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A B S T R A C T   

Effect of flow velocity and cell-pair thickness in electrodialysis (ED) is studied. The production cost includes 
pump energy, while the size of the system is considered as an output variable. The performance of ED system 
depends on three categories of process parameters namely water quality data, stack configuration and flow 
characteristic inside the stack. The design of ED system is complex due to interrelation among the system var-
iables so the design calculation chronology steps are developed with flow-chart for the fix feed salinity of 
groundwater and salt removal rate. The effect of recovery ratio on capital and energy cost is studied and found 
unidirectional. Sparingly soluble salt present in feed decides the upper limit and obtained 70–75% recovery rate 
based on the feedwater quality. The optimum value of the linear flow velocity and cell-pair thickness can be 
obtained by the trade-off among capital cost, stack energy cost and pumping energy cost. Simultaneous effect of 
both the variable on minimizing the total cost gives the narrow working range of flow velocity 15–17 cm/s and 
0.4–0.8 mm thickness. The minimum production cost of 0.08 USD/m3 is obtained at 16 cm/s velocity and 0.5 
mm thickness.   

1. Introduction 

In India, 73% of villages using groundwater as their primary source 
of drinking water and around 60% of land in India having brackish 
groundwater (Wright et al., 2015) while this problem is more severe in 
north-west states of Gujarat and Rajasthan (Fig. 1). Only in the state of 
Gujarat, around 18% of area is affected with salinity over 3200 μS/cm 
electrical conductivity (CGWB-WCR Ahmedabad, 2016) and salinity 
map is shown in Fig. 2. Brackish water desalination can provide the 
solution to this groundwater salinity problem (Hanrahan et al., 2016). 
The membrane technology has played an important role in desalination 
due to their effectiveness, low energy consumption and cost than ther-
mal desalination (Al-Amshawee et al., 2020). The most common mem-
brane technology in brackish water desalination is reverse osmosis (RO), 
with 60–90% of the market share depending on location (Campione 
et al., 2018; He et al., 2018b). ED is gaining attention of researchers, 

although electrodialysis has possessed only 4% of total installed desa-
lination capacity far behind the RO technology which has possessed 64% 
(Al-Amshawee et al., 2020; AlMarzooqi et al., 2014), because of the high 
recovery of water, less sensitivity to the change in feedwater quality and 
lower specific energy consumption (SEC) of the ED process for brackish 
groundwater desalination compare to the pressure intensive RO process. 

Brackish water desalination for inland water has its own limitation to 
create it as a water resource for example, the amount of concentrate 
stream with more salinity than feedwater coming from the desalination 
process would not be a cost effective and environment friendly solution 
if disposed inland. The higher recovery brackish water desalination 
system is required to reduce waste management and cost of disposal 
(Malmrose et al., 2004; Nicot and Chowdhury, 2005; Watson et al., 
2003). 

Electrodialysis is particularly suited for high recovery rates up to 
95% and high brine concentrations can be achieved (Strathmann, 2010). 
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To achieve high water recovery, it is necessary to control the precipi-
tation of sparingly soluble salt like CaSO4. It is investigated that elec-
trodialysis reversal can achieve higher tolerable CaSO4 saturation level 
compared to the RO process due to system’s electrochemical behavior 
(Hanrahan et al., 2016; Turek and Dydo, 2003). 

ED can be an economical process among the existing brackish water 
desalination process if used within a specific range of feedwater salinity 
(Strathmann, 2010). Experimental study for the feedwater salinity 
below 3000 ppm shows that ED has an economic advantage over RO 
(Walha et al., 2007) and demonstrated that 75% less energy is consumed 
by ED at 1000 ppm (Ali et al., 2018). Usage of solar photovoltaic (PV) 
energy also favors the ED process by the fact that ED can use direct 
electric current as energy input. Comparative study of PV based ED and 
RO system concluded that ED requires less energy than RO for the 
feedwater conductivity around 1700 μS/cm (Karimi et al., 2015). It is 
also possible to reduce further energy consumption by using some 
innovative membrane stack configurations (Chen et al., 2020). Com-
parison of electro-driven technologies based on Nernst-Planck theoret-
ical model shows that ED has lower energy consumption than 
constant-current membrane capacitive deionization (MCDI) for the 
similar brackish water desalination conditions (Patel et al., 2020). 

