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Abstract 12 

Water recovery is a measure of the amount of treated water produced relative to the total amount 13 

of water processed through the system, and is an important performance metric for any desalination 14 

method. Conventional operating methods for desalination using capacitive deionization (CDI) 15 

have so far limited water recovery to be about 50%. To improve water recovery for CDI, we here 16 

introduce a new operating scheme based on a variable (in time) flow rate wherein a low flow rate 17 

during discharge is used to produce a brine volume which is significantly less than the volume of 18 

diluent produced. We demonstrate experimentally and study systematically this novel variable 19 

flowrate operating scheme in the framework of both constant current and constant voltage charge-20 

discharge modes. We show that the variable flowrate operation can increase water recovery for 21 
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CDI to very high values of ~90% and can improve thermodynamic efficiency by about 2- to 3-fold 22 

compared to conventional constant flowrate operation. Importantly, this is achieved with minimal 23 

performance reductions in salt removal, energy consumption, and volume throughput. Our work 24 

highlights that water recovery can be readily improved for CDI at very minimal additional cost 25 

using simple flow control schemes.  26 

Keywords: capacitive deionization; high water recovery; improved thermodynamic efficiency; 27 

water desalination; variable flowrate operation. 28 

1. Introduction 29 

Capacitive deionization (CDI) is a burgeoning water desalination technology aimed at energy 30 

efficient treatment of brackish water (Anderson et al., 2010; Oren, 2008; Porada et al., 2013). In 31 

CDI, feedwater is flowed between (and sometimes through) a pair of porous electrodes, and on 32 

application of an external electric current, the ions in solution are electrostatically trapped onto (or 33 

regenerated from) the electrodes. CDI operation under dynamic steady state involves cyclic 34 

electrical charging and discharging which results in periodic salt removal (freshwater) and 35 

regeneration (brine) phases, respectively.  36 

Metrics to evaluate CDI performance include desalination depth (i.e. concentration reduction), 37 

volumetric energy consumption, productivity, and water recovery (Hawks et al., 2018b). CDI 38 

performance metrics can be significantly affected by the operating method. Operationally, a CDI 39 

cell can be dynamically controlled by varying input current/voltage waveforms and varying 40 

flowrate of the feed solution. Most of the previous research around development and assessment 41 

of operational strategies for CDI has centered around time-varying current/voltage waveforms 42 

under constant flowrate conditions (Choi, 2015; García-Quismondo et al., 2016, 2013; Jande and 43 
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Kim, 2013; Kang et al., 2014; Qu et al., 2016; Ramachandran et al., 2018a; Zhao et al., 2012). 44 

Very little attention has been given to the study of the effects of time-dependent flowrate 45 

operations on CDI performance. Recent work (Hawks et al., 2018a; Shang et al., 2017) was aimed 46 

at the study of fluid pulsation-type operations wherein short periods of high flow rates (relative to 47 

a nominal value) were introduced during a CDI cycle to improve the cycle charge efficiency. 48 

However, these studies were limited to cases where the volume of diluent produced was 49 

approximately equal to the volume of brine produced. To our knowledge, our is the first 50 

quantitative study of variable flow rate operation where low flowrate during discharge is used to 51 

achieve brine volumes which are significantly lower than diluent water volume. Further, we 52 

present the first systematic study of the effect of variable flow rate schemes on performance 53 

metrics around energy and throughput.  54 

Constant flowrate CDI studies have thus so far been limited to a freshwater recovery of about 55 

~50% per desalination cycle. That is, operation such that only half of the processed feedwater is 56 

converted to freshwater. Further, improvements in freshwater recovery for CDI can lower the 57 

amount of wastewater generated, increase energy efficiency, and lower overall costs of 58 

desalination. Hawks et al., 2018b recently discussed a method of defining a variable “threshold” 59 

concentration during a CDI cycle to separate desalinated and brine water to increase water 60 

recovery. However, the improved water recovery was achieved at the expense of significantly 61 

decreased salt removal performance. Interestingly, Dlugolecki et al., 2016 reported water recovery 62 

values of 85% achieved using membrane CDI (MCDI); however, systematic details of the 63 

electrical and flow rate schemes (and their coordination) are not provided and there was no 64 

published analysis of performance trade-offs involved in increasing water recovery.  65 
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In this work, we first present a simple control scheme with time-varying flowrates for CDI which 66 

produces significantly lower brine volumes compared to diluent water volumes. The operation 67 

involves flowing at a nominal flowrate during electrical charging, followed by a decrease in 68 

flowrate during the discharge phase (Figure 1). We studied such a scheme under both constant 69 

current and constant voltage charge-discharge modes.  Our results demonstrate an increased value 70 

for water recovery to a maximum of about 90% compared to the more common ~50% typically 71 

achieved with conventional constant flowrate operation.     Importantly, we show that this high 72 

water recovery can be achieved with only negligible tradeoffs with key metrics for energy 73 

consumption, salt removal, and throughput. For the first time, we demonstrate that such high 74 

freshwater recovery values can be achieved by conventional CDI in a single-pass, continuous flow 75 

desalination cycle. Further, we show that the variable flowrate operation introduced here can also 76 

increase the thermodynamic efficiency of the desalination process by a factor ~2 to 3-fold 77 

compared to the conventional constant flow operation, demonstrating a more efficient separation 78 

(desalination) process. Here, the improvement in thermodynamic efficiency is primarily due to an 79 

increase in the Gibbs free energy of the separation process for nearly the same energy consumption. 80 

We believe that the variable flowrate operation introduced in this work can be easily implemented 81 

in all existing CDI systems, resulting in improved water recovery and overall performance. These 82 

results should motivate further research into optimized time-varying flowrate control schemes in 83 

concert with electrical control schemes for more generalized optimization of CDI systems. 84 
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 85 

Figure 1. Schematic of (a) flowrate control scheme associated with CDI operation for high water 86 

recovery and efficient separation, and (b) typical effluent concentration response versus time for 87 

the operation in (a). In (b), the horizontal dashed line indicates feedwater concentration, and 𝑉𝑑 88 

and 𝑉𝑏 respectively denote the volumes of fresh (dilute) and brine water produced per CDI cycle. 89 

During electrical charging, a nominal value of flowrate is used (determined by the desired 90 

productivity and average concentration reduction in the freshwater produced). For the discharge 91 

(regeneration) phase, a low flowrate (compared to nominal) is used, which results in a low volume 92 

of concentrated brine as wastewater.  93 

2. Materials and Methods 94 

2.1 CDI cell fabrication 95 

We assembled a traditional flow-between CDI (fbCDI) cell (no membranes) using a radial-flow 96 

architecture as described previously (Biesheuvel and van der Wal, 2010; Hemmatifar et al., 2016; 97 

Ramachandran et al., 2018b). Briefly, five pairs of activated carbon electrodes (Materials & 98 

