in common with many other river deltas, is 38 

affected by progressive water salinization. Can Gio is located about 35 km downstream from the biggest 39 

city in the country, Ho Chi Minh City (HCMC), and covers an area more than 35,000 ha. Due to its 40 

connection to the Eastern Sea, a natural mixing of river water and sea water occurs that causes the 41 

salinization of groundwater and surface water. The salinization effect is greater at the seaside and 42 

reduces inwards, so that a concentration gradient between 2 and 32 g/L can be observed across the length 43 

of the catchment area. The quality and salinity of surface water is also affected by seasonal variations 44 

in rainfall, discharge, evaporation and other climatic conditions (Thanh-Nho et al., 2018; Thu et al., 45 

2020; Tuan and Tran, 2018).  46 

In order to examine options for safe water supply in Can Gio and other coastal areas, a novel, modular 47 

desalination process consisting of ultrafiltration (UF) pre-treatment, low-pressure reverse osmosis 48 

(LPRO) and membrane capacitive deionization (MCDI) for drinking water production was developed 49 

and tested within the joint research project WaKap (www.wakap.de) from September 2020 to February 50 

2021.  51 

Reverse osmosis (RO) is currently being considered as the most optimized membrane-based 52 

desalination process in the global desalination market (Goh et al., 2018; Qasim et al., 2019). Although 53 

standalone RO desalination could directly achieve drinking water standard, it is still possible to improve 54 

the RO application including pre-treatment and fouling mitigation, life span of membranes, hybrid 55 

system, and energy optimization amongst others (Ahmed et al., 2020; Nassrullah et al., 2020; Qasim et 56 

al., 2019). To reduce membrane fouling and extend the RO lifetime, membrane pre-treatment 57 

technologies such as microfiltration (MF) (0.1–0.5 µm), ultrafiltration (UF) (0.01–0.1 µm) or 58 

nanofiltration (NF) (1–2 nm) are attained (Qasim et al., 2019). Some studies have demonstrated that 59 

utilizing UF and MF may reduce foulant almost 100% under certain conditions (Bonnélye et al., 2008; 60 

Wilf and Bartels, 2005). 61 

MCDI is a novel electrosorptive desalination process that uses porous carbon electrodes and low 62 

voltages to adsorb salts. As an emerging technology, it shows benefits compared to conventional 63 

technologies particularly for ion removal at low salt concentrations (Porada et al., 2013). The salient 64 

advantages of the process are its low energy demand, high water recovery, tunable desalination and low 65 

operating pressures (AlMarzooqi et al., 2014; Yao and Ji, 2020). In particular, the MCDI has 66 

http://www.wakap.de/
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demonstrated being advantageous in comparison to RO system in terms of energy consumption when 67 

the feed concentration is below 30 mmol/L (Elimelech and Phillip, 2011; Porada et al., 2013). However, 68 

the application of MCDI at large and industrial scale is yet to be achieved. The main challenges are its 69 

capital price, electrode modules durability and fouling mitigation (AlMarzooqi et al., 2014). Previous 70 

work on MCDI at pilot scale has shown the advantages of MCDI operation with solar PV, however an 71 

evaluation of the MCDI life span and fouling control on long-term remains ambiguous (Hellriegel et al., 72 

2020; Tan et al., 2018) 73 

The aim of this study was to evaluate a combined system consisting of LPRO+MCDI for high saline 74 

brackish water desalination in coastal regions as an energy-efficient process. For the first time, a MCDI 75 

unit was tested in combination with LPRO at pilot-scale and directly compared with seawater reverse 76 

osmosis (SWRO) at same scale including computational calculations using the software WAVE 77 

(DuPontTM).  78 

The article is divided in four sections, material and methods, results, cost evaluation and conclusions. 79 

The results are separated in the individual performance evaluation of each technology, the test of the 80 

combined LPRO+MCDI system with the selected operational parameters, and finally its comparison to 81 

SWRO. 82 

 Materials and Methods 83 

This section presents a detailed description of the pilot plant location and current water supply situation 84 

at the selected site in the Can Gio estuary, and the design including the UF pre-treatment, the membrane 85 

desalination, and the MCDI.   86 

2.1 Plant location and current water supply 87 

The pilot-scale plant was located in the commune of Thien Lieng, (10°31' 0.29"N, 106°57' 8.67"E) in 88 

the heart of the Can Gio estuary at the Long Tau River delta (Fig. 1). The commune has around 800-89 

1000 inhabitants in approx. 125 households.  Similar to other municipalities in Can Gio, access to clean 90 

or potable water is currently very limited due to its remote location while saline intrusion affects the 91 

quality of both surface and groundwater. Therefore, fresh water is transported from the mainland by 92 

boat and distributed locally though a local pumping station (storage volume: 100 m³) at a set tariff of 93 