ED has flexibility to control product water quality more easily 
compared to other desalination technologies because salt removal ca-
pacity of ED stack directly related to applied voltage which is controlled 
as an operating parameter (Karimi et al., 2018). In terms of robustness, 
ED can tolerate silica and biological growth compared to RO (Hanrahan 
et al., 2016). It can also tolerate higher turbidity due to open channel 
construction of ED stack (Landsman et al., 2020; Murray, 1995; Walker 

et al., 2014). ED membranes are less prone to bio-fouling by using higher 
amount of chlorine because ED membrane is more chlorine resistant 
than RO membrane (He et al., 2018a; Karimi et al., 2015; Landsman 
et al., 2020). Long term experimental study at pilot scale by Ghysel-
brecht at el. (2013) demonstrated that CaSO4 scaling in concentrate 
stream was successfully eliminated by using monovalent selective ion 
exchange membrane in ED (Ghyselbrecht et al., 2013). 

At both ends of ED membrane stack, metal electrodes are placed to 
allow direct electric current from the source and complete the electric 
circuit. Electrodes are generally made up of titanium metal due to cor-
rosive acid produced from anode compartment and coated with chem-
ically inert platinum metal (Murray, 1995). The other coating material 
like ruthenium was also used by the researcher (Qu and Liu, 1983) with 
and without iridium and titanium in composition with coating material 
to test the life expectancy of electrode. Ruthenium coating containing 
iridium and more titanium shows the more service life and performance 
for ED process (Myint et al., 2010; Qu and Liu, 1983). Carbon electrode 
is also built and tested at lab-scale by He et al. (2018a) but not fulfilling 
the basic requirement, as the electrodes were having brittle and corro-
sive in nature (He et al., 2018a). 

The design of ED system requires many parameters to be decided 
based on the selection of geometrical parameter and material of ED stack 
parts like membrane, spacer and electrode. Apart from these fixed pa-
rameters, the variable parameters like feed and product water compo-
sition, velocity of water in stack, recovery ratio, electrical parameters 
etc. are also affect the performance and economics of ED system (Tsiakis 
and Papageorgiou, 2005). 

Some of the previous studies was on optimization of parameters to 

Fig. 1. Map of salinity levels in India (CGWB Faridabad, 2018).  
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improve the efficiency of the developed and fix sized ED system. The 
effect of applied voltage, superficial velocity, and temperature of feed-
water on ion removal shown by Karimi and Ghassemi (2016) and found 
that velocity has overall negative effect on ion removal due to decreased 
ion residence time (Karimi and Ghassemi, 2016). Qureshi et al. (2021) 
found that flow velocity is most sensitive parameter for current density 
and specific energy consumption by using the normalized sensitivity 
analysis for various parameters (Qureshi et al., 2021). In present study, 
effect of flow velocity as operating parameter is explored on the pressure 
drop, current density, voltage as energy cost and stack length, mem-
brane area as fixed cost to find minimum possible production cost. 

Chehayeb et al. (2017) studied the velocity and channel height on 
energy consumption for large-scale system for high salinity and brackish 
water of 3 g/L feed concentration but considers fix sized system (Che-
hayeb et al., 2017). Shah et al. (2018) has carried out cost optimization 
with current density for batch mode small scale (9–15 L/h) ED system 
(Shah et al., 2018). Simplified mathematical model for brackish water 
ED was developed by Lee at el. (2002) and channel height with current 
density was optimized by cost but pumping power taken as fix value (Lee 
et al., 2002). 

In this study, the design calculation steps with flow chart is devel-
oped including the energy consumption by stack and pump for the fix 
salt removal rate and feed salinity for the groundwater data of Pandit 
Deendayal Energy University (PDEU), Gandhinagar, Gujarat, India site 
as a case study. The effect of recovery ratio on total production is studied 
and the effect of low soluble salt scaling potential in feedwater on 
limiting the recovery is analyzed. The optimization of flow velocity and 
cell-pair thickness are carried out based on the total cost minimization 
concept before deciding the size of the system. In this way, it also covers 
the optimal system sizing in terms of membrane area requirement and 
minimum energy consumption simultaneously. The parameter values 
are decided based on the trade-off between fix cost and energy con-
sumption cost of fix feed and permeate salinity. The simultaneous effect 
of parameter is also done in this study to get best combination of flow 
velocity and cell-pair thickness and finally working range of operating 
parameter in minimum production cost region is decided and validated 
with literature. 

2. Design 

Electrodialysis (ED) is an electro-membrane separation process in 
which ions are transferred through ion exchange membranes by means 
of a direct current (DC) voltage. ED selectively removes dissolved solids, 
based on their electrical charge, by transferring the brackish water ions 
through a semipermeable ion exchange membrane charged with an 
electrical potential as seen in Fig. 3. ED process technology has advanced 
rapidly since its inception because of improved ion exchange membrane 
properties, better materials of construction, advances in technology and 
the evolution of polarity reversal (Murray, 1995; Valero et al., 2011). 