Methods, PACMM 203, Irvine, CA) with 5.2 cm diameter, 300 µm thickness, and total dry mass 99 
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of 2.7 g were stacked between 4.8 cm diameter, 130 µm thick titanium sheets which acted as 100 

current collectors. We used two 180 µm thick non-conductive polypropylene circular meshes 101 

(McMaster-Carr, Los Angeles, CA) between each electrode pair as spacers. The spacers had a 102 

slightly larger (~5 mm) diameter than the electrodes to prevent electrical short circuits. This 103 

assembly was housed inside an acrylic clamshell structure and sealed with O-ring gaskets and 104 

fasteners. 105 

We estimate an effective spacer volume of 2.1 ml with a porosity of 55%, and a downstream header 106 

volume of 1 ml. The resistance and capacitance of our entire cell were characterized using 107 

galvanostatic charging and discharging (see Figures 5 and S3). We estimated an effective 108 

capacitance of ~37 F and an effective series resistance of ~1.5 Ohms for 20 mM NaCl. 109 

 110 

2.2 Experimental setup 111 

The experimental setup consisted of the CDI cell, a 3 L reservoir filled with 20 mM sodium 112 

chloride (NaCl) solution which was circulated in a closed loop, a peristaltic pump (Watson Marlow 113 

120U/DV, Falmouth, Cornwall, UK), a flow-through conductivity sensor (eDAQ, Denistone East, 114 

Australia) close to the cell outlet, and a sourcemeter (Keithley 2400, Cleveland, OH). The time-115 

varying current/voltage and flowrate to the cell were controlled using an in-house Python code on 116 

a PC which interfaced with the sourcemeter and peristaltic pump. Conductivity measurements 117 

were converted to salt concentration using a standard calibration curve. We analyzed the data under 118 

dynamic steady state operation conditions (corresponding to the fifth cycle).  119 

 120 

2.3 Performance metrics and efficiency measures 121 
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We here define four performance metrics and two measures of efficiency for a CDI cell (Hawks 122 

et al., 2018b). We will use these to explore system performance and efficiency of desalination for 123 

the variable flowrate operation.  124 

First, the productivity P is defined as the freshwater production rate per unit cross-sectional area 125 

of the electrode, given by 126 

 𝑃 [L/h/m2] =
𝑉𝑑

𝐴𝑡𝑐𝑦𝑐𝑙𝑒
 (1) 

where 𝑉𝑑 is the volume of dilute solution (in L) produced per cycle, 𝑡𝑐𝑦𝑐𝑙𝑒 is the total cycle duration 127 

(in h), and A is the total electrode cross-section area (in m2). In Equation (1), the “desalination” 128 

phase is determined by the total duration in a cycle when the effluent concentration 𝑐 is less than 129 

the feed 𝑐0. The volume of feed solution processed during the desalination phase comprises the 130 

dilute volume 𝑉𝑑. The remainder volume 𝑉𝑏 processed during the cycle when 𝑐 > 𝑐0 results in 131 

concentrated “brine” solution at the effluent.  132 

The second performance metric we use here is water recovery (WR) defined as the ratio of dilute 133 

water produced to the total feedwater processed per cycle, given by 134 

 𝑊𝑎𝑡𝑒𝑟 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 (%) =
𝑉𝑑

𝑉𝑑 + 𝑉𝑏
. (2) 

Third, to estimate the energy cost, we use volumetric energy consumption Ev defined as the net 135 

energy spent during a CDI cycle per unit volume of dilute (fresh) water produced, given by 136 

  𝐸𝑣[kWh/m3] =
∮ 𝑉𝐼

𝑡𝑐𝑦𝑐𝑙𝑒
𝑑𝑡

3.6𝐸6 × 𝑉𝑑
, (3) 

where the integration of instantaneous power supplied to the CDI cell (voltage 𝑉 times current 𝐼) 137 

is performed for a complete charge-discharge cycle and 𝑉𝑑 has units of m3.  138 
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Fourth, we evaluate the salt removal performance as Δ𝑐𝑑, defined as the average reduction in the 139 

salt concentration in the desalinated volume compared to the feed solution which is given by 140 

  Δ𝑐𝑑[mM] =
∫ 𝑄|𝑐0 − 𝑐|

𝑡|(𝑐0−𝑐)>0
𝑑𝑡

𝑉𝑑
, (4) 

where Q is the time-varying flowrate. Likewise, we also report the average increase in 141 

concentration of the waste (brine) water Δ𝑐𝑏 relative to the feed solution given by 142 

  Δ𝑐𝑏[mM] =
∫ 𝑄|𝑐0 − 𝑐|

𝑡|(𝑐0−𝑐)<0
𝑑𝑡

𝑉𝑏
. (5) 

We next define two measures of efficiency of the desalination process; namely, the cycle averaged 143 

charge efficiency and thermodynamic efficiency.  144 

The cycle charge efficiency Λ is the ratio of moles of removed salt (calculated using the effluent 145 

concentration data) to the moles of electronic charge supplied to the electrodes during charging 146 

(calculated using the electrical current data), given by 147 

  Λ (%) = 𝐹
∫ 𝑄|𝑐0 − 𝑐|

𝑡|(𝑐0−𝑐)>0
𝑑𝑡

∫ 𝐼
𝑡|𝐼>0

𝑑𝑡
, (6) 

where F is the Faraday’s constant. 148 

The thermodynamic efficiency 𝜂𝑡ℎ is defined as the ratio of the Gibbs free energy Δ𝐺𝑠𝑒𝑝 of the 149 

desalination/separation process to the actual volumetric energy consumption calculated from 150 

experimental data (using Equation (3)), and is given by 151 

  𝜂𝑡ℎ(%) =
Δ𝐺𝑠𝑒𝑝

𝐸𝑣
 . (7) 

In Equation (7), we use  152 
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  Δ𝐺𝑠𝑒𝑝 = 2𝑅𝑇 [𝑐𝑑 ln 𝑐𝑑 + (
1

𝑊𝑅
− 1) 𝑐𝑏 ln 𝑐𝑏 −

𝑐0

𝑊𝑅
ln 𝑐0] (8) 

where 𝑐𝑑  (= 𝑐0 − Δ𝑐𝑑) and  𝑐𝑏 (= 𝑐0 + Δ𝑐𝑏) are respectively the concentrations of the dilute and 153 

brine solutions, 𝑅 is the universal gas constant, and 𝑇 is the absolute temperature (in K). Refer to 154 

(Biesheuvel, 2009; Hemmatifar et al., 2018; Wang et al., 2018) for more details on the derivation 155 

and discussion about thermodynamic efficiency for CDI.   156 

3. Results and Discussion 157 

We systematically study and quantify the effect of variable flowrate operation on the desalination 158 

performance metrics and efficiencies for conventional constant current (CC) and constant voltage 159 

