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Abstract.  Ultra-pure water (UPW), a highly treated water free of colloidal material and of a conductivity 
less than 0.06 µS, is an essential component required by modern industry. One of the methods for UPW 
production is the electrodialysis-ion exchange (ED/IE) system, in which the electrodialysis (ED) process is 
used as a preliminary demineralization step. The IE step can be replaced with electrodeionization (EDI) to 
decrease the volume of post-regeneration lyes. In this paper, the electrodialysis process carried out to 
relatively low diluate conductivity was investigated and the costs of UPW production were calculated. The 
optimal value of desalination degree by ED in the ED/IE and ED/EDI systems was estimated. UPW unit 
costs for integrated ED/IE and ED/EDI systems were compared to simple ion exchange and other methods 
for UPW production (RO-IE, RO-EDI). The minimal UPW unit costs in ED/EDI integrated system were 
estimated as $0.37/m3 for feed TDS 600 mg/L and $0.36/m3 for feed TDS 400 mg/L at 64 m3/h capacity, 
which was lower than in the comparable ED/IE integrated system ($0.42-0.44/m3). The presented results 
suggest that an ED/EDI integrated system may be economically viable. 
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1. Introduction 
 

Ultra-pure water (UPW) is a highly treated water, free of colloidal particles, having an electric 
resistance of 18 MΩ/cm, total organic carbon content lower than 0.05 mg C/L and a reactive silica 
content lower than 2 μg SiO2/L (Bennet 2006). Rapid growth of modern industry (i.e., 
pharmaceutical, semiconductor, electronic) causes an increase in demand for ultra-pure water. 
Traditionally utilized methods for obtaining ultra-pure water include distillation, ion exchange and 
integrated reverse osmosis/electrodeionization (RO-EDI) and reverse osmosis/ion exchange 
(RO-IE) systems. The ion exchange (IE) process allows the production of low conductivity water 
(Takeda et al. 2010, Yuan et al. 2000, Yu and Luo 2003), however has negative environmental 
impact, since the regeneration step generates high amounts of wastes. Electrodeionization is a 
separation process which combines electrodialysis and ion exchange. Ion exchange resins are 
placed between the ion selective membranes of the electrodialyzer. This allows in situ resin 
regeneration due to the creation of hydroxyl and hydrogen cations by the water splitting caused by 
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electric overpotential (Tanaka 2007). Ion exchange resin also increases the conductance of 
resin-filled compartments. Since the electrodeionization process, contrary to ion exchange, does 
not require regeneration and thus does not create a need for post-regeneration lyes to be utilized, 
the EDI system may seem to be a more favorable choice over the IE system. RO-EDI systems can 
be more economical than RO-ion exchange, especially at higher RO permeate salinities (Tanaka 
2007). RO-EDI systems are a common type of UPW production system for analytical laboratory 
purposes. Wood et al. (2010) have pointed out that the elimination of hazardous chemicals 
improves workplace health and safety conditions, and decreases the hidden costs of paperwork and 
environmental monitoring associated with the storage, use, neutralization, and disposal of 
hazardous chemicals. EDI systems have the advantage of continuous production of ultra-pure 
water, the quality of which can be easily regulated with applied current and feed volumetric flow 
(Trvznik et al. 2006), contrary to the IE system’s product quality. Electrodeionization is also 
suitable for removal of species, which are mostly non-ionized in the pH range of typical feed 
waters – as are boron and silica. The silica removal rate for EDI is typically 98-99% (Hernon et al. 
1999, Grebenyuk and Grebenyuk 2002, Wen et al. 2005). Boron, poorly ionizable and poorly 
removed by typical ion-exchange resins, can be removed down to the level of 0.05 ppb (Hernon et 
al. 1999). EDI is also suitable for removal of ammonia and carbon dioxide (Hernon et al. 1999, 
Grebenyuk and Grebenyuk 2002). 