ED has many governing input variables as shown in Fig. 3 and as all 
these process parameters are interrelated between each other, it is 
necessary to choose the chronology between these design parameters 
and fixing some inputs to calculate all design parameters. Based on these 
input variables, the aim is to calculate the required membrane area, 
length, current, voltage and pressure drop across the ED stack. 

2.1. Factors that affect ED process 

To start design ED plant, feed salinity (Cfd) is the first parameter with 
us and either dilute salinity (Cd) or salinity difference (CΔ) should be 
decided as per the requirement at the user end. From these data, either 
Cd or CΔ is calculated by mass transfer equation (1). As ions removed 
from the dilute stream can go into the concentrated stream, so the 
salinity difference of both these streams are same by assuming both 
streams have equal flow rate. On the basis of any of the inlet or outlet 
side concentration, we can decide the other one as per the equation: 

CΔ =Cfd − Cd = Cc − Cfc (1) 

Recovery ratio is the ratio of product water flow rate (Qd) to the 
feedwater flow rate. As it is assumed that both streams have identical 
flow rate, the recovery ratio becomes 50% and for any other recovery 
ratio over 50%, it is necessary to operate one stream in feed-and-bleed 
mode. Based on the recovery ratio and equation (1), the final concen-
tration of concentrate stream can be formulated as per the equation: 

Cc =
Cfd − RCd

1 − R
(2) 

Limiting current density is a crucial part of the design as it decides 

Fig. 2. Map of salinity level in Gujarat state, India (CGWB-WCR Ahmedabad, 2016).  
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the maximum salt removal capacity of the system because applied cur-
rent density should not be increased beyond the value of limiting current 
density. Limiting current density for the system is the main constraint for 
selecting area and length of any ED system. Limiting current density is 
directly proportional to the mass transfer coefficient in laminar 
boundary layer at the membrane surface and exit concentration of dilute 
stream while inversely related to the difference between the transport 
number of ions in the membrane and the solution. The parameter which 
determines the limiting current density is the mass transfer coefficient 
that is a function of flow velocity of solution and spacer geometry, so it is 
difficult to calculate the mass transfer coefficient theoretically. Practi-
cally, limiting current density is calculated based on the function 
developed by experimentation as a function of flow velocity of solution, 
type of spacer used and concentration (Lee et al., 2006). 

iprac = s a Cdub (3) 

After deciding all the concentration of streams, recovery ratio and 
limiting current density, we can calculate the membrane area and length 
required based on the relationship (Lee et al., 2002): 

Aprac =

[

ln
(
CcCfd
CdCfc

)

+
Λ  (ρA+ρC )(Cfd − Cd)

Δ

]

z F Cd Qd

[
Cd
Cc + 1 +

Λ Cd (ρA+ρC)
Δ

]

ipracβ ς
(4)  

Lprac =

[

ln
(
CcCfd
CdCfc

)

+
Λ (ρA+ρC )(Cfd − Cd)

Δ

]

z F Cd u  Δ  α
[
Cd
Cc + 1 +

Λ Cd (ρA+ρC)
Δ

]

ipracβς
(5)  

where, Λ is equivalent conductance of solution, Δ is thickness of cell- 
pair, F is Faraday constant, α is volume factor, β area factor, s is safety 
factor, Ϛ is current efficiency, ρA+ρC is total membrane resistance, z is 
electrochemical valence. 

The next step is to calculate the DC electric current and voltage. The 
current flow is equivalent to rate of ions transfer in solution and it is 
obtained by using the Faraday’s law: 

Ist =
z F Qd CΔ

ςNcp
(6) 

The voltage is decided by the total resistance of ED cell in terms of 
membrane resistance as well as the resistance offered by the dilute and 
concentrate stream flowing in stack based on the relationship (Lee et al., 
2002): 

Ust =
Ncp Δ  iprac

Λ

[
1
Cc

+
1
Cd

+
Λ (ρA + ρC)

Δ

]

(7) 

The power requirement of ED system is multiplication of current and 
voltage while specific power energy per unit volume of water produced 
is calculated by the equation: 

Edes=
Pdesα

1000 Qd × 3600
(8) 

The pumping energy required is calculated by the pressure drop in 
ED stack and efficiency of pump (ɳp). Pressure drop is calculated based 
on relation (Tsiakis and Papageorgiou, 2005): 

ΔP=
32uLpracμ
(
dH

)2 (9)  

dH =
8 − 4π hl

4
w+

1
h+ 2π

(

1 − h
w

)
1
l

(10)  

where μ is the viscosity of the solution used in the system, dH is the 
hydraulic diameter, h is half thickness of grid rod in spacer, l is mesh 
size, w is the width of cell-pair. 

