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Abstract 

Development of Bipolar electrode based 

Membrane Capacitive Deionization System with 

Direct Energy Recovery  

 

Sung-il Jeon 

School of Chemical and Biological Engineering 

The Graduates School 

Seoul National University 

 

For the transition to a carbon-neutral society to overcome the climate 

crisis, the development of energy-efficient and eco-friendly water securing 

technology is important. Membrane capacitive deionization (MCDI) 

technology is attracting attention as a suitable solution for these needs. In 

order for MCDI technology to be applied to actual industry, it is essential to 

expand the MCDI module and install the energy recovery technology. 

However, the conventional expansion method causes a large energy loss in 

controlling the system due to the increase in current. Besides, the energy 

recovery technology is also inefficient despite high development costs. 

This dissertation is to develop a bipolar electrode-based MCDI (Bipolar 



 

II 

 

MCDI) with a direct energy recovery step. To prevent the problem on an 

industrial scale, two approaches were applied. The first is to connect the 

electrodes of the MCDI module in series, which is called bipolar electrode. 

Since Bipolar MCDI operates at low current and high voltage, this concept 

can reduce energy loss on an industrial scale. The second is to adopt a direct 

energy recovery method, which can reduce the energy consumption of the 

system with a small development cost. However, in order to successfully 

combine these two concepts, electrical safety must be secured. When two 

Bipolar MCDI modules operating at high voltage are directly connected for 

energy recovery, a current higher than the allowable current of the system 

may flow, which may result in an electrical explosion or damage to the device. 

Therefore, this dissertation is studied as follows. First, an equivalent 

circuit model is proposed to simulate the charge/discharge and direct energy 

recovery steps. As a primary result, simulation results were in good agreement 

with the experimental results in not only the charge/discharge step but also 

the direct energy recovery step. In addition, it was confirmed that the direct 

energy recovery operates below the current of constant voltage operation, 

which indicates that the direct energy recovery of Bipolar MCDI can be safely 

performed with a constant voltage operation system. 

Second, the operation characteristics of Bipolar MCDI with the direct 
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energy recovery stage are investigated. The optimized operation is applied to 

the pilot-scale process based on the investigation. As a major result, energy 

consumption was reduced by 43% and 41%, respectively, at the laboratory 

scale (2.4 V and 12 V systems) compared to the conventional constant voltage 

charge/discharge operation. In addition, the energy consumption was reduced 

by 40% without deterioration of the desalination performance even on the 

pilot scale. 

This study successfully developed a Bipolar MCDI system for the 

industrial application of MCDI technology by adopting bipolar electrodes as 

an MCDI module expansion and direct energy recovery. The Bipolar MCDI 

system with direct energy recovery step developed through this study can be 

an energy-efficient alternative in an actual industrial environment, and the 

development process will help expand lab-scale research to industrial scale in 

the future. 
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1. Introduction 

1.1. Research Background 

Recently, the world has declared carbon neutrality in order to 

fundamentally escape from the crisis of climate change and is demanding a 

transition from a carbon-based society to a carbon-neutral society [1–3]. In 

line with this era, desalination technology also needs to be converted from 

energy-intensive existing technology to low-energy and eco-friendly 

technology. 

Membrane capacitive deionization (MCDI) derived from capacitive 

deionization (CDI), one of the electrochemical ion separation technologies, is 

attracting attention as a next-generation desalination technology [4]. By 

applying the electrical energy to a MCDI cell, the ions are removed from salt 

water to the electrode surface. In addition, the input energy can be recovered, 

making the technology more energy efficient [5]. This technology, which uses 

a DC voltage of 1.2 V or lower, is expected as a desalination technology 

suitable for the carbon-neutral era since this technology can be well suited to 

the existing grid as well as renewable energy [6].  

In order for MCDI to be successfully applied throughout the industry, it 

is necessary to develop an efficient scale-up method and energy recovery 

technology. The MCDI modules extend their desalination capacity via stack-
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up of the electrode as well as the extension of the electrode size [7,8]. 

Typically, the stacked electrodes are connected in parallel, which can be 

defined as a unipolar type [7,9]. For this unipolar MCDI, all electrode pairs 

require a terminal to connect with an external power supply, which increases 

the complexity of module assemblies with a larger number of stacked 

electrodes [8,10]. In addition, the current is proportionally increased with the 

number of electrodes in the stack since the total current of the system is 

distributed at one point to each electrode pair to apply the same voltage (e.g., 

1.2 V) [11]. On the other hand, the invested energy in MCDI can be recovered, 

which is calculated by analyzing the voltage profile of the constant current 

discharge operation [12–15]. This extracted energy from the MCDI device 

can be utilized again for MCDI operation or other electric equipment [16]. To 

utilize this energy, it is considered to equip the control system with a DC-DC 

converter for energy recovery [6,17–28].  

However, the current approach for industrial application of MCDI 

suffers from several limitations. For example, the operating current that 

increases with the stack-up of electrodes causes a lot of energy loss in their 

control system according to Joule’s law. This energy loss was found to 

account for more than 40% of the total invested energy in the pilot system 

operating at 105 A [6]. Furthermore, the development cost of a control system 
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with the DC-DC converter for energy recovery will be expensive. Despite the 

cost, the energy recovery with the DC-DC converter showed a low energy 

recovery efficiency of 50% or less, not only on the lab scale but also on the 

pilot scale, so far [6,19,28].  