5600 VND/m³ (0.24 USD/m³) (UBND HCMC, 2019). The external water supply is subsidized by up to 94 

90% by the government, costing approx. 1.10-1.30 USD per m³. Additionally, the monthly water supply 95 

in the commune is limited to 4 m³ per person. As a result, the economic and technical advantages for a 96 

decentralized water treatment system are promising, which increases the political legitimacy and social 97 

acceptance for the application of the proposed modular treatment system. 98 
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 99 

Fig. 1: Pilot plant location in Can Gio estuary, south Vietnam (red-star). 100 

2.2 Raw water quality  101 

An analysis of river water quality is shown in  Table 1. The maximum electrical conductivity (EC) was 102 

measured to 34.7 mS/cm, which corresponds to a concentration of total dissolved solids (TDS) of 103 

22.2 g/L (K = 0.64). Results also showed a high concentration of total suspended solids (TSS) of up to 104 

517 mg/L. The river TDS concentration and TSS fraction showed fluctuations from 21.1-22.2 g/L and 105 

145-517 mg/L, respectively which were attributed to both tidal (river-sea interactions) and seasonal (dry-106 

wet seasons) changes. 107 

Table 1: River water quality at pilot site location 108 

Parameter Unit 
Measured range 

(min. - max.) 

EC mS/cm 33 - 34.7 

TDS * g/L 21.1 - 22.2 

TSS mg/L 145 - 517 

Na⁺ mg/L 4048 - 7331 

K⁺ mg/L 129 - 203 

Ca²⁺ mg/L 158 - 259 

Mg²⁺ mg/L 331 - 486 

Cl⁻ mg/L 12201 - 16590 

SO₄²⁻ mg/L 1412 - 1873 

TOC mg/L 7.8 - 33 

HCO3⁻ ** mg/L 18 - 90.1 
* From E.C. and K = 0.64 (Walton, 1989) 
**From TIC 
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2.3 Plant description and operation 109 

The pilot-scale plant scheme is illustrated in Fig. 2. The plant consists of an UF pre-treatment, the 110 

desalination stage with either LPRO or SWRO, and MCDI as post-treatment. The pilot-scale plant was 111 

operated and monitored automatically using a SIEMENS controller (SIMATIC S7-1200) and online 112 

sensors for pressure (PN2597, ifm electronic GmbH), flow rate (Type 212, Huba Control), and 113 

conductivity (SUP-TDS210-B, Supmea). The system included different processes with an average water 114 

pass of 2 m³/d for the entire process, which was automatically controlled by level switches in each tank.. 115 

T1
(1 m³)

T2
(1 m³)

T3
(1 m³)

River 
pump

permeate

MCDI
pump

Filter

MCDI

diluate

Sludge 
discharge

Concentrate
discharge

UF pump

Blower

Drinking water
SWRO

Concentrate
discharge

V-1

V-2

Switchable RO 
by hand valves 

(V1, V2)

Drinking water 
LPRO+MCDI

Low Pressure RO

Sea Water RO

T4
(1 m³)

High
Pressure

pump

Filter

 116 

Fig. 2: Scheme of pilot-scale plant in Can Gio consisting of ultrafiltration UF pre-treatment, low-pressure 117 

and seawater reverse osmosis (LPRO/SWRO) and membrane capacitive deionization (MCDI). 118 

2.3.1 Ultrafiltration (UF) pre-treatment 119 

The pre-treatment consisted of two flat-sheet UF membrane modules (2xAQQA4®, Weise GmbH) for a 120 

total of 8 m2 area submerged in the UF tank (T1, 1000 L), a suction pump (ET63b-2, Liverani EP Neon), 121 

and a blower (enviro® ET 120 SERIES, Charles Austen PUMPS LTD) used for continuous air scouring 122 

at 120 L/min (120 mbar).  123 

River water was automatically pumped into T1 by use of submersible feed pump (4SDM, NBM Water 124 

pump). Initial water flow was 176±4 L/h. The UF was programmed to operate 9 mins at a 125 

TMP = -50 mbar and backflush for 1 minute using UF-permeate from tank T2 b  gra it  (Δ  = 1.5 m ; 126 

avg. pressure =120 mbar). Additionally, sludge and solids accumulated in T1 due to the high TSS in 127 

feed river water were discharged regularly (max. every 7 days) while T1 was re-filled with fresh river 128 

water. 129 

2.3.2 Low-pressure reverse osmosis (LPRO) and seawater reverse osmosis (SWRO) 130 
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The LPRO and SWRO consisted of a single-stage membrane system with 3 pressure vessels in series, 131 

each with one spiral wound membrane element and two pre-filter cartridges (10 µm). For comparison 132 

purpo e , t e    tem wa  te te  u ing eit er LP O membrane  (FilmTec™ XLE-2540, DuPont™) or 133 