The pumping energy required per unit volume of water produced is 
given by equation: 

Epump=
ΔP

3600 ηp
(11)  

2.2. Design methodology and sample calculation 

The membrane area and length obtained earlier is the total size 
required for ED stack consisting only single cell-pair. But the length and 
width of the ED stack is very large compared to the system overall size 
which is to be reduced to make it practically possible to assemble stack. 
As per the size available at manufacturer’s end, the length and width of 
stack obtained will be divided into the number of hydraulic stage and 
number of cell-pair respectively. If this number of stage and cell-pair is 
not obtained as integer value then recalculation would be done as per 
the step of back calculation shown in Fig. 4. 

Based on the proposed mathematical formulation, the sample 
calculation is done for the design of pilot scale ED plant of 500 L/h 
capacity with 70% recovery to produce potable water. The feedwater 
composition which is characterized by CSIR-NEERI (Council of Scientific 
and Industrial Research- National Environmental Engineering Research 

Fig. 3. Typical electrodialysis stack layout with process variables.  
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Institute), Nagpur, India, is shown in Table 1 with the calculated input 
and output parameters of ED system design. The values obtained for the 
number of cell-pair and stages are non-integer so back calculation is 
done and values for the parameter obtained is shown in Table 2. 

The schematic flow diagram is shown in Fig. 5 as per the design and 
calculated value of the proposed electrodialysis plant. 

Assumptions of design are:  

• Dilute and concentrate cells have identical geometries,  
• The flow streams of dilute and concentrate are co-current and of 

equal velocity,  
• The activity coefficients of the salt in the dilute and concentrate are 

1,  
• Concentration potentials and boundary layer effects are neglected,  
• The osmotic and electro-osmotic effect of water transport is 

neglected. 

Membrane properties, limited current density constants, current ef-
ficiency are taken from the literature (Strathmann, 2004). 

3. Optimization of electrodialysis process parameters 

3.1. Assumption of cost analysis 

The total cost of ED is the sum of fixed cost associated with amor-
tization of the plant capital cost and plant’s operating cost. The fixed 
cost has cost of ED stack which is around 45–50% of total cost of system 
(Nayar et al., 2017). This stack cost is directly related to membrane area 
and stack cost, including membrane, is 1.5 times membrane cost (Lu 
et al., 2016). The peripheral equipment cost accounts for 0.5 times the 
stack cost. Total capital cost is the sum of stack cost and peripheral 
equipment cost. While operating cost includes two energy consumptions 
one is DC current given to ED stack and another is pump energy con-
sumption. This energy consumption is governed by equations (8) and 
(11). The economic data for the ED is given in Table 3. 

To operate ED plant with better efficiency and with minimum 
possible fix investment, it is required to optimize the ED process with 
governing parameters of recovery ratio, flow velocity and cell-pair 
thickness. 

Fig. 4. Flow chart for the calculation steps to design electrodialysis system.  
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3.2. Recovery ratio optimization 

As the concentrate stream is operated in feed-and-bleed mode, the 
recovery ratio is increased by increasing the recirculation of concentrate 
stream. Through ED system, recovery ratio can be achieved as high as 
95% but there are some limitations for the recovery ratio due to spar-
ingly soluble salt present in feedwater. 

As the salinity of concentration stream is a function of recovery ratio 
as per equation (2), increase in water recovery will result in increasing 
the salinity of concentrate stream. The higher the salinity in concentrate 
stream, the lower the electrical resistance due to the available ions to 

Table 1 
Sample calculation for PDEU groundwater quality for pilot scale ED plant.  