To overcome this problem, two approaches can be considered. The first 

is to connect the electrodes of the MCDI module in series, which is called 

bipolar electrode-based MCDI (Bipolar MCDI). Since the Bipolar MCDI 

operates at low current and high voltage, this concept can reduce energy loss 

on an industrial scale.  The second is to adopt a direct energy recovery method, 

which can reduce the energy consumption of the system with a small 

development cost. However, in order to combine these two concepts, 

electrical safety must be secured. When two Bipolar MCDI modules 

operating at high voltage are directly connected for energy recovery, a current 

higher than the allowable current may flow due to the high voltage difference 

and low resistance between the two modules. This poses an electrical 

explosion risk or damage to the device. For this reason, the combination of 

these two concepts has not been studied until now. 
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1.2. Objectives of the research 

The purpose of the research in this dissertation is to develop a bipolar 

electrode-based membrane capacitive deionization (Bipolar MCDI) system 

with direct energy recovery to overcome the energy efficiency decrease due 

to scale-up. Bipolar MCDI is a type of MCDI that operates with high voltage 

and low current and uses a stack of electrodes connected in series. To achieve 

this goal, extensive studies were carried out over two parts. 

First, the charging/discharging and direct energy recovery processes of 

a Bipolar MCDI system are simulated by using an equivalent circuit model to 

secure electrical safety. The simulation results were compared with the 

experimental results in constant voltage charging/discharging and direct 

energy recovery steps.  

Second, the operation characteristics of the Bipolar MCDI with direct 

energy recovery are investigated for the lab-scale system (2.4 V and 12 V 

system). In addition, the pilot-scale process was subjected to the optimum 

operating method based on the investigation. 
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2. Literature Review 

2.1.  History of electrochemical ion separation based on energy 

storage technique 

The electrochemical method for ion separation is attracting attention as 

the eco-friendly, energy-efficient, and cost-effective separation process in the 

carbon-neutral era. The electrochemical method separates the ions by the 

interaction between ions in the water and the electrode material, which is 

generated by the application of an external power source. Electrodialysis (ED) 

is a well-known electrochemical method that is used in the desalination and 

concentration processes to separate ions through a redox reaction on the 

electrode chamber [29–31]. 

Beyond ED technology, the electrochemical method based on the 

working principle of energy storage devices is being investigated in order to 

separate ions at a lower energy cost [22]. These processes are evaluated as 

very efficient ion separation technologies in terms of energy because they use 

a low potential of around 1.5 V and can recover the invested energy [32,33]. 

The first electrochemical ion separation based on the operating principle of 

an energy storage device is thought to be capacitive deionization (CDI), 

which was introduced in the 1960s under the name electrochemical 

demineralization [34–37]. Since then, various materials and cell structures 
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have been developed to improve ion separation capacity and energy efficiency, 

and they have been given various names, as shown in Figure 2-1.  

Yoon group in Seoul National University (SNU) classified these 

technologies into electrochemical ion separation (EIONS) [38], they can be 

grouped into one technology category through their technical feature and 

relationship, as shown in Figure 2-2. For example, MCDI was derived from 

CDI with the introduction of an ion exchange membrane [39–41]. It was then 

expanded to the concept of decoupling the electrolyte and the salt water via 

an ion exchange membrane, giving rise to flow-electrode CDI (FCDI) [42–

44] and multi-channel CDI (MC-CDI) [45–49]. Furthermore, it has evolved 

into a concept of performing a desalination process and a concentration 

process simultaneously by dividing the salt water channel with an ion 

exchange membrane, which is a rocking chair CDI (RCDI) [50]. This concept 

also inspired electrochemical ion separation based on the battery principle 

represented by desalination battery (DB) and developed into cation 

intercalation desalination (CID) and anion reactive battery desalination 

(ARBD), which simultaneously perform desalination and concentration [51–

54]. Recently, these technologies have been investigated to use redox-active 

material as an electrolyte [55–59]. 

These EIONS technologies are typically composed of electrodes, an 
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electrolyte, and an external power source, with various materials introduced 

as needed [60–65]. The fact that the energy invested for ion separation can be 

recovered and utilized is considered a high advantage. Furthermore, because 

it can increase selectivity for specific ions by using an ion exchange 

membrane and modifying an electrode material, EIONS can be applied to not 

only the desalination process but also the ion-selective process for resource 

recovery [38].  

In the following section, some notable events are reviewed to gain 

insight into future research prospects of EIONS. 
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Figure 2-1. Various advanced architectures of capacitive deionization techniques 

[66]. 
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Figure 2-2. Technical history of electrochemical ion separation (EIONS). The figure 

refers to ph.D. Ahn’s unpublished doctoral dissertation [67]. 
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2.1.1 Introduction of ion exchange membrane into EIONS 

CDI, an early technology of EIONS, works similarly to the operating 

principle of a supercapacitor, a typical energy storage device, as shown in 

Figure 2-3 [32,68]. When a power source applies a voltage across both 

electrodes ions in the electrolyte are arranged to form an electric double layer 

on the electrode surface to match the charge neutrality of the electrode. 

(Figure 2-3c and d). In the case of CDI, this deionized electrolyte is 

continuously discharged out of the reactor and fresh electrolyte (i.e., salt 

water) is continuously supplied into the reactor. (Figure 2-3c). Discharging 

process of a supercapacitor and CDI transfers the stored energy into an 

external load by releasing ions into the electrolyte (Figure 2-3e and f). In 

CDI, the concentrated electrolyte during the discharging process by releasing 

ions is discharged out of the reactor (Figure 2-3e). That is, CDI is generally 

operated in two stages of charging/discharging like a supercapacitor, and in 

this process, deionized water and concentrated water can be obtained 

respectively along with energy circulation. Also, the operation of most 

EIONS systems is similar to this. 