(CV) electrical charge-discharge modes. The variable flowrate operation studied here involves 160 

electrical charging at a constant nominal flowrate followed by electrical discharge at a constant 161 

but lower value of flowrate.  162 

3.1 Constant voltage electrical charging-discharging with variable flowrate 163 

We performed a series of constant voltage (CV) charge-discharge experiments with a fixed 164 

nominal flowrate value of 6 ml/min during charging, and varying discharge flowrate Qdc values of 165 

6, 4.8, 3.6, 2.4, 1.2, 0.6, and 0 ml/min. For a nominal flowrate of 6 ml/min, we estimate a resonant 166 

time scale (Ramachandran et al., 2018a) of ~260 seconds. We here studied the variable flowrate 167 

operation under two different voltage windows of 0.2-1.0 V and 0.6-1.0 V with 300 s of charging 168 

and 300 s of discharging, to ensure “near-resonant” operation (Ramachandran et al., 2018a).  169 

3.1.1 Current and effluent concentration response 170 

Figures 2a and 2b respectively show the current and effluent concentration responses for CV 171 

operation between 0.6 -1.0 V for a flowrate of 6 ml/min during charging, and flowrates of 6, 2.4, 172 
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and 0.6 ml/min during discharging. The insets in Figures 2a and 2b show plots of the input voltage 173 

and flowrate waveforms, respectively. See Figure S1 for results of additional experiments for Qdc 174 

values of 4.8, 3.6 and 0 ml/min with a voltage window of 0.6 -1.0 V, and for current and effluent 175 

concentration profiles for 0.2 -1.0 V voltage window operation with the same values of Qdc. 176 

The current data of Figure 2a shows that the electrical responses of the cell to significant changes 177 

in discharge flowrate are nearly identical. Consequently, the net electrical energy consumption (in 178 

Joules) and electrical charge transferred (in Coulombs) per cycle are nearly equal to each other 179 

(less than 5% variation) across a wide range of Qdc values between 0 to 6 ml/min (see Figure S2). 180 

On the other hand, Figure 2b shows the profound effects of Qdc on effluent concentration profiles.    181 

Effluent concentration during electrical discharge (regeneration phase) increases strongly with 182 

decreasing Qdc. The charging phase effluent concentration profiles show only a very weak 183 

dependence to changes in discharge-phase flow rate. Further, the peak value of discharge-phase 184 

brine concentration also occurs at later times during discharge as Qdc decreases.  Lower Qdc also 185 

accordingly produces significantly lesser volume of brine during the discharge phase, resulting in 186 

a low volume of concentrated brine as wastewater (c.f. inset of Figure 3a).  187 

The start and end of the electrical charge and discharge phases are determined by the times that 188 

the forcing voltage switches to maximum and minimum values, respectively.  Figure 2b also shows 189 

that lowering Qdc influences the relative time delays between the forcing voltages and the output 190 

(response) of effluent concentration.  Note in Figure 2b the two times at which the effluent 191 

concentration crosses the value of the inlet feedwater concentration (denoted as a grey horizontal 192 

dotted line).  Lower Qdc values and the higher associated values of effluent brine concentration 193 

together result in time delays for both of these crossovers, particularly for the crossover which 194 

occurs in discharge.  This behavior implies that the relative valving between treated and brine 195 
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collection downstream should occur at later times for lower Qdc.  Lastly, note that, despite these 196 

time delays, there is approximate overlap in the times at which effluent concentration is minimum 197 

and overlap among the effluent concentration during much of charging phase.  In the next 198 

subsection, we will present a quantification of the volume of fresh (dilute) and waste (brine) water 199 

produced in each cycle; and we also present the average concentrations calculated based on 200 

volume-averaged time integrals of the product of the effluent concentration and flowrates of 201 

Figure 2b. 202 

 203 

Figure 2: Measured (a) current and (b) effluent concentration as functions of time under dynamic 204 

steady state conditions for constant voltage operation between 0.6 and 1.0 V for a flowrate of 205 

6 ml/min during charging, and discharge flowrate values (Qdc) of 0.6, 2.4, and 6 ml/min. Electrical 206 

charging and discharging durations are each 5 min. The insets in (a) and (b) respectively show the 207 

forcing voltage and flowrate waveforms versus time. The current (electrical response) is 208 

insensitive to varying Qdc values. On the other hand, the effluent concentration profiles show 209 

significant variations, particularly during the electrical discharge (regeneration phase). 210 
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3.1.2 Water recovery, productivity, volumetric energy consumption, and salt removal 211 

performance metrics 212 

Figure 3 shows the performance metrics based on the experimental data of Figures 2 and S1.  The 213 

figure shows water recovery, productivity, volumetric energy consumption, and average 214 

concentration reduction for discharge flowrate Qdc values between 0 to 6 ml/min, and a fixed 215 

charging flowrate of 6 ml/min. Data are shown for two constant voltage operations corresponding 216 

to voltage windows of 0.2-1 V and 0.6-1 V, and charging and discharging phase durations of 300 s. 217 

First, Figure 3a shows that measured freshwater recovery increases from about 50% to 90% as the 218 

discharge flowrate Qdc decreases from 6 to near 0 ml/min. This trend is best explained by the inset 219 

of Figure 3a which plots the volume of fresh (dilute) and waste (brine) water produced per cycle. 220 

As Qdc decreases, the volume of freshwater produced per cycle stays roughly constant (except very 221 

close to stop-flow discharge). However, the volume of brine generated decreases significantly, 222 

thus resulting in an increase in water recovery (fraction of freshwater produced to the total 223 

processed water; c.f. Equation (2)). We also observe in Figure 3a that water recovery values versus 224 

Qdc are nearly identical for 0.2-1 V and 0.6-1 V.  That is, the two voltage windows have negligible 225 

effect on water recovery. To the best of our knowledge, our work is the first systematic study to 226 

report such high values of water recovery (~90%) for CDI.  227 

Second, Figure 3b shows that the volumetric energy consumption Ev and productivity P (shown in 228 

the inset) are each approximately constant for varying discharge flowrate Qdc. As Qdc is lowered 229 

to below about 0.6 ml/min (i.e. approaching stopped flow, Qdc → 0), productivity drops slightly 230 

(by around 10%) and the volumetric energy consumption increases slightly (by around 5%). We 231 

attribute this limiting behavior to the slight (~5%) decrease in the volume of dilute water produced 232 

(for nearly the same net energy consumption in Joules; c.f. Section 3.1.1 and inset of Figure 3a) at 233 
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stop-flow discharge conditions.  We hypothesize that this effect is a result of flow mixing and 234 

dispersion inefficiencies. Note further in Figure 3b that the variation of productivity with Qdc is 235 

nearly the same for 0.2-1 V and 0.6-1 V voltage windows. However, a larger voltage window 236 