SW O membrane  (FilmTec™ SW30-2540, DuPont™) switching operation using the hand valves V-134 

1 and V-2 (Fig. 2).  135 

The UF-permeate (T2) was boosted using a high-pressure pump (Plunger modem 247, CAT Pump & 136 

1.5 kW motor, Enertech) at feed pressures from 20-45 bar for the LPRO and from 30-65 bar for the 137 

SWRO at a feed flow of 0.6 m3/h.  138 

Permeate from SWRO was directly used as drinking water (after remineralization), whereas LPRO 139 

permeate was stored in T3 for further treatment by use of the MCDI system to produce drinking water 140 

(LPRO+MCDI). 141 

2.3.3 Membrane capacitive deionization (MCDI) 142 

For the MCDI a commercially available electrode module was used (type C17-24-DDRG, Voltea B.V.) 143 

with 408 electrode pairs and a total electrode surface of approx. 21 m². The MCDI system was equipped 144 

with a pre-filter cartridge (1 µm) and a diaphragm pump (5050-1311-H011, Shurflo) and was operated 145 

with a power supply (GEN8-400, TDK Lambda). The MCDI system was operated at constant current 146 

mode. Each experiment was conducted over at least 3 cycles. Treated water was stored in T4 for 147 

drinking-water purposes. 148 

In this study, the MCDI was tested at different salinity concentrations directly as post-treatment of the 149 

LPRO permeate (EC = 2.4, 3.7 and 4.8 mS/cm). For each salinity, different tests were conducted to find 150 

out the optimum operational settings. The parameters investigated included flow rate, cycle/phase time 151 

and applied current (see Table 2), ta ing into con i eration t e manu acturer’  recommen ation  or 152 

applied positive and negative charges (negative charge 5% > positive charge; unit: C) and using current 153 

densities between 3-10 A/m². 154 

Table 2: MCDI operational parameters for experiments with EC inlet from 2.4 mS/cm to 4.8 mS/cm at 155 

constant current 156 

2.4 Water Application Value Engine (WAVE, DuPontTM) 157 

The designing tool Water Application Value Engine (WAVE, software v1.64, DuPontTM) was used for 158 

the design and evaluation of the LPRO and SWRO. The calculation software has been experimentally 159 

Phase Flow rate (L/min) Phase time (min) Applied current (A)* 

Discharge CP 1.5-2.1 3.1-19 163-334  
Pre-charge PP#  1.8-3.0 0.7-6.0 50-171 
Charge CP 2.0-4.1 4.4-23  68-225 
#Pre-charge cycle: counted as concentrate 
*Applied voltage limited at 0.9-1.5V 
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and practically verified in a previous publication with 95% accuracy (Toth, 2020). Water recovery 160 

(WR), salt rejection rate (RR), and specific energy consumption (SEC) were calculated at different feed 161 

pre  ure  (max. 41 bar  or LP O an  max. 69 bar  or SW O) ba e  on t e manu acturer’   ata  eet 162 

(DuPont, 2021, 2020). A feed salinity of 34.7 mS/cm was used to calculate performance based on 163 

experiments carried out in November 2019 with concentrations of Cl- = 12.2 g/L, SO4
2- = 1.4 g/L, 164 

TOC =7.8 mg/L and TSS = 517 mg/L (99.1% TSS removal by upfront UF). Optimum SEC values of 165 

the LPRO process were calculated adjusting the efficiency of the pump motor (Plunger 231, CAT) 166 

accor ing to t e manu acturer‘   ata  eet (CAT pumps, 2022; EnerTech, 2022). 167 

 Results and Discussion 168 

This section presents the results of the pilot plant from Sep. 2020 to Feb. 2021. The results of each 169 

individual technology are presented first individually, including the UF pre-treatment in Section 3.1, the 170 

LPRO and SWRO desalination in Sections 3.2 and 3.3, and the MCDI desalination in Section 3.4. 171 

Finally, the results of the combined process are given in Section 3.5 and compared with SWRO in 172 

Section 3.6. In the last section, a water costs estimation is given as an integrated water management 173 

concept for providing two water qualities (drinking and product water). 174 

3.1 UF performance 175 

UF-filtration showed a reduction in TSS and turbidity of 99.1% and 99.7%, respectively. Initial water 176 

flow 176±4 L/h dropped continuously within the first 60 days of continuous operation to 89 L/h 177 

achieving a constant flux (J) and permeability at fixed TMP = -50 mbar of 10.4±1 L/(m² h) and 178 