PDEU groundwater characterization Input Data Output Data 

Parameter Value Unit Symbol Value Unit Symbol Value Unit 

pH 8.9  Cfd 1100 mg/L CΔ 1000 mg/L 
TDS 1100 mg/L Cd 100 mg/L Cc 4100 mg/L 
Calcium 11 mg/L R 0.70  Cfc 3100 mg/L 
Total hardness as CaCO3 104 mg/L Λ 10.5 Sm2/keq for NaCl iemp 11.41 A/m2 

Magnesium 18 mg/L Δ 0.0005 m iprac 7.98 A/m2 

Sodium 348 mg/L u 0.15 m/s Aprac 12.19 m2 

Potassium 3 mg/L a 25000 Asbm(1− b)/keq 2A 24.38 m2 

Total alkalinity as CaCO3 450 mg/L b 0.5  Lprac 3.42 m    
F 96500000 As/keq Ncp 35.61 nos.    
α 0.8  Nst 8.15 nos.    
β 0.7  Ist 6.97 A    
s 0.7  Ust 11.02 V    
Ϛ 0.9  Pdes 76.82 W    
ρA+ρC 0.0007 Ω m2 Edes 0.14 kWh/m3    

Qd 500 L/h Epump 0.14 kWh/m3    

w 0.1 m Etotal 0.28 kWh/m3    

Lst 0.42 m       
ΔP 150 kPa       
ɳp 0.6      

Table 2 
Re-calculated value after taking integer value for number of cell-pair and stage.  

Integer value taken Re-calculated output values 

Symbol Value Unit Symbol Value Unit Symbol Value Unit 

Ncp 36 nos. Aprac 12.10 m2 Ist 6.89 A 
Nst 8 nos. 2A 24.20 m2 Ust 11.14 V    

Lprac 3.36 m Pdes 76.82 W       
Edes 0.12 kWh/m3  

Fig. 5. Schematic flow diagram of proposed electrodialysis design.  

Table 3 
Calculation assumption for the cost analysis for ED system.  

Items Cost Unit 

Membrane cost 25 USD/m2 

Membrane life 5 Years 
Stack cost 1.5 times membrane cost 
Peripheral equipment cost 0.5 times stack cost 
Electricity cost 0.1 USD/kWh  
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carry current is high. This faster movement of ions in transport of 
salinity from dilute to concentrate stream leads to the reduced length 
requirement as per equation (5) which reduces the membrane area 
requirement as presented in Fig. 6 (A) with black color. 

As the width of stack is unaffected, the volume flow rate of system 
remains same, while the reduction in flow length offers less flow resis-
tance and so the pressure drop in stack reduces. Here pumping power 
requirement reduces as per equations (9) and (11). The lower electrical 
resistance at higher concentration also reduces energy consumption in 
stack due to less potential difference required to draw same current 
which is as per equation (7) and this observation is in line with previ-
ously published work (Dai et al., 2019; Silva et al., 2013). This trend of 
energy consumption is shown in Fig. 6 (A) with red color. The total cost, 
which is sum of capital cost and energy cost, reduces with the increase in 
recovery ratio and shown in Fig. 6 (B). 

As fix cost and variable cost have the same trend in relation with 
recovery ratio, the limiting criteria for the recovery ratio cannot be 
decided based on the total cost parameter. Only limiting criteria is low 
water-soluble calcium salt (calcium carbonate and calcium sulfate) 
precipitation at high recovery ratio because of high concentration. 
Scaling potential of calcium carbonate is indicated by the LSI (Langelier 
Saturation Index) value. 

LSI value is difference between two pH values one is actual pH of 
water and other is pH value at which calcium carbonate scaling starts 
(Raich-Montiu et al., 2014). At pH 6.5 to 9.5, the LSI is used to show the 
scaling potential of water containing carbonates which is expressed by 

LSI = pH − pHs (12)  

where pH is the measured feedwater pH and pHs is the “saturation pH” 
at which the water is saturated with calcium carbonate. pHs is defined as 

pHs = (9.3 + A + B) − (C  +  D) (13)   

Where A = (log10 [TDS] − 1)/10, [TDS] is the concentration of total 
dissolved solids (mg/L); B = − 13.12 × log10(T) + 34.55, T is the 
Kelvin temperature (K); C = log10[C*

Ca2+] − 0.4, [C*
Ca2+] is the con-

centration of Ca2+ as CaCO3 (mg/L); D = log10[Alk], [Alk] is the 
concentration of alkalinity as CaCO3 (mg/L) (Raich-Montiu et al., 
2014). 

Improved LSI by Carrier gives detailed indication for range of LSI 
values as shown in Table 4. LSI value of concentrated water should be 
less than zero (target LSI value should be minus 0.2 as per Lenntech- 
Hydranautics membrane information) (Bates, 2001) to eliminate risk of 
calcite scaling in ED stack. 