(here, 0.2-1 V compared to 0.6-1 V) results in increased Ev. The increase in Ev for larger voltage 237 

windows can be attributed to higher current values and subsequently, increased resistive energy 238 

losses.  See Hemmatifar et al., 2016 and Wang and Lin, 2018 for an experimental study on the 239 

effect of voltage windows and resistive losses on dissipated energy.  240 

Third, Figure 3c shows the average concentration reduction (increase) in the dilute (brine) water 241 

as a function of Qdc. Here, we observe a strong dependence on voltage window, as expected.  In 242 

either voltage window, Δ𝑐𝑑 first increases sharply, reaches a maximum near Qdc = 0.6 ml/min, and 243 

is thereafter roughly constant (within about 10%) for increasing values of Qdc. The inset plot shows 244 

that brine water concentration Δ𝑐𝑏 increases, reaches a maximum (again near 0.6 ml/min) but then 245 

decreases rapidly for further increases in Qdc. The larger voltage window (here, 0.2-1 V) results in 246 

higher values of Δ𝑐𝑑 and Δ𝑐𝑏, which of course comes at the cost of more energy consumption (c.f. 247 

Figure 3b). Importantly we note that the variable flowrate operation with Qdc value of 0.6 ml/min 248 

(corresponding to 3 ml of total feed volume or equivalently ~1 mixed reactor cell volume flowed 249 

during discharging; see Hawks et al., 2018a and Ramachandran et al., 2018b) represents a very 250 

efficient operation (c.f. Section 3.1.3 for more details). Operation with Qdc of 0.6 ml/min shows 251 

that variable flowrate can be used to increase water recovery to high values (~90%) while 252 

simultaneously achieving nearly the same volumetric energy consumption, productivity, and 253 

average concentration as the conventional operation mode of constant flowrate at 6 ml/min. As an 254 

example, compared to the constant flowrate operation for 0.2-1.0 V wherein the wastewater 255 

contains 30 ml of brine at Δ𝑐𝑏 of ~5 mM, variable flow operation with Qdc of 0.6 ml/min results 256 
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in only 4 ml of brine at Δ𝑐𝑏 of ~40 mM, while achieving approximately the same values on the 257 

other metrics. 258 

We hypothesize that the optimal value of Qdc depends on the charging mode (e.g., constant voltage 259 

or constant current as discussed in Section 3.2), charging duration, the nominal value of flowrate 260 

during charging, and dynamic charge efficiency variations, among other factors. We believe that 261 

users can perform experiments similar to those presented here with variable discharge flowrates to 262 

find the optimal value of Qdc which results in high water recovery with negligible trade-offs among 263 

other performance metrics. We do not recommend operating at stop-flow during electrical 264 

discharge (i.e. Qdc = 0 ml/min) as inefficiency due to flow mixing results in less than optimal 265 

performance (Hawks et al., 2018a; Ramachandran et al., 2018b). Lastly, we again highlight the 266 

aforementioned drop in Δ𝑐𝑑, rise in Ev, and drop in P in the region below about Qdc = 0.6 ml/min. 267 
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 268 

Figure 3: Measured values of (a) water recovery, (b) volumetric energy consumption, and (c) 269 

average concentration reduction in the desalted water Δ𝑐𝑑, for variable flowrate constant voltage 270 

operation between 0.2-1.0 V and 0.6 -1.0 V. The flowrate during charging was fixed at 6 ml/min 271 

and the flowrate during discharge (Qdc) was varied between 0 to 6 ml/min. The insets in (a), (b), 272 

and (c) respectively show the volume of desalted water (and brine) produced per cycle, freshwater 273 

productivity, and average concentration increase of brine for Qdc between 0 to 6 ml/min. Low 274 

values of Qdc (here, at 0.6 ml/min) show freshwater recovery (~90%) with nearly the same values 275 

of productivity, Δ𝑐𝑑, and volumetric energy consumption compared to Qdc of 6 ml/min 276 

(conventional constant flowrate operation). 277 

LLNL-JRNL-764246



 16 

3.1.3 Thermodynamic efficiency and cycle charge efficiency 278 

Here we present a study of the effect of variable discharge flowrate Qdc on thermodynamic and 279 

cycle charge efficiencies. Figure 4a shows the variation of cycle charge efficiency versus Qdc for 280 

the same operating conditions as Figure 3. From Figure 4a, for fixed flowrate during charging of 281 

6 ml/min and a fixed voltage window, we observe that charge efficiency is nearly constant for 282 

varying values of discharge flowrate between 0.6 to 6 ml/min. For Qdc approaching 0 ml/min (stop-283 

flow discharge), the charge efficiency drops significantly. As with the performance metrics 284 

discussed in Figure 3 and Section 3.1.2, we attribute this decrease in charge efficiency near stop-285 

flow conditions (Qdc → 0 ml/min) to so-called flow mixing inefficiencies (Hawks et al., 2018a; 286 

Ramachandran et al., 2018b). Such inefficiencies occur when an insufficient volume of feedwater 287 

is flowed to recover the desalinated or brine solution (within the cell) at the effluent. We conclude 288 

that the variable flowrate operation introduced here maintains approximately the same charge 289 

efficiency as conventional constant flowrate operation, except obviously in the region very near 290 

Qdc = 0 ml/min. Also note from Figure 4a that the cycle charge efficiency values for the 0.6 -1.0 V 291 

cases are overall higher than for 0.2-1.0 V cases, which is consistent with previous studies (Kim 292 

et al., 2015). The improved cycle charge efficiency for 0.6-1.0 V compared to 0.2-1.0 V is 293 

primarily due to an increased electric double layer charge efficiency at higher voltages, for nearly 294 

the same flow efficiency (Hawks et al., 2018a) and approximately same Coulombic efficiency.  295 

Next, Figure 4b shows the thermodynamic efficiency 𝜂𝑡ℎ versus varying discharge flowrate Qdc 296 

(same conditions as in Figure 3). For both 0.6-1.0 V and 0.2-1.0 V cases, we observe significant 297 

improvement in 𝜂𝑡ℎ (maximum at Qdc of 0.6 ml/min) using the variable flowrate operation when 298 

compared to the conventional constant flowrate operation (Qdc of 6 ml/min). We attribute these 299 

higher values of 𝜂𝑡ℎ primarily to the increased water recovery (~90%) given approximately equal 300 
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values of Δ𝑐𝑑 (from Equations (8) and (7)) and Ev. Lastly, we also observe from Figure 4b that 301 

thermodynamic efficiency is overall higher for the 0.6-1.0 V cases when compared to 0.2-1.0 V 302 

cases, similar to the trend in Figure 4a for charge efficiency.  303 

Thus, at near-optimal performance for CV variable flowrate operation, we find an improvement in 304 

freshwater recovery to ~90% (from 50%) for nearly the same productivity, volumetric energy 305 

consumption, and average concentration reduction (~ 4 to 5 mM removal from 20 mM feed water) 306 

in the freshwater when compared to the conventional constant flowrate operation. Furthermore, 307 

the variable flowrate operation also increases the thermodynamic efficiency significantly (by ~2 308 

to 3-fold) at near-optimal operation. We note here that this increase in thermodynamic efficiency 309 

is primarily due to an increase in the Gibbs free energy of separation process, Δ𝐺𝑠𝑒𝑝 (due to 310 

increased water recovery for nearly the same Δ𝑐𝑑), (see Hemmatifar et al., 2018) and for nearly 311 

the same energy consumption (c.f. Figure 3b). These results clearly highlight the benefits and 312 

importance of using a low (but greater than zero) flowrate during electrical discharge for 313 

desalination using CDI. In the next section, we demonstrate that variable flowrate operation can 314 

also be used to improve constant current operation. 315 

 316 
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Figure 4: Measured values of (a) cycle-averaged charge efficiency 𝛬, and (b) thermodynamic 317 

efficiency 𝜂𝑡ℎ for the same operational conditions as Figure 3. Note that charge efficiency for a 318 

given voltage window is relatively constant for varying values of Qdc, except near Qdc = 0 ml/min 319 