However, the charge applied to CDI is not all stored on the surface of 

the electrode due to various phenomena occurring in the aqueous system 

(refer to Figure 2-4). For example, an electric charge can be consumed to 
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repulse co-ion rather than being used to adsorb the counter ion (co-ion 

repulsion). In addition, the charge can be consumed by swapping the co-ion 

of the electrode surface with the counter-ion of the bulk solution (ion 

swapping). These phenomena would cause no change or increase in ion 

concentration of bulk solution despite the invested electric charge since the 

counter ion is transferred from the opposite electrode to the bulk solution 

[4,69–73]. 

Moreover, not only the desired reaction (capacitive ion storage) but also 

parasitic reactions (faradaic reaction) can occur at the interface between the 

electrode and electrolyte, as shown in Figure 2-4b. According to the research 

of Yoon group in SNU, various reactions such as hydrogen peroxide 

revolution and carbon oxidation occur on the electrode surface [74]. These 

reactions could change the properties of the electrode surface which can 

adversely affect long-term performance, and eventually, the desalination and 

regeneration processes are reversed [74]. Waite group in the University of 

New South Wales (UNSW, Australia) has reviewed various reactions in CDI 

systems [75]. 

The introduction of an ion exchange membrane (or resin) between the 

electrode and a spacer was an innovative change of cell configuration that 

could partially solve this problem. As shown in Figure 2-5a, the ion exchange 
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membrane uses fixed charges in the backbone chain of the membrane to 

exclude ion transfer having the same charge and selectively permeate only 

ions with opposite charges. Since the concept was suggested through the 

patent of Andelman and Walker in 2004 [76], the research results were 

reported for the first time by Lee group of Korea Electric Power Research 

Institute (KEPRI) [39]. This system, called membrane capacitive deionization 

(MCDI), can reduce ion repulsion and ion swapping because the membrane 

covered on the electrode surface prevents these phenomena [39–41]. Hence, 

charge efficiency is greatly enhanced leading to an improvement in the 

deionization performance, although the ion exchange layer act as additional 

resistance to the system.  

In addition, as shown in  Figure 2-5b, the effect of suppressing parasitic 

reactions can be obtained by blocking the chain reaction of various electrode 

surface reactions through the ion exchange membrane and creating conditions 

unfavorable for these reactions in the interface between the electrode and bulk 

solution [74]. Therefore, the long-term performance and lifespan of MCDI 

are significantly improved compared to conventional CDI that suffer from 

various surface reactions [75].  
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Figure 2-3. Fundamental operation difference of capacitive deionization (a, c, e), 

and a supercapacitor (b, d, f). 
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Figure 2-4. Various phenomena on the electrode surface that consume electric 

charge; (a) co-ion repulsion and ion swapping in micropore of the electrode [4], and 

(b) electrochemical reaction at the electrode and electrolyte interface [75]. 
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Figure 2-5. Schematic mechanism of ion exchange membrane and its representative 

effect on faradaic reaction in CDI system [74]. 
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Meanwhile, there were also innovative changes that did not utilize ion 

exchange membranes to overcome the shortcomings of the conventional CDI. 

For example, as shown in Figure 2-6a, a change of cell structure in which the 

electrolyte straightly flows through from an electrode to another electrode 

enhances a desalination rate than conventional CDI configuration, which is 

called flow-through electrode CDI (FTE CDI). For the electrolyte stream, this 

architecture uses unconsolidated carbon material as electrode material such 

as activated carbon cloth [77–80] and carbon aerogel monoliths (HCAMs) 

[81]. Typical CDI cell has inevitably high cell resistance because an 

electrolyte having low ion concentration flows between the electrodes, which 

call flow-by cell. Hence, the CDI system is limited by the diffusive time scale 

based on the time required for ions to diffuse from the spacer channel into the 

electrode. By reducing this resistance and time, the flow condition of FTE 

cell has the advantage of faster system response (rate of desalination) than 

flow-by CDI [81]. 

On the other hand, to suppress performance degradation and enhance 

long-term stability, the anode and cathode electrodes were treated to contain 

negative and positive surface charges, respectively. In this system called 

inverted CDI (i-CDI), ions are adsorbed through short-circuiting and then 

desorbed by applying potential difference due to the difference in the surface 
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charge, which is opposite to the conventional CDI process (see Figure 2-6b). 

This system can prevent performance degradation by carbon oxidation 

[82,83]. Nevertheless, the introduction of the ion exchange membrane can be 

seen as the most important event in the history of EIONS research in that it is 

the starting point of various changes to be reviewed in the next section.  
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Figure 2-6. Schematic concept of (a) flow-through electrode capacitive deionization 

(FTE CDI) [81], and (b) inverted capacitive deionization (i-CDI) [83]. 
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2.1.2 Decoupling electrolyte and salt water 

In addition to the above-mentioned advantages, the introduction of the 

ion exchange membrane became a source from which new paradigms for the 

cell structure of EIONS can be initiated. A representative new paradigm is a 

decoupling electrolyte and salt water, where the ion exchange membrane 

could be used to construct a chamber for the electrode and electrolyte between 

the current collector and a feed water channel.  