As the LSI value calculated is 0.9 for brackish water source data of 
Table 1 and it is more than zero, the scaling potential for this feedwater 

is high. The scaling of calcium carbonate depends upon the pH and 
temperature of water. Secondly, carbonate ion continuously migrates 
from the dilute to concentrate compartment so dilute compartment will 
not require any pH adjustment. To reduce scaling potential of concen-
trate compartment, it is recommended to acidify the concentrate stream 
and reduce the pH which can decrease the scaling potential of water 
(Zhang et al., 2011). 

pH of water can be reduced up to the neutral pH (7 pH) which is the 
natural pH value of water below which water becomes acidic (Prihasto 
et al., 2009). So at neutral pH and for different concentration of reject 
water according to different recovery ratio, the LSI value is calculated 
and mentioned in Table 5. Increasing recovery ratio increases the LSI 
value from − 0.52 to − 0.19 at 70% recovery ratio. Based on this LSI 
value, the maximum attainable recovery is 70–75% after acid dosing as a 
pretreatment for the 1100 ppm feedwater. 

3.3. Flow velocity optimization 

The flow velocity of solution in ED cell is an important parameter to 
decide the limiting current density, area of membrane and current 
requirement, so it is needed to optimize the flow velocity with respect to 
membrane cost and energy requirement for desalination. 

Increasing flow velocity allows the higher limiting current density 
because limiting current is directly proportional to velocity as per 
equation (3) which will lead to the decreasing the required membrane 
area as per equation (4) for the constant production capacity. This 
reduction of membrane area and so the capital cost is shown in Fig. 7 
(A). 

Fig. 6. The effect of recovery ratio on A) Area and various energy consumption, B) capital, energy and total cost.  

Table 4 
Improved LSI indication for range of values (Lenntech, 2019).  

LSI (Carrier) Indication 

− 2.0< LSI < -0.5 Serious corrosion 
− 0.5 < LSI<0.0 Slightly corrosion but non-scale forming 
LSI = 0.0 Balanced but pitting corrosion possible 
0.0 < LSI<0.5 Slightly scale forming and corrosive 
0.5 < LSI<2.0 Scale forming but non corrosive  

Table 5 
LSI value at 7 pH for different recovery ratio.  

Recovery Ratio Concentrate stream outlet salinity, Cc (ppm) LSI at 7 pH 

50% 2100 − 0.52 
55% 2322 − 0.45 
60% 2600 − 0.37 
65% 2957 − 0.29 
70% 3433 − 0.19 
75% 4100 − 0.07  
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Increase in flow velocity requires increasing in the current in ED cell 
for same amount of ion removal. This phenomenon can also be under-
stood as a reduced ‘total area’ reflects in small number of cell-pair in 
stack which leads to increasing in current requirement as per equation 
(6). This increase in current leads to an increased power requirement for 
desalination. High flow velocity also increases the pump energy 
requirement because it increases the pressure drop in ED cell as seen in 
equation (9). So total energy requirement, which is a sum of stack and 
pumping energy, increases with flow velocity and presented in Fig. 7 
(B). This phenomenon of energy consumption is similar with the pre-
viously reported for high-salinity brine (Chehayeb et al., 2017). 

As shown in Fig. 8, the total production cost, which is the sum of 
capital and energy cost, first decreases rapidly up to the 13 cm/s flow 
velocity because in this region the capital cost is dominantly high 
compare to the energy cost. Also, the capital cost decreases rapidly 
compared to an almost linear increment of energy cost. After 13 cm/s 
flow velocity, decrement in capital cost is very low while in the same 
region the energy cost steadily increases and also crosses the value of 
capital cost after 20 cm/s flow velocity. The overall result is that the 
total cost starts increasing after flow velocity of 13 cm/s and at this flow 
velocity, the total cost become minimum and 13 cm/s flow velocity is an 
optimum value for the feedwater of 1100 mg/L concentration. 

3.4. Cell thickness optimization 

As the cell-pair thickness increases, the membrane area requirement 
decreases as per equation (4). At higher cell-pair thickness, the flow 
channel cross-sectional area increases and allows higher volume flow 
rate at same flow velocity so it requires less membrane width and ulti-
mately reduce the total membrane area requirement for same flow ca-
pacity. This decrease in membrane area also results in to lower capital 
cost with higher cell-pair thickness which is shown in Fig. 9 (A). 