(stop-flow discharge).  Further, thermodynamic efficiency can increase from about 1.4 to 4.7% 320 

(typically, by ~2 to 3-fold) for operation at low values of Qdc (e.g. here at 0.6 ml/min) when 321 

compared to conventional constant flow operation (i.e. Qdc of 6 ml/min). 322 

3.2 Constant current electrical charging-discharging with variable flowrate 323 

We here discuss results from a series of constant current (CC) charge-discharge experiments 324 

performed at a fixed nominal flowrate value of 3 ml/min during charging, and varying flowrate 325 

values of 3, 2.4, 1.8, 1.2, 0.6, 0.3, and 0 ml/min during discharging. We studied this operation for 326 

two values of charging and discharging currents of ±25 and ±50 mA, between 0.2-1.0 V. 327 

3.2.1 Voltage and effluent concentration response 328 

Figures 5a and 5b show the voltage and effluent concentration responses respectively for constant 329 

current (CC) operation at 50 mA and flowrate of 3 ml/min during charging, and discharge flowrates 330 

of 3, 1.8, and 0.6 ml/min. The insets in Figures 5a and 5b show the input current and flowrate 331 

waveforms, respectively.  332 

Figure 5a shows that the time variation of voltage response is nearly the same for different values 333 

of flowrate during discharge Qdc between 0.6 to 3 ml/min. The charging duration decreases only 334 

slightly (~10 s, or less than 2% change) for values of Qdc lower than 3 ml/min (which corresponds 335 

to the conventional constant flowrate operation). Since the temporal variations of current and 336 

voltage are nearly independent of discharge flowrate, the net electrical energy consumption and 337 

electrical charge transferred per cycle are accordingly approximately equal across a wide range of 338 
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Qdc values between 0 to 3 ml/min (see Figure S4). Recall we observed a similar trend for the 339 

constant voltage operation where the electrical responses (formerly current vs. time) were also 340 

only weakly dependent on discharge flowrate variations (c.f. Section 3.1.1). Refer to Figure S3 for 341 

further effluent voltage response data at Qdc values of 2.4, 1.2, and 0 ml/min for 50 mA CC 342 

operation, and for the aforementioned Qdc values with 25 mA CC charging-discharging. 343 

Next, Figure 5b shows that the main effect of lowering discharge flowrate on effluent 344 

concentration response versus time is to increase the concentration of brine during electrical 345 

discharge. During the charging phase, the effluent concentration profiles are very similar for 346 

varying Qdc values between 0.6 to 3 ml/min. Further, for low (but non-zero) values of Qdc (e.g. 347 

here, 0.6 ml/min), the quasi-steady state value of effluent concentration during charging drops to 348 

a slightly lower value than for a constant flowrate case (i.e. Qdc of 3 ml/min). As with the constant 349 

voltage case, that the constant current data show that a reduction in Qdc causes time delays in the 350 

crossover point where effluent concentration crosses feedwater concentration during both charging 351 

and discharging.  Again, the most significant delays are observed during the discharge phase. In 352 

the next subsection, we use the effluent concentration, current, and voltage profiles to explore the 353 

variation of the performance metrics due to varying discharge flowrates. 354 
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 355 

Figure 5: Measured time variation of (a) voltage, and (b) effluent concentration under dynamic 356 

steady state conditions for constant current charge-discharge operation at ±50 mA for a flowrate 357 

of 3 ml/min during charging, and for discharge flowrate values (Qdc) of 0.6, 1.8, and 3 ml/min. 358 

The insets in (a) and (b) respectively show the forcing current and flowrate waveforms versus time. 359 

Note that the voltage response is less sensitive to varying Qdc values. However, as in Figure 2, the 360 

effluent concentration profiles show significant variations (mainly during the electrical 361 

discharge/salt regeneration phase) for varying discharge flowrates. 362 

3.2.2 Water recovery, productivity, volumetric energy consumption, and salt removal 363 

performance metrics 364 

Figure 6 shows the effect of varying discharge flowrate on the performance metrics for the data of 365 

Figures 5 and S3. Shown are water recovery, productivity, volumetric energy consumption, and 366 

average concentration reduction for constant current (CC) operation for discharge flowrate values 367 

between 0 to 3 ml/min, and fixed charging flowrate of 3 ml/min. Data are shown for CC charge-368 

discharge currents of ±25 and ±50 mA, and for a voltage window of 0.2-1 V. 369 
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First, from Figure 6a, we observe that as Qdc is lowered from 3 to 0.6 ml/min, water recovery 370 

increases from ~50% to ~78% and ~84% for 50 mA and 25 mA, respectively. As Qdc is further 371 

decreased below 0.6 ml/min, water recovery drops to ~68%. These trends can be understood from 372 

the data of inset Figure 6a which plots the variation of the freshwater and brine volumes generated 373 

per cycle as a function of Qdc. From the inset in Figure 6a, we note that the volume of freshwater 374 

generated per cycle 𝑉𝑑 is nearly constant as Qdc is lowered from 3 ml/min to 0.6 ml/min.  The 375 

freshwater volume then drops significantly for Qdc lower than 0.6 ml/min. On the other hand, we 376 

see the volume of brine 𝑉𝑏 generated per cycle drops approximately linearly as Qdc is lowered from 377 

3 to 0.6 ml/min. Lowering Qdc below 0.6 ml/min results in a slight increase in 𝑉𝑏. These variations 378 

each contribute to the increase in water recovery observed in the main plot of Figure 6a, and the 379 

dominant effect is the decrease in the brine volume (for nearly the same freshwater volume) 380 

produced per CDI cycle. We hypothesize that the changes in trends for values of Qdc lower than 381 

0.6 ml/min are due to dispersion and mixing inefficiencies, as these become more important for 382 

low feed volumes (compared to the effective mixed reactor volume) (Hawks et al., 2018a; 383 

Ramachandran et al., 2018b). Note that these general observations for the variable flowrate and 384 

CC operation are very similar to those reported above for the constant voltage cases (c.f. Section 385 

3.1.2). We also highlight that our work is the first to report such high values of water recovery 386 