218±28 L/(m² h bar), respectively  (Fig. 4). Values remained stable for at least 150 days with J and 179 

permeability of 8.8 L/(m² h) and 129 L/(m² h bar), respectively. 180 

The decrease in flowrate is a usual effect which is attributed to membrane fouling that coul n’t be fixed 181 

by regular backwashing alone. The UF-filtration was operated with no chemical cleaning and only 182 

frequent backflushing, following a sustainable approach (see Section 2.4.1). This was possible because 183 

the UF-membrane structure used allows higher backflush pressures of up to 350 mbar in comparison to 184 

flexible plates or hollow fiber modules (WEISE WATER, 2022). 185 

Other mechanical cleaning strategies tested were long backflush (1 h, p = 120 mbar), sludge discharge 186 

and tank refill with fresh river water (Fig. 4, dotted vertical lines) which temporarily increased the water 187 

flux and permeability. However, long backflushes showed no long-term positive effects and accounted 188 

for permeate loss so that sludge discharge and refill at regular intervals was identified as the most 189 

efficient non-chemical cleaning method.  190 

Additionally, a chemical cleaning was carried out after 200 days of operation to evaluate the effect of 191 

fouling mitigation on the performance of the membranes. The cleaning was carried out by backflushing 192 
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the UF-membranes with a 0.5% hydrogen peroxide (H2O2) solution and soaking over the course of 24 h. 193 

The chemical cleaning showed an increase of 28% in J and permeability achieving 18.8 L/(m²h) and 194 

375 L/(m²h bar), respectively. However, it was not possible to consider the long-term effect of the 195 

chemical cleaning within this study. 196 

 197 
Fig. 3: UF pre-treatment - flux and permeability over time 198 

3.2 LPRO vs SWRO: calculations with WAVETM 199 

The WAVETM software was used for the design of the LPRO system as pre-stage for the MCDI, and to 200 

compare with the SW O membrane  (FilmTec™ SW30-2540, DuPont™). As shown in Fig. 5a and 5b, 201 

the SWRO achieves permeate concentrations below the WHO drinking water standard of EC< 202 

1200 S/cm (600 mgTDS/L, KWAVE = 0.5) (World Health Organization, 2022) at starting TMP>23 bar 203 

resulting in SEC of 4.3-6.9 kWh/m3.  204 

In contrast to the SWRO, the permeate conductivity of LPRO cannot meet drinking water standard so 205 

that with different working pressures, t e LP O’  outlet pro i es different scenarios for the MCDI as 206 

post-treatment. The optimum SEC and WR for the LPRO ranged between 2.9-3.1 kWh/m3 and 38-53%, 207 

respectively with a permeate salinity range of 2.4 mS/cm (at p = 40 bar) and 5.6 mS/cm (at p = 17 bar), 208 

as shown in Fig. 5a.  209 

At the same time, these results show the potential use of LPRO in combination with MCDI at p<41 bar, 210 

where the SEC difference with respect to SWRO is about 2.4 kWh/m³ at TMP of 25 bar and of 211 

1.26 kWh/m³ at TMP of 40 bar. (Fig. 5b).  212 

This means that for the design of the MCDI, permeate conductivities between 2.4-5.6 mS/cm were tested 213 

whereas the maximum SEC shall remain below 2.4 kWh/m³ in order to be below the SEC of single-214 

stage operation with SWRO. 215 
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Fig. 4: WAVETM calculation results of a) permeate conductivity and b) SEC over pressure for LPRO 

m mb      F  mT  ™ XLE- 54 , D     ™    d  WRO m mb      F  mT  ™  W3 -2540, 

D     ™ . Inlet EC=34.7 mS/cm, TMP at 23 bar (red dash dot line). 

3.3 LPRO vs. SWRO: Experimental results 216 

A ter t e calculation  wit  WAVE™, t e LP O an  SW O membrane  (FilmTec™ XLE-2540 and 217 

SW30-2540, DuPont™) were te te  at the pilot plant at a river salinity concentration of EC = 218 

34.7 mS/cm at different pressures and compared with WAVE™ results.  219 

Results for WR and RR as a function of the SEC of the pilot tests are shown in Fig. 5 in comparison to 220 

WAVE™ calculations. The results for LPRO-pilot (a) showed a maximum desalination rate RR of 221 

>91.6% from 34.7 mS/cm to 2.9 mS/cm at a maximum operating pressure of 40 bar achieving a flux of 222 

30.6 L/(h m2) and a WR of >37.6%. The increase in operating pressure and WR affected the SEC 223 

positively with the optimum measured SECLPRO of 4.73 kWh/m³ at a TMP of 40 bar. However, the SEC 224 

was significantly greater than the calculated SECWAVE of 3.06 kWh/m3. The experimental values for RR 225 

and WR were also different from the calculated WAVE re ult  wit  a  i  erence o  Δ   = -15-25% and 226 