This new paradigm of CDI was opened with the use of flowable carbon 

suspensions (refer to Figure 2-7). This system, referred to as flow-electrode 

CDI (FCDI), employs carbon suspension instead of the conventional fixed 

electrode such as activated carbon film and carbon cloth [43,44]. Compared 

to the conventional CDI that have a limited capacity of static electrodes, FCDI 

enables continuous desalination for various feed concentrations and cell 

geometries as flow-electrodes provide a theoretically infinite amount of 

desalination capacity. Hence, the FCDI was able to treat seawater with 95% 

of ion removal [44], and it can easily be scaled up by increasing the size of 

the cell and tank containing the flow-electrode [84]. In particular, this system 

can adjust the ion concentration of the electrolyte, since the salt water channel 

and the electrode channel are separated by an ion exchange membrane. 

Namely, the environment around the electrode can be adjusted to be favorable 
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for the desired reaction as shown in Figure 2-8a. Yang et al. reported that 

desalination performance can be improved by increasing the concentration of 

the electrolyte [85]. Ma et al. reported that the redox active material can help 

the desalination performance by adding hydroquinone to the electrolyte [56]. 

Moreover, the decoupling of the electrolyte and salt water allows the 

recombination of separated ions into other ionic solutions. For example, as 

shown in Figure 2-8b, the AB solution and CD solution consisted of ion spice 

A and B, C and D can be simply changed to AD and CB solution [86]. In order 

to increase the desalination performance of FCDI, various studies were 

pursued to enhance the electrochemical properties of the electrodes through 

carbon surface modification [87,88] and the addition of carbon additives 

[89,90] and redox-active materials [56]. However, compared to the static 

electrodes, flow-electrodes are subject to high electrode resistance due to the 

large fraction of liquid content and poor contact between the suspended 

particles.  

On the other hand, a system has been proposed that can take advantage 

of the fixed electrode and the decoupling electrolyte. This system, called 

multi-channel MCDI (MC-MCDI), creates an electrode chamber to separate 

the electrolyte and salt water, but employs the fixed electrode, as shown in 

Figure 2-9 [45]. Through this architecture, the salt adsorption capacity of the 
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electrodes was enhanced significantly by flowing highly concentrated 

solvents in the side channels, which allows the formation of dense EDL 

leading to the high specific capacitance of the electrodes [91]. Also, the 

possibility of semi-continuous desalination was demonstrated by alternating 

desalination and regeneration steps using MC-MCDI [46]. Furthermore, by 

supplying an organic electrolyte into the side channel, the cell voltage could 

be extended up to 2.4 V which is beyond the water-splitting range. Since the 

capacitance of carbon electrodes depends on the magnitude of the cell voltage, 

higher desalination could be achieved [47]. 
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Figure 2-7. (a) Schematic of the flow-electrode capacitive deionization 

(FCDI). (b) Desalination performance of FCDI with continuous removal of 

salt ions in solutions with different salinity [44]. 
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Figure 2-8. Schematic concept of (a) creating a favorable electrode environment for 

the desired reaction through the decoupled electrolyte and salt water channel [56], 

and (b) ion recombination process  [86]. 
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Figure 2-9. (a) Schematic diagram of a multi-channel membrane CDI (MC‐MCDI) 

cell. Top view images of the (b) assembled and (c) dissembled cell. (d) Configuration 

scheme indicating half of the cell [45]. 
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2.1.3 Integration of desalination and concentration processes  

Decoupling compartments through the ion exchange membrane led to 

the development of a new concept. The concept is to simultaneously 

implement the charging and discharging of the electrode (i.e., the desalination 

and regeneration process) via two salt water channels using the ion exchange 

membrane. For example, Rommerskirchen et al. employed two anion 

exchange membranes for the flow-electrode channel, and one cation 

exchange membrane to split the salt water channel to dilute and concentrate 

channel [92]. In this system, the cation moves from the dilute channel to the 

concentration channel. Simultaneously, the anion moves from the dilute 

channel to the positively polarized channel and from the negatively polarized 

channel to the concentration channel, since the flow-electrode circulates 

between both channels. Through this operation mode, this system was 

intended to complete the continuous desalination process. 

This approach was later tried in EIONS with the fixed electrode, and 

accordingly, various technical concept was suggested. For example, Smith 

and Dmello applied this approach to desalination battery (DB) using Na 

intercalants such as Na0.44MnO2 and NaTi2(PO4)3, which evolved under the 

various name such as Na intercalate desalination (NID), cation intercalate 

desalination (CID) and rocking chair desalination battery [51–53]. In the 
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capacitor-based EIONS, Lee et al. proposed this configuration, which is 

called rocking-chair CDI (RCDI)[50]. During the operation of this type of 

system, one electrode is charged by ions and another electrode is discharged. 

Then, the charging and discharging electrodes are reversed. Therefore, dilute 

water and concentrated water flow alternately via separated water channels, 

and the fresh water can be continuously obtained by controlling the external 

valve [51–53]. 

  



 

27 

 

 

 

 

 

 

Figure 2-10. Schematic concept of integrating desalination and concentration 

process for continuous fresh water production in (a) flow-electrode based and (b) 

fixed electrode based EIONS [50,92]. 
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2.1.4 Application of Redox-active electrolytes. 

As mentioned above, the ion exchange membrane brought on innovative 

changes in EIONS. In addition to this, EIONS is expected to change into a 

form that applies a redox-active material because the current cell structure can 

decouple the electrolyte and salt water channels. In order to make a better 

condition for ion removal, various redox couple materials are considered as 

the electrolyte that is called the redox-active electrolyte. These materials have 

been extensively explored in redox flow battery and redox supercapacitor, and 

representative examples include I-/I3
-, Br-/Br3

- and [Fe(CN)6]4-/[Fe(CN)6]
3- 

[93]. 