The reverse osmosis step is one of the methods which allows for a decrease in the load on 
electrodeionization or ion exchange. For instance, the ”Grudziądz” Power Station (Bodzek and 
Konieczny 2005) has a reverse osmosis-ion exchange system, which treats water of TDS in the 
range of 480-576 mg/L giving product of TDS < 2.4 mg/L. “Żerań” Power Station (Klimanek and 
Koszarz 2001) uses a multi-stage reverse osmosis system, which treats feed of TDS 307 mg/L and 
produces permeate of TDS 6.6 mg/L. Liu et al. (2002) have demonstrated a RO-EDI system 
capable of producing 1 m3/h of water having resistivity of 17 MΩ/cm from a feed water having 
conductivity of 1800 μS/cm. A pretreatment consisting of ultrafiltration, activated carbon and 
ion-exchange softening, and removal of Ca2+ in order to prevent scaling was used. The total 
recovery of the system was 55%. Annual energy consumption of the EDI system was calculated at 
560 kWh, compared to 2000 kWh in an ion-exchange design of similar capacity. Based on the 
presented data, we have estimated the RO permeate conductivity at 18 μS/cm. RO-EDI systems 
have been succesfully implemented in Krasnodar (Panteleev et al. 2012) and Putilovo (Gromov et 
al. 2011) power plants, with water production capacity of 33 and 40 m3/h, respectively. Wang et al. 
(2000) have described a RO-EDI system capable of producing 20 L/h water of conductivity 
varying from 12 to 18 MΩ/cm (15 MΩ/cm on average). The RO permeate conductivity was less 
than 20 μS/cm. An RO-EDI system for ultrapure water for boron trace analysis and for general 
UPW production was described by Darbouret and Kano (Darbouret 2000, Kano 2004). Working 
on feed water having conductivity of 569 μS/cm, the RO-EDI system was able to produce 10 L/h 
of 5 MΩ/cm water with a RO permeate conductivity of 12.3 μS/cm. The EDI diluate was further 
purified with ion exchange, allowing to reach the ultra-pure water resistivity of 18.2 MΩ/cm. An 
RO-EDI system was also described by Su et al. (2010). The RO step was put in place to lower the 
feed water hardness down to 11.7 mg/L as CaCO3, thus allowing the EDI to produce water having 
a resistivity of 14.6 MΩ/cm, with an energy consumption of 0.26 kWh/m3. The industrial-scale 
electrodeionization solutions are being sold by various producers, with capacities reaching 
150,000 GPD (Winda 2013). 

Since reverse osmosis membranes are more sensitive to fouling than ion-exchange membranes, 
electrodialysis performed down to relatively low diluate salinity can be used as a pretreatment step 
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before ion exchange (Slesarenko 2003, 2005). ED has a much lower environmental impact. 
However, the costs of ultra-pure water production are relatively high, because the process becomes 
inefficient at low salinity due to high electric resistivity. In the case of using ED, it is possible to 
substantially reduce the consumption of expensive reagents for regeneration of the ion exchange 
bed and to increase the cycle time. Even when using the simplest one or two - stage water 
treatment by electrodialysis before its delivery to ion exchange, the consumption of acid and alkali 
for regeneration of the ion exchange bed is substantially reduced. A specific power consumption 
of equal to 0.2-0.3, 0.3-0.7 and 0.7-1.0 kWh per kg of removed salt was found for river, brackish 
and sea water, respectively (Slesarenko 2003). Based on the presented data, we have calculated 
that feed water was desalinated by ED to ca. 45-60 mg/L. Electrodialysis reversal (EDR) was also 
applied as a preliminary desalination step before IE. EDR is less sensitive for fouling and scaling 
than classical ED, so only a simple pretreatment is needed, and operation at a very high water 
recovery ratio is possible (85-95%). Final treated water salinity level was even higher than found 
in the aforementioned ED, e.g., 111.5 mg/L (Kurowski 1994). Chin (1996) has compared RO and 
EDR as a demineralization step before ion exchange. The EDR diluate conductivity was 180 
μS/cm with 85% recovery, while RO permeate conductivity was 50 μS/cm with 60-70% recovery. 
The author reported water splitting and precipitation of metal hydroxides in the EDR step, which 
suggest too high current was applied. 