(~80-85%) for CDI with constant current operation. Comparing CC and CV operation, we observe 387 

a slightly lower maximum water recovery achieved by CC operation compared to CV operation 388 

(maximum water recovery of ~90%) under the variable flowrate scheme. We hypothesize that this 389 

is due to the differences in salt removal/regeneration rates between CC and CV modes.   390 

Second, the data of Figure 6b show that volumetric energy consumption Ev values are nearly 391 

constant (for a given CC value) as Qdc is lowered from 3 to 0.6 ml/min, For Qdc lower than 392 
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0.6 ml/min, Ev increases by ~30%. Likewise, productivity P (shown in the inset of Figure 6b) is 393 

nearly constant as Qdc is lowered from 3 to 0.6 ml/min, but P decreases by ~20% for Qdc lower 394 

than 0.6 ml/min. The volume of freshwater 𝑉𝑑 produced per cycle in nearly constant for Qdc ≳ 0.6 395 

ml/min, but 𝑉𝑑 decreases as Qdc → 0 (c.f. inset of Figure 6a), likely a result of mixing inefficiencies.  396 

At the same time, the total energy consumption (in Joules) is insensitive to variations in Qdc (c.f. 397 

Section 3.2.1 and Figure S4). Accordingly, Figure 6b shows that the volumetric energy cost is 398 

overall higher for higher currents (e.g. here, for 50 mA). We attribute this to the increased resistive 399 

energy loss of higher currents accompanied by lower volume of freshwater produced (due to 400 

shorter charging durations for a given voltage window and nominal flowrate). Productivity values, 401 

on the other hand, are similar for the 25 and 50 mA cases since P mainly depends on the flowrate 402 

during charging, which is equal to 3 ml/min for both the CC cases.  403 

Third, Figure 6c shows the average concentration reduction in the dilute water Δ𝑐𝑑 is nearly 404 

constant (with a slight increase) as Qdc is lowered from 3 to 0.6 ml/min, and Δ𝑐𝑑 reaches a 405 

maximum at Qdc of 0.6 ml/min. For further decreases in Qdc, Δ𝑐𝑑 decreases by about 25%. We 406 

hypothesize that the decrease in Δ𝑐𝑑 as Qdc → 0 ml/min is due to flow mixing inefficiencies (Hawks 407 

et al., 2018a; Ramachandran et al., 2018b). The inset in Figure 6c shows the corresponding increase 408 

in concentration of wastewater brine Δ𝑐𝑏 versus Qdc. Similar to Δ𝑐𝑑, we observe from the inset 409 

that Δ𝑐𝑏 increases by 3 to 4-fold as Qdc is lowered from 3 to 0.6 ml/min.  Δ𝑐𝑏 reaches a maximum 410 

at Qdc of 0.6 ml/min, and Δ𝑐𝑏 decreases as Qdc is lowered further. Further, Figure 6c shows for a 411 

given voltage window and nominal flowrate, a higher current (here, 50 mA) results in a higher Δ𝑐𝑑 412 

and Δ𝑐𝑏 values overall.  413 

Hence, from the performance metrics analyzed in Figure 6, we note that there exists an “optimal” 414 

value of Qdc (greater than 0, but much lower than the nominal flowrate value of 3 ml/min) for 415 
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which the productivity, volumetric energy consumption, and Δ𝑐𝑑 are nearly constant or better than 416 

the corresponding constant flowrate operation, while water recovery is very high (~80-85%) 417 

compared to the conventional value of 50%. Operation at optimal Qdc using the variable flowrate 418 

method changes primarily the nature of the wastewater produced in a CDI cycle.  That is, variable 419 

flowrate operation results in a highly concentrated brine with very low volume, but has negligible 420 

effect on freshwater quality, production rate, and the energetics of the process. These observations 421 

for constant current variable flowrate operation are similar to those discussed earlier for constant 422 

voltage with variable flowrate (c.f. Section 3.1.2), thus highlighting the general applicability and 423 

advantages of the variable flowrate operation. 424 

LLNL-JRNL-764246



 24 

 425 

Figure 6: Measured values of performance metrics - (a) freshwater recovery, (b) volumetric 426 

energy consumption, and (c) average concentration reduction in the desalted water Δ𝑐𝑑, for 427 

variable flowrate constant current charge-discharge operation at 25 and 50 mA between 0.2-1.0 V. 428 

The flowrate during charging was fixed at 3 ml/min and the flowrate during discharge (Qdc) was 429 

varied between 0 to 3 ml/min. The inset in (a) shows the volumes of desalted and brine water 430 

generated per cycle for the 25 mA cases (refer to Figure S5 for corresponding plots for the 50 mA 431 

cases). The insets in (b) and (c) respectively show the freshwater productivity and average 432 
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concentration of brine (waste) water versus varying Qdc between 0 to 3 ml/min. High freshwater 433 

recovery (~80-85%) is achieved for Qdc near 0.6 ml/min while simultaneously achieving nearly 434 

the same (or better) values of productivity, Δ𝑐𝑑, and volumetric energy consumption compared to 435 

Qdc of 3 ml/min (conventional constant flowrate operation). 436 

3.2.3 Thermodynamic and cycle charge efficiency 437 

Figures 7a and 7b respectively show the cycle charge efficiency and thermodynamic efficiency for 438 

the constant current variable flowrate operation (same operating conditions as in Figure 6). Data 439 

are shown for two values of CC charge-discharge currents of 25 and 50 mA, flowrate during 440 

charging of 3 ml/min, and discharge flowrate varying between 0 to 3 ml/min. 441 

From Figure 7a, for both 25 and 50 mA cases, as Qdc is lowered from 3 to 0.6 ml/min, cycle charge 442 

efficiency 𝛬 is nearly constant, and then 𝛬 increases and reaches a maximum near Qdc of 443 

0.6 ml/min. When Qdc is further lowered, 𝛬 drops sharply. We hypothesize that the drop in 𝛬 as 444 

Qdc → 0 ml/min is due to flow mixing inefficiencies (c.f. Section 3.2.2). Importantly, we note here 445 

that at the “optimal” value of Qdc (here, at 0.6 ml/min), the cycle charge efficiency of the variable 446 

flowrate operation is at least equal to (or higher) than a constant flowrate operation (i.e. for Qdc of 447 

3 ml/min).  448 

From Figure 7b, thermodynamic efficiency 𝜂𝑡ℎ increases rapidly as Qdc is lowered from 3 to 449 

0.6 ml/min, reaches a maximum at the “optimal” value of Qdc (here, 0.6 ml/min), and then 450 

decreases as Qdc is lowered in a manner similar to cycle charge efficiency. Note that at optimal 451 

performance, 𝜂𝑡ℎ is ~8% — a factor ~3-fold higher than the conventional constant flowrate 452 

operation (i.e. for Qdc of 3 ml/min) for which 𝜂𝑡ℎ ~2-3%. This, we hypothesize, is mainly a result 453 

of the much higher water recovery (~85%) achieved by the variable flowrate operation (for nearly 454 