The redox-active electrolyte allows high charge and desalination 

capacity and fast kinetics and better stability [93,94]. For example, Ma et al. 

added hydroquinone to the electrolyte of flow-electrode for enhancement of 

electron transfer between the current collector and carbon particle [56]. Since 

Hydroquinone change to benzoquinone at the electrode-electrolyte interface 

and return to hydroquinone at the current collector-electrolyte interface, 

Hydroquinone can act as an electron shuttle led to high desalination 

performance (refer to Figure 2-8a). In addition, [Fe(CN)6]4-/[Fe(CN)6]
3- was 

recently applied to MC-MCDI system, and it enhances the desalination 

performance of this system [57].  
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Figure 2-11. (a) Example of EIONS with redox-active electrolyte and (b) reduction 

potentials of various redox couple. In (b) the colors indicate stability in acidic (red), 

neutral (green), and basic (purple) condition [93].  
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2.2.  Factors affecting the energy efficiency of EIONS system 

In order for the EIONS system to move away from laboratory study and 

achieve high energy efficiency on an industrial scale, it is necessary to 

examine the energy consumption factors in the system and consider the 

impact of system expansion. As shown in Figure 2-12, in the EIONS system, 

the energy is invested in the EIONS module for ion removal and the control 

system for the operation of the system. The invested energy to the MCDI 

module is utilized for charge storage on the electrode that can be recoverable 

and dissipated by leakage current, parasitic reaction, and voltage drop through 

resistance [4,75,95]. The invested energy to the control system is consumed 

through voltage drop in the system, and operation of system equipment, 

which is generally negligible in the calculation of energy efficiency for lab 

scale. However, energy consumption in each part change with the operation 

method and system scale. In particular, the energy consumption in the control 

system will be not negligible on an industrial scale [5,6].  

In this section, the effect of operation method and system scale on energy 

efficiency is reviewed with a focus on the MCDI system, which is closest to 

commercialization. 
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Figure 2-12. Factors affecting the energy efficiency of EIONS system. 
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2.2.1 Operation method  

In general, the desalination process such as reverse osmosis or thermal 

method calculates the energy consumption by dividing invested energy by the 

volume of produced water (e.g., kWh/m3, J/L), since it produces water with 

few ions. In contrast, the concentration of ions in the produced water can be 

controlled in EIONS such as CDI and MCDI, because it separates ions from 

the salt water. Therefore, the invested energy per removed ions (e.g., kWh/g, 

J/mg, J/mmole) is utilized as a major performance indicator of MCDI, which 

is specific energy consumption (SEC) [96]. 

SEC =
Ein

Φ ∫(𝐶𝑖𝑛−𝐶𝑜𝑢𝑡)𝑑𝑡
  (2-1)  

Assuming that electric current (i) is used only for ion adsorption, 

invested energy (Ein) is determined by multiplying the operation voltage (V) 

and the amount of charge for ion removal. 

In the past CDI research, the theoretical energy consumption was 

calculated by simply this approach, since constant voltage operation was 

common [7,8,22]. Therefore, it was considered that there would be 

competitiveness in terms of energy efficiency even in seawater desalination 

if more than 70% of the energy can be recovered under 1.2 V operation [22]. 

However, this evaluation is only allowed for constant voltage operation, and 

Ein = ∫ 𝑉𝑖(𝑡)𝑑𝑡  𝑖𝑛 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑣𝑜𝑙𝑡𝑎𝑔𝑒  (2-2)  
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it is expected that the energy consumption can be further reduced via other 

operation methods. The reason that the constant voltage operation was 

considered the most operation mode in the past is presumed to be because it 

was difficult to precisely control the applied voltage level [97]. 

The consideration of constant current operation in EIONS began after 

Andelman’s study in 2011 compared it with constant voltage operation [32]. 

According to this study, the constant current operation theoretically consumed 

about 50% less energy than the constant voltage operation, but the energy 

consumption becomes similar to the constant voltage operation as the applied 

current density increases. Kang et al. reported that the constant voltage has a 

fast desalination rate, whereas constant current operation consumes 30% less 

energy despite similar charge efficiency [97]. Moreover, the constant current 

operation is more advantageous than the constant voltage operation in terms 

of energy consumption even without considering energy recovery [95,98,99].  

However, WETSUS and the University of Wageningen group in the 

Netherland tried to analyze the energy consumption trends of constant voltage 

and constant current operation of CDI and MCDI under various operating 

conditions [100,101]. They concluded that there was no significant difference 

between the two operations method when energy recovery was not included 

[102]. In addition, Wang and Lin reported that energy efficiency depends on 
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the desalination objective and constant voltage operation is more energy 

efficient at a higher level of desalination [103].  