The problem with electrodialysis, though, is that high electric resistance of diluted solutions 
dramatically increases the process costs when a high degree of desalination is to be reached. 
Previous research (Turek et al. 2007, Bandura-Zalska et al. 2009) showed that thanks to thin 
intermembrane spacers during electrodialytic boron removal, the treated water was at the same 
time deionized to approximately distilled water level. We believe that our solution, ED with thin 
spacers, will be thus a better first step of ultrapure water production, because of the lower salinity 
of ED diluate, resulting in the lower salinity of the EDI or IE feed. In this paper, the results of 
electrodialysis experiments and data concerning the electrodeionization process given by 
Fedorenko (2003a, 2003b, 2004) were used for optimization of an ED-EDI system and estimation 
of UPW production cost. Thus, we decided to evaluate the ED process carried out to a relatively 
low diluate conductivity as a first step of ultrapure water production. We would like, however, to 
focus only on obtaining water with an adequate high electric resistance of 18 MΩ/cm. The 
question of other impurities would not be examined, as we expect in case of modern water 
treatment plants ultrafiltration pretreatment would be used, which should decrease the problems 
with fouling caused by bacteria, colloidal silica and other colloids (Cheng et al. 2009). Achieving 
very low ED diluate conductivity means that most of the bicarbonate and ammonium ions has 
been removed. Results are then compared to an ED-IE design, based on the data provided by the 
DOW company (2011) and Venkatesan and Wankat (2011). 
 
 
2. Experimental 

 
The experiments were performed in batch circulation mode, schematically presented in Fig. 1. 

An ED stack was equipped with AMX and CMX Neosepta membranes arranged in four unit cells. 
A thin 0.40 mm spacer was used to decrease the inter-membrane distance, as well as the diluate 
cell resistance. 

Operating parameters were chosen based on the previous research (Turek 2007): linear flow 
velocity was set to 2 cm/s, voltage drop per unit cell was set to 1.2 V. Results of the experiments 
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Fig. 1 ED experimental setup. 1 – ED unit, 2 – conductometric detector,  3 – peristaltic pumps, 
4 – electrode solution container, 5 – concentrate container, 6 – diluate container 

 
 

are presented in Tables 1-4. It was possible to reach a very low, at least for ED, value of 
TDS 1.15 mg/L. 

Results were used for estimation of unit cost calculation of industrial-scale ED plants. The 
estimation assumptions were: a membrane cost of $100/m2, effective membrane area of 70%, 
membrane durability period of 35000 h, energy costs of $0.06/kWh of AC current, AC/DC 
rectifier electric efficiency of 95%, a pumping efficiency of 85%. The contribution of membranes 
in the total ED cost was assumed to be 30%. 

 
 

Table 1 Results for series 1 (Initial TDS 400) 

Time [min] Diluate conductivity [µS] TDS [mg/L] Current density [A/m2] 

0 833 400 22 

10 537 258 11 

17 295 142 3.3 

26 8.3 3.99 2.0 

35 3.1 1.49 1.3 

45 2.4 1.15 1.1 
 
 
Table 2 Results for series 2 (Initial TDS 400) 

Time [min] Diluate conductivity [µS] TDS [mg/L] Current density [A/m2] 

0 833 400 31 

5 694 333 20 

12 451 217 9.3 

21 8 3.84 3.8 

30 3.5 1.68 2.0 

40 3.3 1.58 1.3 

51 2.6 1.25 1.1 
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Table 3 Results for series 1 (Initial TDS 400) 

Time [min] Diluate conductivity [µS] TDS [mg/L] Current density [A/m2] 

0 833 400 22.2 

10 538 258 11.1 

21 47 22.6 5.1 

31 11 5.28 2.7 

41 4.2 2.02 1.6 

51 3.1 1.49 1.3 

61 2.6 1.25 1.1 
 
 
Table 4 Results for series 4 (Initial TDS 600) 

Time [min] Diluate conductivity [µS] TDS [mg/L] Current density [A/m2] 

0 1250 600 44.4 

3 763 366 31.1 

13 104 49.9 7.6 

23 12 5.76 2.4 

33 2.4 1.15 1.1 

 
 

3. Electrodialysis costs estimation 
 

The energy cost was calculated using the equation 











DCAC

DC
ACcurrentE

E
ECC

/
                       (1) 

where Ccurrent denotes unit cost of AC electric energy assumed as $0.06/kWh, E denotes energy 
consumption and ηAC/DC denotes electric rectifier efficiency. The ED energy consumption per 1 m3 
of purified water during the time t of the experiment was calculated using the equation 


t

dilDCAC
DC idt

V

UA
E

0/
                         (2) 

where EDC denotes required DC energy consumption in kWh per 1 m3 of purified water, U denotes 
applied voltage across the membrane stack, Vdil denotes diluate volume and the i denotes the 
applied electric current density, A – membrane area (given as active area divided by the percent of 
membrane effective area). Next, the pumping energy consumption per 1 m3 of purified water was 
calculated using the equation 

dilp

EDED
AC V

tPQ
E




                            (3) 
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where QED denotes volumetric flow through the electrodialyzer, ηp denotes pump efficiency and 
ΔPED denotes pressure drop within the ED stack, which was calculated based on the empirical 
correlation 

ulp 0862.0                              (4) 

where pressure drop is given in kPa, u denotes linear flow velocity through the diluate and 
concentrate compartments in cm/s, l denotes effective membrane length in cm. 