As cell-pair thickness increases, the electrical resistance offered by 
the solution flowing in the channel between two membranes also in-
creases due to the longer path for the current flow. So for the same flow 
speed, voltage requirement needs to be increased to overcome the 
increased resistance of the system. This increase in voltage results in to 
increase of energy consumption in ED stack. The pumping energy 
requirement directly related to the pressure drop in the stack which 
depends on two parameters one is flow length of stack and another is 
equivalent hydraulic diameter of flow channel. Increase in cell-pair 
thickness increases the hydraulic diameter as well as increases the 
flow length of the ED stack as per equation (5) and both parameter in-
creases linearly. Pressure drop increases with increase in flow length but 
decreases as power function as per equation (9). As shown in Fig. 9 (B), 
the total energy consumption, which is the sum of pumping and stack 
energy consumption, decreases rapidly with increment of cell-pair 
thickness up to the 0.4 mm where pumping energy requirement is 
high compare to the stack energy consumption. After 0.4 mm thickness, 
the total energy consumption starts increasing with cell-pair thickness 
because of a steady increment of stack energy compare to low pumping 
energy consumption. 

As shown in Fig. 10, with increment of cell-pair thickness up to 0.4 
mm, the energy cost decreases rapidly and so the total cost which is also 
supported by the reduction in capital cost. After 0.4 mm cell-pair 
thickness, energy cost increases while capital cost is still decreases but 
at a slower rate which leads to the total cost become minimum at 0.51 
mm cell-pair thickness and increases thereafter. 

3.5. Simultaneous effect of flow velocity and cell-pair thickness on total 
production cost 

From this velocity and cell thickness optimization, it is seen that both 
the values are simultaneously affecting the total cost of ED unit. To find 
best operating flow velocity and cell-pair size, it is necessary to study the 
effect of both parameters at a time. To fulfill this aim, multiple graph of 
fluid velocity vs. total cost are plotted at a different value of cell-pair 
thickness and shown in Fig. 11. This simulation is obtained by using 
nested for loop in MATLAB software by nesting the cell-pair thickness 
over the flow velocity loop. 

It is observed from previous Figs. 7 and 9 that the capital cost is 

Fig. 7. Effect of flow velocity on A) membrane area and capital cost, B) pumping, stack and total energy consumption.  

Fig. 8. Capital cost, energy cost and total cost varies with flow velocity.  
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always decreases either by increasing flow velocity or cell-pair thick-
ness. This reduction is rapid at lower values of flow velocity and cell-pair 
thickness and afterwards trend continues but at a slower rate. So in 
obtaining minimum total cost, the role of energy cost is vital. At flow 
velocity less than 10 cm/s, the energy cost is higher than capital cost for 
cell-pair thickness less than 0.1 mm due to huge pressure drop in flow 
channel but this energy cost reduces fast by increasing cell-pair thick-
ness up to 0.4 mm as seen in Fig. 10. After increasing flow velocity over 
20 cm/s, the energy cost reaches higher than capital cost as per the 
discussion of Fig. 8, this trend is sharper at lower cell-pair thickness 
below 0.2 mm so the minimum total production cost is obtained at lower 
flow velocity less than 10 cm/s as seen in Fig. 11. 

For the cell-pair thickness more than 0.2 mm, the optimum flow 

velocity value shifts towards right side and found between 10 and 20 
cm/s. This is because of reduction in energy cost, due to increasing cell- 
pair thickness more than 0.2 mm, would not compensate by increasing 
flow velocity from 10 to 20 cm/s. At the same time, total cost at opti-
mum point is also reducing because total cost is minimum between 10 
and 20 cm/s flow velocity as seen in Fig. 8. 

From the above discussion of cell-pair thickness and flow velocity 
simultaneous optimization, it is observed that for various cell thickness 
values, the optimum value of flow velocity ranges from 8 to 17 cm/s as 
mentioned in Table 6. It is also observed that minimum cost per unit 
output is lowest at the cell thickness of 0.5 mm and flow velocity of 16 
cm/s and least cost is 7.786 USD per 100 m3 of pure water produced. 
This cost is lower than water cost of 0.12 USD/m3 produced by con-
ventional RO treatment for the feed of 1500 ppm and product of 500 
ppm, reported in recent study (Liu et al., 2021). It is recommended to 
choose the cell thickness between 0.4 and 0.8 mm as per the availability 
and ED unit size because production cost increase from lowest value is 
within 3% only. This range of cell-pair thickness concluded here is 
within the range of 0.2–1.0 mm reported by other (Hattenbach and 
Kneifel, 1986) however the optimum value obtained by them is 0.2 mm 

Fig. 9. Effect of cell-pair thickness on A) membrane area and capital cost, B) pumping, stack and total energy consumption.  

Fig. 10. Effect of cell-pair thickness on the cost of water production.  