According to the modified Donnan model, applied cell voltage (Vcell) is 

significantly higher than equilibrium cell voltage (Veq) at the beginning of 

constant voltage operation. Veq is the sum of the Donnan potential, the Stun 

potential, and the Donnan potential applied to both interfaces of the ion 

exchange membrane, it is the potential difference resulting from ions 

alignment at the electrode and bulk solution interface. Excess voltage (Vex), 

which is a voltage applied excessively over Veq, can be interpreted as a 

deviation from the equilibrium of the system or a driving force for ion 

transport [103]. In constant voltage operation, energy consumption per 

transferred charge is always determined by Vcell, since Vex is independent of 

cell resistance as a function of charge density. In other words, when energy 

loss due to side reactions is not considered until the equilibrium state, energy 

consumption is determined by specifying the cell voltage [96]. On the other 

hand, in the case of the constant current operation, the energy consumed to 

transfer a unit charge is highly dependent on the current density and cell 

resistance. Therefore, this operation may be disadvantageous in terms of 

energy efficiency for a process requiring high desalination rates and high 

desalination efficiency [103].    
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Figure 2-13. Comparison of energy consumption between constant voltage and 

constant current (a) with current density [32], and (b) average salt adsorption rate 

and concentration reduction [103]. 
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Figure 2-14. (a) Distribution of cell voltage (Vcell), equilibrium voltage (Veq), and 

excess voltage (Vex)over the charging step in constant voltage (CV) operation and 

constant current (CC) operation [103]. (b) Distribution of resistance elements in Vex 

of constant voltage operation and its effect on specific energy consumption (SEC) 

[96].  
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2.2.2 Energy recovery in CDI and MCDI 

EIONS systems, especially CDI and MCDI store the energy invested for 

ion removal. This invested energy can be recovered by discharging like a 

supercapacitor. Shiue et al. in 2003 proposed a concept patent on CDI with an 

energy recovery system that connects a supercapacitor to a CDI cell [32]. 

Anderson et al. in 2010 proposed the concept of energy recovery using a DC-

DC converter from two CDI units that alternately operates between charging 

and discharging, respectively [22].   

An energy recovery study has been conducted since 2008 by Alkuran et 

al. They attempted to transfer the energy in charged CDI cell to the uncharged 

supercapacitor by using a buck-boost converter [17,21]. On the other hand, 

Pernia et al. in 2012 conducted energy transfer from charged CDI cell to 

uncharged CDI cell via a buck-boost converter [18,23,25]. These studies can 

be defined as an indirect method because they recover energy using a DC-DC 

converter. These early studies were conducted with a dummy cell system that 

simulated CDI using resistors and capacitors. Since the constant current 

operation began to attract attention, the study results of constant current 

discharge are beginning to replace the actual energy recovery [12,13,15]. In 

these studies, the recovered energy was calculated by integrating the reversely 

applied current and the voltage change of the CDI cell. The actual DC-DC 
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converter controls the voltage level to allow a constant mean current [16], the 

constant current operation can be considered as a case of using an ideal 

converter. Meanwhile, research on energy recovery through equivalent circuit 

modeling was also conducted [16,20].  

Practical implementation of energy recovery using real MCDI and the 

buck-boost converter was conducted by Kang et al. in 2016 [28]. They 

transfer 50% of invested energy from charged MCDI to the supercapacitor. In 

addition, Chen et al. also reported 50% energy recovery efficiency using a 

similar system consisting of MCDI, buck-boost converter, and supercapacitor 

[19]. The indirect method of energy recovery has been applied to a pilot-scale 

MCDI process, which has the effect of deducing energy up to 37.5% [6]. 

On the other hand, Landon et al. in 2013 reported the energy recovery 

without a DC-DC converter, which can be called by direct method [104]. In 

this method, energy is transferred by directly connecting charged and 

uncharged MCDI modules, thereby energy can be partially recovered. To 

increase the amount of recovered energy, the charged and uncharged CDI 

module groups were connected in various sequences by Andres et 

al.[105,106]. 
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Figure 2-15. Schematic (a) diagram of energy recovery via indirect method [19], 

and (b) standard current profile over indirect energy recovery [16]. 
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Figure 2-16. Concept of direct energy recovery between two MCDI modules [104].  
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2.2.3 Bipolar electrode for scaled-up MCDI system 

In order for the MCDI system to be successfully applied to industry, it 

must show high energy efficiency even in large systems. According to the 

report of Tan et al. (refer to Figure 2-17a), more than 40% of the invested 

energy was lost in the control system [6]. This is energy loss due to resistance 

existing in the system which increases as the current increases according to 

Ohm’s law. For example, as shown in Figure 2-17b, it can be seen that the 

energy loss is very high at the applied current for the pilot scale (approx. 

150A), even if the system resistance is calculated as 0.001 Ω, which is the 

resistance of a typical conducting wire. To prevent such energy loss, it is 

necessary to find a way to operate the pilot system with a low current. Lee et 

al. proposed a bipolar electrode stack in CDI, in which CDI operated under 

low current, whereas required high voltage [11]. Chen et al reported that the 

bipolar electrode shows high desalination performance and can potentially be 

used to improve energy efficiency [107]. In addition, this stack exhibited a 

faster discharge rate than a conventional monopolar electrode stack [9]. This 

characteristic is because the electrodes are connected in series, and the current 

that flows from the first cell continuously flows to the following cell (refer to 

Figure 2-18).  
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Figure 2-17. (a) Distribution of invested energy in pilot-scale MCDI system, and (b) 

energy loss in control system with applied current and operation time. In (b), energy 

loss was calculated by Joule’s law (E=i2Rt) referring to [6]. 
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Figure 2-18. Schematic comparison of (a) bipolar electrode stack and (b) unipolar 

electrode stack. 
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3. Parameter estimation and simulation using equivalent 

circuit for Bipolar MCDI system with direct energy 

recovery 

3.1. Introduction 

The importance of securing clean water for human society has increased 

due to worldwide industrialization, population growth, and global climate 

change [1,2]. In addition, the world society is declaring the transition from a 

carbon-based society to a carbon-neutral society in to response the global 

crisis of climate change [3]. In a carbon-neutral society, energy-efficient water 

security technology will be even more important because water will be widely 

used as a raw material for various processes 

Membrane capacitive deionization (MCDI), derived from capacitive 

deionization (CDI), is attracting attention as a next-generation desalination 

technology. By applying the electrical energy to the MCDI cell, the ions are 

removed from salt water to the electrode surface. Since CDI uses a DC 

voltage of 1.2 V or less, it is easy to link with renewable energy. Furthermore, 

the input energy can be recovered [5]. 