Capital and maintenance cost were calculated with equation 

lifedil

m
cap tV

AtnC
C

3.0
                             (5) 

where n denotes the number of membranes, Cm – cost of 1 m2 of membrane and tlife denotes 
membrane durability period. 

 
 

 
Fig. 2 Dependence of the ED demineralization costs on diluate TDS for series 1-3 with initial TDS 400 
 

 
Fig. 3 Dependence of the ED demineralization costs on diluate TDS for series 4 (initial TDS 600) 

242



 
 
 
 
 
 

Ultra-pure water production by integrated electrodialysis-ion exchange/electrodeionization 

Total cost of electrodialysis was calculated as a sum of energy, capital and maintenance costs. 
Figs. 2 and 3 show the calculated dependence of total ED demineralization costs on diluate TDS. 
The costs of electrodialysis rapidly increase when the final diluate TDS decreases, which is 
expected behavior for an ED process progressed down to low diluate conductivity. 

 
 

4. ED/EDI cost estimation 
 
The following EDI design was proposed: small scale design, four Yongjieda 4T/H EDI 

modules (Hangzhou 2010), each producing 4 m3/h, totalling QUPW = 16 m3/h, large scale design, 16 
modules totaling QUPW = 64 m

3/h. Working pressure was proposed as ΔPEDI = 3 bar, pump efficiency 
ηEDI = 85%, conversion R = 85%, maximum feed salinity 25 mg/L – a typical EDI feed water 
requirement (Wood et al. 2010), product resistance 18 MΩ/cm, voltage drop UEDI = 50 V per each 
module, apparatus cost $1500 per each module, apparatus life-time of 3 years with 350 working 
days per year, being 20% of total maintenance and investment costs. Pump requirements for 
concentrate and electrolytic loops were: volumetric flow 0.3 QUPW, pressure drop 3 bar. The 
formula for calculating operating current was recalculated with the assumption that total 
exchangeable anions as ppm CaCO3 equals TDS in mg/L, taking into account all four modules and 
multiplying the result by 1.25 safety factor, resulting in 

6.46.0  TDSI                            (6) 

The DC consumption per m3 of ultra-pure water produced was thus calculated using the 
equation 

UPW

EDIEDI
EDI Q

IU
E

4
                            (7) 

The required feed volumetric flow with assumed 85% conversion was (Fedorenko 2003a) 

 11 85
100 

 UPW
in

Q
Q                             (8) 

The pump power requirement was thus 

 
EDI

EDIUPWin
p

PQQ
P





3.0

                        (9) 

The total cost of the ED/EDI process was calculated using equation 

UPW

in
ED

UPWUPW

p
EDIt Q

Q
C

QhdyQ

P
EC 














2435032.0

1500$4
06.0          (10) 

where CED denotes electrodialysis costs as a function of ED/EDI feed TDS, as shown in Figs. 2 
and 3. Fig. 4 shows the calculated dependence of UPW unit cost on ED diluate TDS in an 
integrated ED/EDI system. The minimum lies at TDS higher than 25 mg/L, which was assumed to  
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Fig. 4 The dependence of UPW production costs on ED diluate TDS, results for feed TDS 400 

and 600 mg/L, production capacity 16 m3/h and 64 m3/h 

 
 
be maximal EDI feed salinity, so the proposed ED diluate TDS is 25 mg/L, which would result in 
UPW production cost of $0.43/m3 for feed TDS 400 mg/L and $0.44/m3 for feed TDS 600 mg/L in 
case of small scale design and respectively $0.36/m3 and $0.37/m3 for large scale design. 