LLNL-JRNL-764246



 26 

the same or better Δ𝑐𝑑) when compared to the conventional constant flowrate operation (water 455 

recovery of ~50%). We note here that the overall observations for the efficiency measures (𝜂𝑡ℎ 456 

and 𝛬) for a constant current variable flowrate operation resonate well with the corresponding 457 

constant voltage counterpart (c.f. Section 3.1.3), again emphasizing the advantages of the variable 458 

flowrate operation for CDI, in general.  459 

 460 

Figure 7: Measured values of (a) cycle-averaged charge efficiency and (b) thermodynamic 461 

efficiency for the same constant current variable flowrate operation as in Figure 6. For each CC 462 

case, as Qdc is lowered from 3 to 0 ml/min, charge efficiency is first nearly constant, then increases 463 

and reaches maximum (here at 0.6 ml/min), and finally decreases for Qdc approaching 0 ml/min 464 

(stopped flow). Furthermore, at the “optimal” value of Qdc (here at 0.6 ml/min), the thermodynamic 465 

efficiency 𝜂𝑡ℎ is also maximum, equal to ~8%; note that this is ~2 to 3-fold the corresponding 𝜂𝑡ℎ 466 

value (equal to ~ 2-3%) of a constant flowrate operation (i.e. Qdc of 3 ml/min). 467 

4. Summary and conclusions 468 

We performed an experimental study of a variable flowrate operation for CDI which involves 469 

flowing at a nominal flow rate during electrical charging and a lower flowrate during electrical 470 
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discharging. We applied this operating method to both constant current and constant voltage 471 

electrical charge-discharge schemes. We systematically studied the effect of variable flowrate 472 

operation on the performance and efficiency of our custom-built CDI cell. For the first time, we 473 

systematically show that freshwater recovery for conventional CDI can be increased to as high as 474 

85-90% in a single-pass desalination cycle under realistic salt removal conditions. In addition to 475 

high water recovery, we demonstrated the same performance in volumetric energy consumption, 476 

productivity, and average concentration reduction in the freshwater using the variable flowrate 477 

operation (at near-optimal performance) when compared to the conventional constant flowrate 478 

operation. Moreover, the thermodynamic efficiency of the desalination process was shown to 479 

increase by 2 to 3-fold using the variable flowrate method compared to constant flow operation, 480 

under similar conditions. This was achieved primarily by increasing the Gibbs free energy of 481 

separation by improving water recovery for nearly the same salt removal and energy consumption.   482 

We hypothesize that the variable flowrate scheme introduced in this work can be easily 483 

implemented in a wide range of existing CDI systems for improved overall performance. We 484 

caution that overly low flowrates during discharge (i.e. when operated at less than optimal 485 

flowrate) can result in mixing losses due to inefficient recovery of fresh or concentrated water at 486 

the effluent from within the cell. Thus, to avoid this sub-optimal operating condition, we 487 

recommend the following procedure to find near-optimal values of discharge flowrate for high 488 

water recovery operation irrespective of the electrical charging method. First, the nominal flowrate 489 

during electrical charging can be determined by the desired productivity and average concentration 490 

reduction, assuming a conventional constant flowrate operation. Next, the flowrate during 491 

discharge can be decreased (as demonstrated in Sections 3.1 and 3.2) to find the “optimal” 492 

condition for which the performance metrics.  This optimal condition is characterized by an 493 
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operating point wherein water recovery is optimized while achieving volumetric energy 494 

consumption, productivity, and average concentration reductions approximately equal to those of 495 

the typical 50% water recovery case. We hypothesize that the optimal value of discharge flowrate 496 

depends on the charging modes, effective mixed-reactor volume, dispersion in the header, nominal 497 

flowrate during charging, among many other factors, and thus needs to be determined individually 498 

for each baseline operating condition.  499 

We further note that the volumes of dilute and brine solutions produced per CDI cycle do not 500 

simply scale with the amount of feed volume processed during electrical charging and discharging 501 

respectively. We believe that the deviation from this scaling is due to the coupled physics of mixed-502 

reactor salt removal (fluid flow) and circuit (electrical) dynamics for CDI (Hawks et al., 2018a; 503 

Ramachandran et al., 2018a), together with the effects of dispersion and mixing at low flowrates.  504 
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1. Effluent concentration and current response versus time for constant voltage and variable 

flowrate operation   

Figure S1 shows raw experimental measurements for current and effluent concentration versus 

time for each of two applied voltage ranges.  The start of the charging or discharge phases are fixed 

at 5 and 10 min, respectively.  

 

Figure S1: Measured (a) current and (b) effluent concentration as functions of time under dynamic 

steady state conditions for constant voltage operation between 0.6 and 1.0 V for a flowrate of 

6 ml/min during charging, and discharge flowrate values (Qdc) of 0, 1.2, 3.6, and 4.8 ml/min. 
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Measured time variation of (c) current and (d) effluent concentration under dynamic steady state 

conditions for constant voltage operation between 0.2 and 1.0 V for a flowrate of 6 ml/min during 

charging, and discharge flowrate values (Qdc) of 0, 0.6, 1.2, 2.4, 3.6, 4.8 and 6.0 ml/min. Electrical 

charging and discharging phase durations are each 5 min. The insets in (a) and (c) show the forcing 

voltage versus time, and the insets in (b) and (d) show the time variation of flowrate. Note that the 

electrical response is nearly identical for different values of discharge flowrates. 

 

2. Charge transferred and energy consumption for constant voltage and variable flowrate 

operation  

Figure S2a shows measured net electrical charge input and output for each of the two voltage 

windows.  Figure S2b shows the corresponding values of energy consumption and recovery.  These 

results correspond to the experimental results presented in Figures 2 and S1.  Note that for a given 

voltage window, the electrical charge input and output, and energy consumed and recovered, are 

nearly the same for varying discharge flowrate values. This highlights that the electrical response 

of CDI is less sensitive to variation in flowrates. 

 

Figure S2: Measured (a) electrical charge input (qin) and output (qout) in Coulombs, and (b) energy 

consumption (Ein) and recovery (Eout) in Joules, versus discharge flowrate for the variable flowrate 

and constant voltage operation between 0.2-1.0 V and 0.6-1.0 V. The flowrate during charging 

was fixed at 6 ml/min and the flowrate during discharge (Qdc) was varied between 0 to 6 ml/min.  
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3. Effluent concentration and voltage response versus time for constant current and variable 

flowrate operation  

Figure S3 shows raw experimental measurements for voltage and effluent concentration versus 

time for two constant current operations subject to the same voltage window of 0.2-1.0 V.  The 

start of the charging or discharge phases are determined by the times at which the measured 

voltages reached the minimum and maximum voltages of the window, respectively. 