A commercial-scale MCDI system is generally composed of an MCDI 

module in which stacked unipolar carbon electrodes are connected in parallel 

(unipolar MCDI), and a control system to control it [5,7]. For energy recovery, 

it is considered to install a DC-DC converter in the control system for energy 
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recovery [6]. However, it has been confirmed that scaling up in this way has 

several problems. First, when the stacked electrodes are paralleled, the system 

current increases according to the scale, which leads to an increase in energy 

loss in the control system [6]. In addition, DC-DC converters have shown low 

energy recovery efficiency of less than 50% so far despite high development 

costs [6]. 

To overcome this problem, a scale-up method in which bipolar 

electrodes are stacked and connected in series (Bipolar MCDI), and a method 

of recovering energy through a direct connection between MCDI and an 

external load are considered. The energy recovery method through direct 

connection transfers energy by directly connecting the charged MCDI module 

with an electrochemical cell such as a supercapacitor or battery and a second 

MCDI. Since there is no need for a special device other than the switch circuit, 

the energy can be partially recovered at a low cost [104,105,108].  

Meanwhile, among the scale-up methods of MCDI, the method of 

stacking bipolar electrodes and connecting them in series can operate at a low 

current. Unlike the conventional unipolar MCDI, which applies voltage by 

connecting all electrode pairs to an external power source, in this method, 

only the outermost electrode is connected to an external power source and a 

high voltage is applied. The inner electrodes connected in series 
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electrochemically are polarized by the electric field applied to the outer 

electrode pair to adsorb ions [42,43]. That is, it operates by increasing the 

voltage, not the current, as the stack increases [40,44]. 

Despite these advantages, studies that combine the two concepts have 

not yet been conducted due to the risk of electric explosion. Theoretically, the 

current is determined by the voltage and resistance between the two 

electrodes. The fact that a Bipolar MCDI module has a high voltage and a 

direct connection means a low resistance makes the related research difficult. 

Therefore, this study aimed to simulate a Bipolar MCDI system with 

direct energy recovery using an equivalent circuit to demonstrate that direct 

energy recovery of Bipolar MCDI is possible. For this work, the two branches 

model, which is an equivalent circuit of the supercapacitor, was modified to 

represent a characteristic of a Bipolar MCDI system. The electrochemical 

parameters for charging and discharging were estimated by analyzing the 

current profile of the Bipolar MCDI with a modified two branches model. In 

addition, the direct energy recovery of Bipolar MCDI was simulated by 

substituting the estimated parameter values into the modified two branches 

model. 
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3.2. Experimental Section 

3.2.1  Bipolar MCDI module configuration 

Figure 3-1 shows a schematic illustration of the MCDI module with a 

bipolar configuration. In the Bipolar MCDI module, the bipolar carbon 

electrodes were coated with cation and anion exchange resins on both sides. 

The bipolar carbon electrodes were placed between a pair of conventional 

activated carbon electrodes with an anion exchange membrane and cation 

exchange membrane. The nonconductive nylon cloth was used as a spacer 

providing a water stream.  

The outermost electrode pair of the lab-scale Bipolar MCDI module 

consisted of a pair of activated carbon electrodes (Siontech Co., Ltd., 

Republic of Korea), and ion exchange membranes (AEM/CEM Type 1, 

FUJIFILM Europe, Japan). One or nine sheets of the resin-coated bipolar 

electrodes (Siontech Co., Ltd., Republic of Korea) were inserted between the 

outermost electrode pair for the 2.4 V and 12 V modules, respectively. All 

components were cut to 10 cm in diameter and had a 1 cm hole in the center 

for water flow. 
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Figure 3-1. Schematic illustration of Bipolar MCDI module. 
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3.2.2  Charging and discharging tests of Bipolar MCDI 

During the charging and discharging test, feedwater with 10.27 mM 

NaCl solution was supplied to 2.4 V and 12 V modules with flow rates of 8-, 

and 40- ml min-1, respectively, by a gear pump (75211-15, Cole-Parmer, 

USA). The effluent concentration of the Bipolar MCDI module was measured 

using a conductivity meter (3574-10C, HORIBA, Japan).  

For the charging test, a constant voltage of 2.4 V and 12 V was applied 

to 2.4 V and 12 V Bipolar MCDI modules, respectively, by using different 

devices due to the operating ranges of experimental devices. For example, a 

constant voltage of 2.4 V was applied, and the current was measured by using 

an automatic battery cycler (WBCS3000, WonaTech, Republic of Korea). In 

the case of 12 V, the voltage was applied by using a switching mode power 

supply (SMPS, PSF600-12, Fine Suntronix, Republic of Korea) and the 

current was measured by using a current probe (CP150, LeCroy, USA). 

In the discharging test, the charged Bipolar MCDI modules were 

discharged by applying a constant voltage of zero voltage and connecting a 

standard resistor, supercapacitor, and second Bipolar MCDI module. 
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3.2.3  Parameter estimation and simulation using equivalent circuit 

Since the Bipolar MCDI system is based on the electrochemical 

principle, this system can be modeled as lumped RLC (resistor-inductor-

capacitor) networks which are called an equivalent circuit. This simplest 

model expressing electrode reactions including faradaic reaction and 

capacitive reaction is called a classical model, and a useful model for analysis 

of MCDI system (Figure 3-2a).  