 
 

5. ED/IE cost estimation 
 
The IE costs were estimated based on theoretical design. Assuming that ED diluate is mostly 

sodium chloride and the UPW concentration should be close to zero, the required amount of 
ion-exchange resin was estimated as 


 

/
/ 2.1

IE

IE

NaCl
IE

c

tQ

M

TDS
m                          (11) 

where  /
IEm  is the required mass of resin (cationic or anionic) [g], TDS is the ED diluate salinity 

(mg/L), QIE is the flow through the column [m3/h], MNaCl is the equivalent mass of sodium chloride 
[g/eq],  /

IEc  is the cationic or anionic resin ion-exchange capacity [eq/g], t denotes the service run 
time [h], which was assumed as 2 h. Assuming strong acid and strong base Dowex® resins – 
respectively 2 eq/L with 1.28 g/ml particle density and 1.3 eq/L with 1.08 g/ml (DOW 2011), the 
ion exchange capacities were calculated as 

IEc  = 1.56 meq/g and 
IEc  = 1.2 meq/g. A 20% 

excess was assumed. Both regeneration time treg and conditioning time tf were assumed as equal to 
2 bed space-times 

IE

IE
freg Q

V
tt 4                            (12) 

To compare ED/IE with an ED/EDI system, as described in the previous section, the amount of 
produced UPW during the complete cycle (demineralization-regeneration-flush) was assumed 
equal in both systems 
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 fregUPWIE tttQtQ                          (13) 

Assuming column void fraction as 0.5, the required bed volume was estimated as 









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






IEIE

IE

mm
V 2                          (14) 

where ρ denotes the resin density (cationic/anionic). Taking into account Eqs. (11), (12), (13) and 
(14), the final equation for the volumetric flow through the bed can be stated as 






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











   IEIENaClUPW

IE
ccM

TDS
QQ

11
2.141                 (15) 

It was assumed that the ratio of bed depth to column diameter should be equal to 6, so the bed 
length was calculated as 

3
144


IEV

L                              (16) 

The pressure drop on the IE column was then calculated based on a generalization of the 
example data on pressure drop per bed depth (DOW 2011), reformulated as 

L

Q
P IE

IE 
4.5

                             (17) 

The pumping cost per 1 m3 of UPW was then calculated as 

 
IE

IE

fregIE
DCp P

tQ

tttQ
CC 


                       (18) 

The chemical cost was calculated assuming a 50% excess of acid and base, $200 per tone of 
technical grade concentrated hydrochloric acid (ca. $0.019 per 1 mole of HCl) and $300 per tone 
of solid sodium hydroxide (ca. $0.012 per 1 mole of NaOH). The costs of dissolving regeneration 
agents down to the level required by the resin was neglected. The total cost of chemicals per 1 m3 
of UPW was calculated as 

tQ

cmcm
C

IE

IEIEIEIE
chem

 


012.0017.0
5.1                    (19) 

The equipment cost was estimated based on the equation given by Venkatesan and Wankat 
(Venkatesan and Wankat 2011) 
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
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1
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               (20) 
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Fig. 5 The total costs of UPW production in integrated ED-IE system 

 
 
where MS denotes the assumed M&S index (1468.6) and the 25 years of plant life, 350 days per 
year. Fig. 5 presents the UPW unit costs, calculated as a function of ED diluate TDS. 

 
 

6. Results discussion 
 
The presented results indicate that an integrated ED/EDI system may be of potential use for 

UPW production. Cocker et al. (1994) gives the UPW production cost for a reverse osmosis/ion 
exchange system as $0.44-0.49/m3, $0.40-0.44/m3 and $0.39/m3 for ca. 1 000, 2 000 and 4 000 
m3/d plants respectively, with a feed TDS range of 100-600 mg/L and a product resistance higher 
than 10 MΩ/cm. For comparison, the estimated results of the authors’ ED/EDI integrated system 
producing 1024 m3/d of UPW (large scale design, 64 m3/h) of resistance 18 MΩ/cm are 
$0.36-0.37/m3 for feed TDS range 400-600 mg/L, which suggests that an ED/EDI system is a 
better solution for UPW production, especially given that a bigger-scale ED/EDI plant should 
result in lower unit costs. Goffin and Calay (2000) have compared the energy consumption of EDI 
and IE for the removal of ammonia in steam generators blow-down. They have found that the 
investment costs of EDI installation was 7 MBEF (ca. $230 000) and the energy consumption was 
0.7 kWh/m3 at capacity ca. 75 l/h, while in case of IE the operating costs, without the effluents, 
were given as 850 kBEF/y (ca. $28 000/y). Hu et al. (Hu 2008) have measured the energy 
consumption of an installation producing 102.8 m

3/h of UPW – 9.15 kWh/m3
 if the UPW transporting 

energy was to be neglected. Assuming $0.06/kWh, that would generate the costs $0.55/m3. That is 
much higher than the values calculated for ED-EDI system, however our calculations do not 
include all of the factors that contribute to the energy consumption. Unfortunately, Hu et al. 
focused on measuring energy consumption of the various systems in a semiconductor plant and did 
not discuss what method was used for UPW production. 