Fig. 11. Simultaneous effect of flow velocity and cell-pair thickness on total 
production cost. 
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which is lower than the observed here. The optimum cell-pair thickness 
value of 0.5 mm is also obtained in previous recent study by considering 
only the operating cost and high salt removal (Chehayeb et al., 2017). In 
this range of cell-pair thickness, the optimum flow velocity falls within a 
range of 15–17 cm/s which is more narrow range than 13–17 cm/s re-
ported by the previous study (Hattenbach and Kneifel, 1986). But in 
previous study, the cost is decreasing continuously with the cell-pair 
thickness would be because of considering higher membrane cost 
while in this study, the optimum cell-pair thickness shift right side at 0.5 
mm by considering pumping power in total energy cost. 

4. Conclusion 

The design calculations of the ED system suggest that the pumping 
power is equally important with stack energy consumption for the low 
salinity feed ED application. The Specific Energy Consumption (SEC) 
calculated for PDEU groundwater is 0.28 kWh/m3 in which 50% of 
energy is consumed by pumps. 

The recovery ratio can be adjusted to 70%–75% for the safe running 
of ED unit in terms of scaling. It is achieved by reducing feedwater pH to 
7 using acid dosing. For reducing the waste stream generation, the re-
covery ratio needs to be increased, but it is limited by the scaling po-
tential of feedwater. 

The capital cost increases sharply below 7 cm/s flow velocity and 
downfall is very low after 15 cm/s. The energy cost continuously in-
creases with the flow velocity due to increase in pressure drop. This 
trade-off between capital cost and energy cost results in minimum total 
cost at 13 cm/s flow velocity. 

In the case of cell-pair thickness, up to 0.3 mm, the capital cost and 
pumping energy cost decreases sharply and continue to decrease further 
beyond 0.3 mm but at a slower rate. The stack energy cost increases 
linearly in entire range of 0.07–1.0 mm cell-pair thickness. So the total 
cost reduces sharply up to 0.3 mm and starts increasing after 0.6 mm, 
which results in minimum total cost at 0.51 mm cell-pair thickness. 

The simultaneous parametric study concluded that the optimized 
working range for cell-pair thickness is 0.4–0.8 mm and flow velocity is 
15–17 cm/s in which the production cost increases only within 3% from 
the minimum cost of 7.786 USD per 100 m3 of water produced. This 
minimum cost is obtained at the cell-pair thickness of 0.5 mm and flow 
velocity of 16 cm/s. 

Further, this study can be extended by applying optimization in 
innovative and non-conventional ED stack configuration to reduce the 
total cost. The more rigorous mathematical model, having osmotic and 
electro-osmotic water transport through the membrane, can make 
further critical analysis. 
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Symbols 

Cfd: Concentration at inlet of dilute stream, keq/m3 
Cd: Concentration at exit of dilute stream, keq/m3 

R: Recovery 
Λ: Equivalent conductance of solution at 20 ◦C, Sm2/keq 
Δ: Thickness of cell-pair, m 
u: Linear flow velocity, m/s 
a: Constant for limiting current density calculation, Asbm(1− b)/keq 
b: Constant for limiting current density calculation 
F: Faraday constant, As/keq 
α: Volume factor 
β: Area factor accounting for shadow effect 
s: Safety factor 
Ϛ: Current utilization/efficiency 
ρA+ρC: Total area resistance of membrane, Ω m2 

Qd: Product water flow rate (Production capacity), m3/s 
w: Width of cell-pair, m 
Lst: Length of flow path per stack, m 
h: Half thickness of the grid rods of spacer, m, (h = 1/4 Δ) 
l: Distance between two grid rods or mesh size, m 
μ: Solution viscosity, kg/m-s 
dH: Hydraulic diameter, m 
ɳp: Efficiency of pump 
CΔ: Concentration difference of dilute/concentration stream, keq/m3 

Cfc: Concentration at inlet of concentrate stream, keq/m3 

Cc: Concentration at exit of concentrate stream, keq/m3 

ΔP: Pressure drop in stack, kPa 
iemp: Empirical limiting current density, A/m2 

iprac: Practical limiting current density, A/m2 

Aprac: Area required for stack, m2 

Lprac: Total Length required, m 
Ncp: No of cell-pairs in stage 
Nst: No of stage 
Ist: Current passing through stack, A 
Ust: Potential(Voltage) drop across stack, V 
Pdes: Power required for desalination, W 
Edes: Specific energy consumption for desalination, kWh/m3 

Epump: Specific energy consumption for pump, kWh/m3 

Etotal: Total Specific energy consumption for ED unit, kWh/m3 
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