ΔW  = -10% and particularly higher differences for RR at lower the pressures.  227 

The differences between pilot and WAVE calculations can be due to the fact that LPRO membranes like 228 

FilmTec™ XLE-2540 are typically implemented at much lower salt concentrations (brackish water), for 229 

which WAVE™ is designed. Furthermore, the long-term operation of the LPRO membranes at high 230 

pressures and fluxes can have a negative effect on the membranes lifespan and has to be further tested.  231 
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   232 
Fig. 5: Pilot results and WAVE calculation of SEC, WR and RR over pressure for a) LPRO and b) SWRO.  233 

Inlet EC=34.7 mS/cm. 234 

The results for SWRO-pilot (Fig. 5b) showed a maximum desalination rate RR of > 99.3% and a 235 

permeate concentration of 225 µS/cm at a maximum operating pressure of up to 55 bar resulting in a 236 

WR and SEC of 43.8% and 5.0 kWh/m³, respectively. However, the optimum SEC of the SWRO-pilot 237 

tests was SECSWRO = 4.9 kWh/m³ at 65 bar, with a flux of 43.8 L/(h m2). Although the actual SEC of 238 

SWRO was slightly higher than the simulation value of 4.4 kWh/m3, a comparison of the results showed 239 

that the calculated WAVETM data were in better agreement for the SWRO than for the LPRO 240 

membranes, which can be attributed to the salt concentration ranges tested. Results showed that higher 241 

operating pressures yields greater WR and thus the SEC is lower.  242 

3.4 Membrane Capacity Deionization (MCDI) 243 

The MCDI system was tested as post-treatment of the LPRO desalination at different feed salinities 244 

from 2.4 to 5 mS/cm (1.5-3.2 g TDS/L) by changing the feed pressure inlet of the LPRO (see Table 2). 245 

A typical cycle profile of the pilot-scaled MCDI is given in Fig. 6 for conductivity (a), flow & pressure 246 

(b), voltage (c) and current (d) over time. A cycle consists of three continuous phases (discharge phase 247 

DP, pre-charge phase PP, and charge phase CP). The electrode is firstly regenerated by applying 248 

negative voltage (discharge stream) to eliminate any previously accumulated ions during CP. Fig. 6a) 249 

shows the concentration rise during DP to up to 3-times the feed concentration. This is followed by a 250 

PP to flush the brine out of module before the desalination cycle. Positive voltage is then applied for the 251 

CP or desalination step (Fig. 6c).  252 

 253 
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Fig. 6: Conductivity (a), flow & pressure (b), voltage (c) and current (d) over time of a typical MDCI 254 

experiment (DP: discharge/regeneration, PP: pre-charge, CP: charge/desalination; inlet EC: 4.8 mS/cm. 255 

While the cell potential measured shifts between positive and negative, the max. voltage should remain 256 

below 1.2 V to avoid hydrolysis and other faradaic reactions. The changes in flow and pressure Fig. 6b 257 

and current Fig. 6d are directly proportional to the desalination rate and concentration changes (Fig. 6a).  258 

Important here is not only the average desalination, but also the stability of the outlet concentration 259 

during CP. 260 

Fig. 7 shows a general overview and the overall performance of the MCDI experiments showing that 261 

drinking water standard (<1200 µS/cm) was achieved with SECMCDI between 0.38-2.1 kWh/m³ for 262 

salinity inlets from 2.5-5 mS/cm, which shows how the SEC is affected by the different selected 263 

parameters. For the calculation of the SEC, only energy consumption for was considered desalination 264 

(power  uppl  to MCD ’  electro e, excl. pump). The tests showed that with increasing MCDI inlet 265 
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concentration (2.5, 3.7, 4.7 mS/cm), different water qualities are achieved depending on the selected 266 

parameters (fluctuation of EC output, Fig. 7 red dots). 267 

  268 

Fig. 7: EC inlet, EC outlet and Water Recovery of MCDI’s experiments 269 

Fig. 8 shows the effect of RR and WR on the SEC of the MCDI experiments. Results show the reduction 270 

in the WR from 70% to 55% with increasing salinity and the different outlet conductivity achieved 271 

depending on the parameters chosen. Similar to the RO, results also showed that the SEC value of the 272 

MCDI decreased linearly (R=0.803) with increasing WR. Additionally, the increase of RR from 50% to 273 