Liu and Martin (2006) have investigated a possible application of membrane distillation (MD) 
in ultra-pure water production, testing a two-stage MD installation producing 36.6 m3/h of UPW. 
The energy consumption was 438 kWh/m3 (thermal) and 1.9 kWh/m3 (electrical). The total UPW 
cost was calculated as $1.13/m3. Pandya (1992) describes an ion exchange system treating feed of 
TDS 216.5 mg/L, giving 22 m3/h of a product of electric resistance higher than 5 MΩ/cm, for 
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which the production costs were recalculated as $0.39/m3 for an existing installation and $0.27/m3 
for a projected installation. This is less than the authors’ presented design, however an ED/EDI 
system would give a product of higher resistance (18 MΩ/cm), with smaller environmental impact 
due to ion exchange resin regeneration. The costs of ED demineralization significantly increase 
when desired diluate TDS is in the low salinity range. Combination of electrodialysis and 
electrodeionization processes allows production of ultra-pure water at relatively low costs. The 
optimal values of TDS in an ED diluate stream were estimated as 25 mg/L, giving $0.44/m3 for 
feed TDS 600 and $0.43/m3 for feed TDS 400 when the 16 m3/h capacity was assumed and 
respectively $0.36/m3 and $0.37/m3 when 64 m3/h capacity was assumed. The estimated costs, 
compared to other methods for UPW production, suggest that using ED as a pretreatment step for 
EDI might be economically justifiable; however, the process needs further investigation. The 
ED/IE design exhibits higher UPW production costs than an ED/EDI design of comparable 
capacity. When a 16 m3/h capacity was assumed, the minimal costs were $0.55/m3 for an ED 
diluate TDS of 30 mg/L and feed TDS 600 mg/L, $0.53/m3 for an ED diluate TDS of 27 mg/L and 
feed TDS 400 mg/L. For a 64 m3/h capacity, the minimal costs were $0.44/m3 for an ED diluate 
TDS 49 mg/L and feed TDS 600 mg/L and $0.42/m3 for an ED diluate TDS 47 mg/L and feed 
TDS 400 mg/L. This may be even higher, given that the post-regeneration lyes disposal was not 
taken into account, but they are generally 17-25% higher than in ED-EDI system. Wenten et al. 
(Wenten 2013) have investigated the integrated RO-EDI system for the production of high 
pressure boiler feed water. The calculated production costs of water having conductivity 0.3-0.4 
μS/cm was $0.41/m3 at capacity 120 m3/h ($0.53/m3 if depreciation of equipment was taken into 
account), which was lower than existing ion exchange installation ($0.66/m3). The presented costs 
are lower than the UPW production costs in ED-EDI system, however Wenten et al. (2013) 
assumed the electricity costs to be $0.038/kWh, which seems quite low. Also, the capacity was 
twice as much as the capacity assumed for ED-EDI system. 

The presented results are based on the bench-scale experiments with model solutions and may 
not accurately describe the demineralization of real-life water, which can contain colloids, 
biological impurities and other contaminants that reduce the membrane life-time and increase the 
energy consumption. On the other hand, novel ED and EDI solutions can improve the performance 
of the ED-EDI system. A thinner, 0.26 mm intermembrane spacers with low residence time 
variance and have shown higher conversion than the 0.40 mm spacers without the drastic increase 
in the pressure drop on the module (Turek et al. 2013), which could result in smaller membrane 
area required. EDI performance can be improved with an ion-exchange textiles, which can result 
in higher current efficiency and faster ion-exchange (Yeon et al. 2004). 

 
 

7. Conclusions 
 
The costs of ED demineralization significantly increase when desired diluate TDS is in a low 

salinity range. Combination of electrodialysis and ion exchange or electrodeionization processes 
allows production of ultra-pure water at relatively low costs. The optimal values of TDS in an ED 
diluate stream were estimated as 25 mg/L, giving a UPW production unit cost of $0.37/m3 for 
initial TDS 600 and $0.36/m3 for initial TDS 400 if a 64 m3/h capacity was assumed. These costs 
are lower or comparable to the costs of ultra-pure water production by IE alone and by other 
methods, including RO/IE and ED/IE, which indicates that performing ED down to relatively low 
diluate salinity as a pretreatment step of electrodeionization may be economically justified. 