 

Figure S3: Measured time variation of (a) voltage, and (b) effluent concentration under dynamic 

steady state conditions for constant current charge-discharge operation at ±50 mA for a flowrate 
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of 3 ml/min during charging, and for discharge flowrate values (Qdc) of 0, 0.3, 1.2, and 2.4 ml/min. 

Measured (c) voltage, and (b) effluent concentration versus time under dynamic steady state 

conditions for constant current charge-discharge operation at ±25 mA for a flowrate of 3 ml/min 

during charging, and for discharge flowrate values (Qdc) of 0, 0.3, 0.6, 1.2, 1.8, 2.4, and 3.0 ml/min. 

The insets in (a) and (c) show the time variation of forcing current, and the insets in (c) and (d) 

show flowrate waveforms versus time.  

 

4. Charge transferred and energy consumption for constant current and variable flowrate 

operation  

Figure S4a shows measured net electrical charge input and output for each of the two applied 

current values.  Figure S2b shows the corresponding values of energy consumption and recovery.  

These results correspond to the experimental results presented in in Figures 5 and S3. Note that 

for a given constant current operation, the electrical charge input and output, and energy consumed 

and recovered, are nearly the same (less than 5% variation) for varying discharge flowrate values.  

 

Figure S4: Measured (a) charge input (qin) and output (qout) in Coulombs, and (b) energy 

consumption (Ein) and recovery (Eout) in Joules, versus discharge flowrate for the variable flowrate 

and constant current operation at 25 and 50 mA between 0.2-1.0 V. The flowrate during charging 

was fixed at 3 ml/min and the flowrate during discharge (Qdc) was varied between 0 to 3 ml/min.  
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5. Volume of dilute and brine solutions produced per cycle for constant current and variable 

flowrate operation  

Lastly, Figure S5 shows measured volumes of diluent (desalted water output) and output brine per 

CDI cycle.  These data correspond to the experimental results presented in Figures 5 and S3. 

 

Figure S5: Measured volumes of desalted and brine water generated per cycle versus discharge 

flowrate for constant current and variable flowrate operation at 50 mA. The flowrate during 

charging was fixed at 3 ml/min and the flowrate during discharge (Qdc) was varied between 0 to 

3 ml/min. See inset of Figure 6a for data corresponding to operation at 25 mA. 
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1. Effluent concentration and current response versus time for constant voltage and variable 

flowrate operation   

Figure S1 shows raw experimental measurements for current and effluent concentration versus 

time for each of two applied voltage ranges.  The start of the charging or discharge phases are fixed 

at 5 and 10 min, respectively.  

 

Figure S1: Measured (a) current and (b) effluent concentration as functions of time under dynamic 

steady state conditions for constant voltage operation between 0.6 and 1.0 V for a flowrate of 

6 ml/min during charging, and discharge flowrate values (Qdc) of 0, 1.2, 3.6, and 4.8 ml/min. 
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Measured time variation of (c) current and (d) effluent concentration under dynamic steady state 

conditions for constant voltage operation between 0.2 and 1.0 V for a flowrate of 6 ml/min during 

charging, and discharge flowrate values (Qdc) of 0, 0.6, 1.2, 2.4, 3.6, 4.8 and 6.0 ml/min. Electrical 

charging and discharging phase durations are each 5 min. The insets in (a) and (c) show the forcing 

voltage versus time, and the insets in (b) and (d) show the time variation of flowrate. Note that the 

electrical response is nearly identical for different values of discharge flowrates. 

 

2. Charge transferred and energy consumption for constant voltage and variable flowrate 

operation  

Figure S2a shows measured net electrical charge input and output for each of the two voltage 

windows.  Figure S2b shows the corresponding values of energy consumption and recovery.  These 

results correspond to the experimental results presented in Figures 2 and S1.  Note that for a given 

voltage window, the electrical charge input and output, and energy consumed and recovered, are 

nearly the same for varying discharge flowrate values. This highlights that the electrical response 

of CDI is less sensitive to variation in flowrates. 

 

Figure S2: Measured (a) electrical charge input (qin) and output (qout) in Coulombs, and (b) energy 

consumption (Ein) and recovery (Eout) in Joules, versus discharge flowrate for the variable flowrate 

and constant voltage operation between 0.2-1.0 V and 0.6-1.0 V. The flowrate during charging 

was fixed at 6 ml/min and the flowrate during discharge (Qdc) was varied between 0 to 6 ml/min.  
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3. Effluent concentration and voltage response versus time for constant current and variable 

flowrate operation  

Figure S3 shows raw experimental measurements for voltage and effluent concentration versus 

time for two constant current operations subject to the same voltage window of 0.2-1.0 V.  The 

start of the charging or discharge phases are determined by the times at which the measured 

voltages reached the minimum and maximum voltages of the window, respectively. 

 

Figure S3: Measured time variation of (a) voltage, and (b) effluent concentration under dynamic 

steady state conditions for constant current charge-discharge operation at ±50 mA for a flowrate 
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of 3 ml/min during charging, and for discharge flowrate values (Qdc) of 0, 0.3, 1.2, and 2.4 ml/min. 

Measured (c) voltage, and (b) effluent concentration versus time under dynamic steady state 

conditions for constant current charge-discharge operation at ±25 mA for a flowrate of 3 ml/min 

during charging, and for discharge flowrate values (Qdc) of 0, 0.3, 0.6, 1.2, 1.8, 2.4, and 3.0 ml/min. 

The insets in (a) and (c) show the time variation of forcing current, and the insets in (c) and (d) 

show flowrate waveforms versus time.  

 

4. Charge transferred and energy consumption for constant current and variable flowrate 

operation  

Figure S4a shows measured net electrical charge input and output for each of the two applied 

current values.  Figure S2b shows the corresponding values of energy consumption and recovery.  

These results correspond to the experimental results presented in in Figures 5 and S3. Note that 

for a given constant current operation, the electrical charge input and output, and energy consumed 

and recovered, are nearly the same (less than 5% variation) for varying discharge flowrate values.  

 

Figure S4: Measured (a) charge input (qin) and output (qout) in Coulombs, and (b) energy 

consumption (Ein) and recovery (Eout) in Joules, versus discharge flowrate for the variable flowrate 

and constant current operation at 25 and 50 mA between 0.2-1.0 V. The flowrate during charging 

was fixed at 3 ml/min and the flowrate during discharge (Qdc) was varied between 0 to 3 ml/min.  
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5. Volume of dilute and brine solutions produced per cycle for constant current and variable 

flowrate operation  

Lastly, Figure S5 shows measured volumes of diluent (desalted water output) and output brine per 

CDI cycle.  These data correspond to the experimental results presented in Figures 5 and S3. 

 

Figure S5: Measured volumes of desalted and brine water generated per cycle versus discharge 

flowrate for constant current and variable flowrate operation at 50 mA. The flowrate during 

charging was fixed at 3 ml/min and the flowrate during discharge (Qdc) was varied between 0 to 

3 ml/min. See inset of Figure 6a for data corresponding to operation at 25 mA. 
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