95% tripled the energy requirements from SEC = 0.6 to 1.9 kWh/m³. The relationship between 274 

increasing RR and SEC at different inlet EC in Fig. 8 also revealed the direct effect of feed water quality 275 

on the process efficiency. While a RR of 75% for an inlet salinity of 1.2 g/L required only a SEC<0.4 276 

kWh/m³, an inlet TDS = 2.2 g/L required four times more energy with an SEC>1.7 kWh/m³. The 277 

exponential increase in SEC over inlet EC shown at pilot scale is in line with the experimental 278 

investigation at lab-scale with the MCDI and the behavior published in literature (Zhao et al., 2013).  279 

The operation parameters (e.g. Table 2) with direct effect on the desalination efficiency are current and 280 

volume flows. The experimental results showed that running shorter discharge cycles with higher 281 

currents resulted in better SEC results. However, with longer CP the outlet EC over time should be 282 

monitored carefully to avoid an inefficient regeneration in the DP. The optimized desalination from 283 

2.2 mS/cm to drinking water (RR=65%) was achieved at an SEC = 0.4 kWh/m³ and a WR=80.6%. 284 
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Fig. 8: Relationship of SEC and a) RR and b) WR in MCDI pilot results. EC inlet: 2.5, 3.7, 4.7 mS/cm. 

3.5 Modular concept LPRO+MCDI  285 

The evaluation of the SEC for the modular desalination of river water (EC = 34.7 mS/cm) to product 286 

water using the LPRO (EC outlet = 2.3-5.6 mS/cm) and to drinking water (EC outlet < 1200 µS/cm) 287 

using the MCDI are summarized in Fig. 9a (LPRO output = MCDI input) and Fig. 9b (MCDI outlet = 288 

drinking water), respectively.  289 

The increase in SEC with higher outlet concentrations (i.e. lower RR) of LPRO as demonstrated in the 290 

Section 3.3 before is shown in Fig. 9a indicating that operating at higher pressures for targeting lower 291 

output concentrations is more efficient and thus lowering the inlet EC for the downstream MCDI 292 

desalination.  293 

The MCDI results for the different LP O’  outlet concentrations (2.4-5 mS/cm) in Fig. 9b show that 294 

drinking water quality was achieved with RR between 58 to 95% with increasing SEC at higher RR. For 295 

the higher salinity input, drinking water required higher removal (RR 87-95%) and SEC tripled in 296 

comparison to an operation with RR of 58%. Similarly, the increase in RR from 58% to >90% tripled 297 

the SEC from 0.5 to >1.6 kWh/m³. The best SEC was achieved at 0.38 kWh/m3 for a feed EC of 298 

2.5 mS/cm. 299 

An analysis of the power requirements of the three stages (UF, LPRO, MCDI) revealed that the LPRO 300 

has highest power demand (PLPRO = 1.2 kW) followed by the UF (Pblower + PUF,pump = 200 W) and the 301 

MCDI with around PMCDI = 95 W and PMCDI,pump = 35 W. 302 
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Fig. 9: SEC performance of a) LPRO (EC outlet) and b) MCDI (EC inlet) for evaluation of modular concept 303 

3.6 Modular concept vs. SWRO – Summary 304 

The main objective of the pilot trials was to compare the performance of the combined system 305 

LPRO+MCDI with the single-stage SWRO. 306 

Fig. 10 shows the SEC evaluation of the combined system (UF+LPRO+MCDI) in comparison with the 307 

UF+SWRO. The pilot test showed similar SEC results of SECLPRO = 4.57 kWh/m³ and SECMCDI = 308 

0.6 kWh/m³ (total SECLPRO+MCDI = 5.2 kWh/m³) compared to SECSWRO = 5.02 kWh/m³. With an avg. 309 

SEC of 1.9 kWh/m3 for the UF pre-treatment, the total SEC of the combined system and the SWRO 310 

resulted in 7.07 kWh/m³ and 6.92 kWh/m, respectively.  311 

Alt oug  t e  F+SW O  a  a lower ΔSEC o  0.15 kWh/m³ in practice, an optimization of the 312 

combined LPRO+MCDI process is still possible by improving MCDI parameters and increasing LPRO 313 

pump efficiency Fig. 10. A theoretical calculation of the LPRO with WAVETM and improved pump 314 

efficiency of η = 0.7 at optimum TMP showed a potential reduction of the SECWAVE for the 315 

UF+LPRO+MCDI process of -1.57 kWh/m³ for a total SEC of 5.5 kWh/m³,. This corresponds to a 316 