247



 
 
 
 
 
 

Marian Turek, Krzysztof Mitko, Barbara Bandura-Zalska, Kamila Ciecierska and Piotr Dydo 

References 
 
Bandura-Zalska, B., Dydo, P. and Turek, M. (2009), “Desalination of boron-containing wastewater at no 

boron transport”, Desalination, 241(1-3), 133-137. 
Bennet, A. (2006), “Process water: Analysing the lifecycle cost of pure water”, Filtr. Separat., 43(2), 28-32. 
Bodzek, M. and Konieczny, K. (2005), Applications of Membrane Processes in Water Treatment, 

Projprzem-EKO, Bydgoszcz, Poland. [in Polish] 
Cheng, H.H., Chen, S.S. and Yang, S.R. (2009), “In-line coagulation/ultrafiltration for silica removal from 

brackish water as RO membrane pretreatment”, Sep. Purif. Technol., 70(1), 112-117. 
Chin, K.K. (1996), “Pretreatment to produce ultrapure water from reclaimed sewage”, Desalination, 

106(1-3), 269-272. 
Cocker, S.D., Beardsley, S.S. and Whipple, S.S. (1994), “An economic comparison of demineralization with 

reverse osmosis and ion exchange technology”, Proceedings of Power-Gen Americas'94, Orlando, Florida, 
USA, December. 

Darbouret, D. and Kano, I. (2000), “Ultrapure water blank for boron trace analysis”, J. Anal. Atom. 
Spectrom., 15(10), 1395-1399. 

DOW Water & Process Solutions (2011), DOWEX Resins Design Guidelines. 
Fedorenko, V.I. (2003a), “Ultrapure water production using continuous electrodeionization”, Pharm. Chem. 

J., 37(3), 157-160. 
Fedorenko, V.I. (2003b), “Peculiarities of the design and operation of water electrodeionization systems”, 

Pharm. Chem. J., 37(8), 433-436. 
Fedorenko, V.I. (2004), “Ultrapure water production by continuous electrodeionization method: Technology 

and economy”, Pharm. Chem. J., 38(1), 35-40. 
Goffin, C. and Calay J.C. (2000), “Use of continuous electrodeionization to reduce ammonia concentration 

in steam generators blow-down of PWR nuclear power plants”, Desalination, 132(1-3), 249-253. 
Grebenyuk, V.D. and Grebenyuk, O.V. (2002), “Electrodialysis: From an idea to realization”, Rus. J. 

Electrochem., 38(8), 906-910 
Gromov, S.L., Tropina, D.V and Arkhipova, O.V. (2011), “Starting the water treatment system at the 

putilovo cogeneration station constructed using integrated membrane technologies”, Therm. Eng., 58(7), 
584-586. 

Hangzhou Yongjieda Purification Technology Co., Ltd (2010), Trade materials. 
Hernon, B., Zanapalidou, H., Prato, T. and Zhang, L. (1999), “Removal of weakly-ionized species by EDI”, 

Ultrapure Water, 16(10), 45-49. 
Hu, S.C., Wu, J.S., Chan D.Y.L., Hsu, R.T.C. and Lee, J.C.C. (2008), “Power consumption benchmark for a 

semiconductor cleanroom facility system”, Energ. Buildings, 40(9), 1765-1770. 
Kano, I., Castillo, E., Darbouret, D. and Mabic, S. (2004), “Using ultrapure water in ion chromatography to 

run analyses at the ng/L level”, J. Chromatogr. A, 1039(1-2), 27-31. 
Klimanek, K. and Koszarz, M. (2001), “Mine water treatment for potable water using reverse osmosis 

process”, Proceedings of Hydroforum VII, Ustroń, Poland, October. [in Polish] 
Kurowski, P. (1994), “New trends in constructing water demineralization plants – triple membrane systems. 