10.5% less energy consumption than the single-stage SWRO and a total SECWAVE of 6.15 kWh/m³ for 317 

the UF+SWRO. 318 

Furthermore, the feasibility of the MCDI in a modular concept can be tested with other available 319 

commercial membranes (e.g. Toray, Hydronautics) for their effect on SEC and at lower feed salinities 320 

e.g. in combination with NF (Jeong et al., 2020; Ruiz-García and Nuez, 2022) to even more advantages 321 

to the SWRO in terms of operating pressure (i.e. <16 bar) and set-up (low-pressure pump, PVC-piping 322 

vs. stainless steel, etc.). The dependency of a combined system NF+MCDI was tested by Jeong et al. 323 

(2020) showing that at salt concentrations lower than 10 g/L the system can outperform conventional 324 

RO technology in terms of energy consumption for the production of drinking water. This was 325 
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demonstrated in laboratory tests and by modeling which showed the impact of feed salinity, NF recovery 326 

rate and MCDI flow rate for the removal.  327 

 328 

Fig. 10: Overall evaluation of combined system with single-step SWRO. Inlet EC=34.7 mS/cm. 329 

 Cost evaluation and environmental considerations 330 

An estimation of the annual costs of the pilot plant including CAPEX and OPEX is summarized in  331 

Investment costs (CAPEX) are higher for the modular system, however by doubling the use time of the 332 

plant from 10 to 20 years, or increasing the life-span of the electrode modules the specific costs can be 333 

reduced by at least 10%.  334 

Although important costs are mentioned above, also the cost for disposal or treatment of high 335 

concentration brine should be considered due to the environmental impacts and economic concern 336 

(Metzger et al., 2020). Currently, different brine disposal technologies are applied from cheapest option 337 

(e.g. surface water disposal of 0.026-0.264 USD/m3) to most expensive option (e.g. brine concentrator 338 

of <26.41 USD/m3) (Pan et al., 2020). Other new and sustainable technologies such as minimal liquid 339 

discharge or zero liquid discharge are proposed as they do not focus on brine disposal but on the 340 

valorization and recovery of useful material (Panagopoulos and Giannika, 2022).  341 

In this study, the possibility of a zero-waste discharge by collecting the concentrate streams in 342 

evaporation ponds for salt production was considered as the most feasible and sustainable approach. Salt 343 

mining in ponds is a common practice in the area. Therefore, infrastructure and knowledge for operation 344 

of evaporation ponds for salt mining is feasible and can increase the environmental and social benefits 345 

of the concept. 346 

Table 3 for a capacity of 120 m³ (1000 persons) and assuming a 10-year plant life-span (amortization). 347 

The specific water costs were calculated to 1.15 USD and 0.75 USD per m³ for the LPRO+MCDI and 348 

the SWRO, respectively which is lower than the actual costs of up to 1.34-1.54 USD/m³ for the supply 349 

by boat.  350 
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Operating costs (OPEX) contribute to 57% and 82% of the total yearly costs over the 10 years operation 351 

for the LPRP+MCDI and SWRO, respectively. The specific operational costs (electricity) with the 352 

LPRO and the MCDI for the daily production of 120 m³ were calculated to 0.38 USD/m³ and 353 

0.05 USD/m³, respectively. With the production of two different water qualities, e.g. product water of 354 

LPRO for household purposes (e.g. 120 L/person day, (Hoekstra and Mekonnen, 2012)) and reducing 355 

the amount of drinking water to 10 L/person day the total water costs can be reduced significantly to 356 

0.38 USD/m³ and 0.43 USD/m³, respectively, competing with SWRO costs of 0.75 USD/m³.  357 

Investment costs (CAPEX) are higher for the modular system, however by doubling the use time of the 358 

plant from 10 to 20 years, or increasing the life-span of the electrode modules the specific costs can be 359 

reduced by at least 10%.  360 

Although important costs are mentioned above, also the cost for disposal or treatment of high 361 

concentration brine should be considered due to the environmental impacts and economic concern 362 

(Metzger et al., 2020). Currently, different brine disposal technologies are applied from cheapest option 363 

(e.g. surface water disposal of 0.026-0.264 USD/m3) to most expensive option (e.g. brine concentrator 364 

of <26.41 USD/m3) (Pan et al., 2020). Other new and sustainable technologies such as minimal liquid 365 

discharge or zero liquid discharge are proposed as they do not focus on brine disposal but on the 366 

valorization and recovery of useful material (Panagopoulos and Giannika, 2022).  367 

In this study, the possibility of a zero-waste discharge by collecting the concentrate streams in 368 

evaporation ponds for salt production was considered as the most feasible and sustainable approach. Salt 369 

mining in ponds is a common practice in the area. Therefore, infrastructure and knowledge for operation 370 

of evaporation ponds for salt mining is feasible and can increase the environmental and social benefits 371 

of the concept. 372 

Table 3 Cost estimation of LPRO+MCDI pilot-scale plant vs. SWRO  373 

 

Component LPRO+MCDI  % of total cost SWRO           
% of total 

cost 

C
A

P
E

X
  

(U
S

D
) 

Membrane modulesa,b  10,062    5%  10,142    17% 

      Incl.membrane 

housing 
 6,163    3%  4,692    8% 

High pressure pump  11,513    5%  10,943    19% 

Electrodesb  100,000    46%  -   -  

Power supply  61,458    28%  -   -  

UF (pre-filtration)c  9,766    4%  9,766    17% 

       Incl. intake (feed 

pump) 
 3,676    2%  4,918    8% 

System setup  16,544    8%  18,443    31% 

Sum CAPEX*  219,183    100%  58,903    100% 

O
P

E
X

  

(U
S

D
/y

r
) Maintenanced 3,112 11% 2,375 9% 

Electricity costse  18,676    65%  17,958    66% 

Electricity costs UFf  6,824    24%  6,824    25% 

Sum OPEX**  28,612    100%  27,157    100% 

 

Total (USD/yr)** 50,531  33,048  
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Water unit cost 

(USD/m³) 
 1.15    

 

 0.75     

*Individual prices were upscaled linearly based on actual costs of pilot-plant or from standard market prices for 

a total capacity of 120 m³ water production (or 1000 people) and a 10-year life time. Price upscale based on 

water recovery: LPRO = 40%; MCDI = 75%, RO = 49% and permeate flows of 228, 180 and 305 L/h, 

respectively. ** Based on 16 hrs operation per day.     
a) Spiral wound modules XLE-440 (800 USD/pc) and SW30-8040 (735 USD/pc) 
b) Life span: 5 years 
c) UF-membrane module AQQA80 (80 m³) 
d) Incl. chemicals (for cleaning) and maintenance labor (4.25 USD/hour) MCD LPRO: 3 h/week, SWRO: 

2 h/week 
e) Based on electricity prices of 0.082 USD/kWh and SEC: LPRO: 4.6 kWh/m³, MCDI: 0.6 kWh/m³ and 

SWRO: 5.0 kWh/m³ 
f) SEC of UF: 1.9 kWh/m³  

While the capital costs of treatment plants remain too high for an application at household level in 374 

Vietnam, the possibility of up-scaling for community use seems feasible. However, lowering of 375 

investment costs is crucial to enable a full deployment of decentralized technologies for drinking water 376 

production in remote areas. Additional tools for facilitating ease-of-use, increasing the social acceptance 377 

and raising awareness of the environmental responsibility of the consumers through political support 378 

and initiatives to provide technological support at local level are still necessary. 379 

 Conclusions and recommendations 380 

 A pilot-scale MCDI plant was successfully tested in combination with low-pressure reverse osmosis 381 

(LPRO) at real environmental conditions. Drinking water (EC <1.2 mS/cm) from brackish river water 382 

(EC = 34.7 mS/cm) was successfully produced with an SECLPRO+MCDI of 5.2 kWh/m³. The LPRO showed 383 

the highest power demand (PLPRO = 1.2 kW) followed by the UF (Pblower + PUF,pump = 200 W) and the 384 

MCDI with around PMCDI+pump = 130 W. The MCDI showed an optimum desalination performance of 385 

SEC = 0.38 kWh/m3 at a feed EC of 2.5 mS/cm. 386 

Additionally, a UF-pre-treatment was operated for over 200 days without chemical cleaning achieving 387 

an average flux of 8.8 L/(m² h) and a permeability of 129 L/(m² h bar). The best cleaning strategies were 388 

identified as 9-and-1 min operation-backflush ratio and regular sludge discharge and refill with fresh 389 

river water.  390 

In comparison, a stand-alone seawater reverse osmosis (SWRO) showed a slightly lower SEC of 391 

5.0 kWh/m3. However, calculations with WAVETM showed that lowering the energy consumption to 392 

SECWAVE,LPRO+MCDI = 3.6 kWh/m3 and SECWAVE,SWRO = 4.3 kWh/m3 by use of different LPRO and RO 393 

pumps with better efficiency is possible. The advantages of the modular concept LPRO+MCDI were 394 

the selective production of two water qualities (drinking and product water), increasing the plant 395 

flexibility under fluctuating salinity (i.e. monsoon, dry period) and reducing the specific environmental 396 

footprint and costs.  397 
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Finally, the feasibility of the MCDI in a modular concept can be tested at lower feed salinities e.g. with 398 

nanofiltration for achieving drinking water at lower SEC and better product water quality. Similar 399 

combination concepts can be applied at community-level in remote areas for both drinking water and 400 

product water production also by use of PV. Further evaluation of the concept practicability should 401 

include optimization of the MCDI power supply and the long-term operation evaluation in terms of 402 

electrode module wear out. 403 
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