Electrodialysis reversal as pre-treatment demineralization of boiler feed water”, Proceedings of 5th 
Scientific and Technical Conference, Bielsko-Biała, Poland, December. [in Polish] 

Liu, C. and Martin, A. (2006), “Applying membrane distillation in high purity water production for 
semiconductor industry”, http://www.xzero.se/doc/chuanfeng&martin-final-20051014.pdf (accessed on 
January 17, 2013) 

Liu, H., Gong, C., Su J., Zhu, M., Ma, J. and Zhang, X. (2002), “Development of 1 m3/h RO-EDI ultrapure 
water system”, Membr. Sci. Tech., 22(3), 63-66. [in Chinese] 

Pandya, K. (1992), “Ion exchange demineralizers: Big problems, small solutions”, Proceedings of the 58th 
Annual Meeting International Water Conference, Pittsburgh, Pennsylvania, USA, November. 

Panteleev, A.A., Zhadan, A.V., Gromov, S.L., Tropina, V.D. and Arkhipova, O.V. (2012), “Starting the 
water treatment system of the 410-MW combined-cycle plant at the Krasnodar cogeneration station”, 

248



 
 
 
 
 
 

Ultra-pure water production by integrated electrodialysis-ion exchange/electrodeionization 

Therm. Eng., 59(7), 524-526. 
Slesarenko, V.V. (2003), “Electrodialysis and reverse osmosis membrane plants at power stations”, 

Desalination, 158(1-3), 301-311. 
Slesarenko, V.V. (2005), “Thermal and membrane systems for combined desalination plants”, Desalination, 

182(1-3), 497-502. 
Su, Y., Wang, J. and Fu, L. (2010), “Pure water production from aqueous solution containing low 

concentration hardness ions by electrodeionization”, Desalin. Water Treat., 22(1-3), 9-16. 
Takeda, T., Tamada, M., Seko, N. and Ueki, Y. (2010), “Ion exchange fabric synthesized by graft 

polymerization and its application to ultra-pure water production”, Radiat. Phys. Chem., 79(3), 223-226. 
Tanaka, Y. (2007), Ion Exchange Membranes: Fundamentals and Applications, Elsevier, Amsterdam, The 

Netherlands. 
Trvznik, D., Černin, A., Fára, V. and Mejta, V. (2006), “Pilot-scale electrodeionization unit for high-purity 

water production”, Proceedings of CHISA 2006 - 17th International Congress of Chemical and Process 
Engineering, Prague, Czech Republic, August. 

Turek, M., Dydo, P., Trojanowska, J. and Bandura, B. (2007), “Electrodialytic treatment of boron- 
containing wastewater”, Desalination, 205(1-3), 185-191. 

Turek, M., Mitko, K., Chorążewska, M. and Dydo, P. (2013), “Use of the desalination brines in the 
saturation of membrane electrolysis feed”, Desalin. Water Treat., 51(13-15), 2749-2754. 

Venkatesan, A. and Wankat, P.C. (2011), “Simulation of ion exchange water softening pretreatment for 
reverse osmosis desalination of brackish water”, Desalination, 271(1-3), 122-131. 

Wang, J., Wang, S. and Jin, M. (2000), “A study of the electrodeionization process - High-purity water 
production with a RO/EDI system”, Desalination, 132(1-3), 349-352. 

Wen, R., Deng, S. and Zhang, Y. (2005), “The removal of silicon and boron from ultra-pure water by 
electrodeionization”, Desalination, 181(1-3), 153-159. 

Wenten, G.I., Khoiruddin, Arfianto, F. and Zudiharto (2013), “Bench scale electrodeionization for high 
pressure boiler feed water”, Desalination, 314, 109-114. 

Winda Technologies, LLC (2013), Trade materials, http://www.windatech.com/pdf/EDI-System.pdf 
(accessed on February 11, 2013). 

Wood, J., Gifford, J., Arba, J. and Shaw, M. (2010), “Production of ultrapure water by continuous 
electrodeionization”, Desalination, 250(3), 973-976. 

Yeon, K.H., Song, J.H., Kim, J.B. and Moon, S.H. (2004), “Preparation and characterization of UV-grafted 
ion-exchange textiles in continuous electrodeionization”, J. Chem. Technol. Biotechnol., 79(12), 1395-1404. 

Yu, P. and Luo, Y. (2003), “Novel water treatment process — combined cationic ion-exchange bed and 
degasifier in a three-phase fluidized bed”, Desalination, 151(2), 145-152. 

Yuan, H., Hu, S., Tong, J., Zhao, L., Lin, S. and Gao, S. (2000), “Preparation of ultra-pure water and acids 
and investigation of background of an ICP-MS laboratory”, Talanta, 52(6), 971-981. 

 
ED 
 
 

249