In this equivalent circuit, the voltage of the capacitor (𝑣𝑐) changes by 

charge accumulated on the capacitor (𝑞𝑐), and this voltage affects the current 

through a parallel resistor (RP) as shown in Equations (3-1) and (3-2). 

𝑣𝑐 =
𝑞𝑐

𝐶𝑒𝑞
 ,  (3-1)  

𝑖𝑃 =
𝑉𝐶

𝑅𝑃
  (3-2)  

According to Kirchhoff’s voltage law (KVL), the voltage of the circuit 

elements has the following relationship 

𝑉𝑎 − 𝑣𝑅𝑠
− 𝑣𝐶 = 0,   (3-3)  

𝑉𝑎 − (𝑖𝐶 + 𝑖𝑃)𝑅𝑠 −
𝑞𝐶

𝐶𝑒𝑞
= 0  (3-4)  

Equation (3-4) is arranged by a first-order differential equation (first 

ODE), and the system current (𝑖(𝑡)) can be obtained by Equation (3-6). 
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𝑑𝑞𝐶

𝑑𝑡
=

𝑉𝑎

𝑅𝑆
−

𝑅𝑆+𝑅𝑃

𝑅𝑆𝑅𝑃𝐶𝑒𝑞
𝑞𝐶,  (3-5)  

𝑖(𝑡) =
𝑉𝑎

𝑅𝑆+𝑅𝑃
(1 +

𝑅𝑃

𝑅𝑆
𝑒

−
𝑡(𝑅𝑆+𝑅𝑃)

𝑅𝑆𝑅𝑃𝐶 )  (3-6) 
 

In order to increase the accuracy of estimation on the charging current, 

two branches model of supercapacitor was introduced and modified (Figure 

3-2b). In this model, the branch consisting of the series resistor and the 

capacitor is added to the RC network of the classical model in parallel. 

Accordingly, Equation (3-4) is changed to Equation (3-7)  

𝑉𝑎 − (𝑖𝐶1 + 𝑖𝐶2 + 𝑖𝑃)𝑅𝑠 −
𝑞𝐶

𝐶𝑒𝑞
= 0  (3-7)  

The equation is arranged by a second-order differential equation (second 

ODE), and the system current can be obtained by solving the equation.  Thus, 

by analyzing this current with the equivalent circuit model, electrochemical 

parameters for charging and discharging Bipolar MCDI can be estimated. The 

estimation of parameters was conducted by following two steps for reducing 

a computational burden. 

First, the discharging and charging current curves were fitted by using 

Equations (3-8) and (3-9), respectively, for the estimation of RS and RP.  The 

general solution of the first ODE for the classical model and the second ODE 
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for the two branches model can be considered as 

Where a, b, and c can be obtained by curve fitting using Origin pro 2018 

software (OriginLab co.). At applying a constant voltage, the current (i(0)) 

only flows through iC in the classical model and iC1 in the modified two 

branches model due to the difference in resistance. Therefore, if the value of 

i(0) is known, RS of the classical model and RS1 of the modified two branches 

model can be estimated by Ohm’s law. 

𝑅𝑠 =
𝑉𝑎

𝑖(0)
=

𝑉𝑎

𝑎+𝑏
,  (3-10)  

𝑅𝑠1 =
𝑉𝑎

𝑖(0)
=

𝑉𝑎

𝑎+𝑏+𝑐
, (3-11)  

After a long time with a constant voltage, the current (i(∞)) only flow 

through ip in the classical model and modified two branches model because 

the capacitors are fully charged. Therefore, if the value of i(∞) is known, RP 

of the classical model and modified two branches model can be estimated by 

Ohm’s law. 

𝑅𝑃 =
𝑉𝑎

𝑖(∞)
− 𝑅𝑆 =

𝑉𝑎

𝑎
− 𝑅𝑆, for discharging model (3-12)  

𝑖(𝑡) = 𝑎 + 𝑏𝑒
−

𝑡

𝜏  for discharging parameter 
(3-8)  

𝑖(𝑡) = 𝑎 + 𝑏𝑒
−

𝑡

𝜏1 + 𝑐𝑒
−

𝑡

𝜏2 for charging parameter 
(3-9)  
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𝑅𝑃 =
𝑉𝑎

𝑖(∞)
=

𝑉𝑎

𝑎
− 𝑅𝑆1, for charging model (3-13)  

Second, for the estimation of C1, C2, and RS2, the charging current was 

analyzed by using the parameter estimation tool of MATLAB & Simulink 

(Mathworks, Inc.). As shown in Figure 3-3a, the modified two branches 

model was entered in MATLAB & Simulink. Then, the parameters of C1, C2, 

and RS2 were estimated using the parameter estimation toolbox, which 

conducts iterative calculations with changing parameter sets until input data 

and simulation data match. In this study, we assumed that the Ceq in the 

classical model is the sum of C1 and C2 in the modified two branches model. 

LTspice software (Analog Devices) was used for the simulation of the 

direct energy recovery step because it is simple to obtain simulation data. As 

shown in Figure 3-3b, the modified two branches model was applied in 

LTspice, and the estimated parameter was entered. By simulating the charging 

Bipolar MCDI with constant voltage, the initial voltage for discharging can 

be obtained. For the simulation of direct energy recovery, the initial voltage 

of Bipolar MCDI was entered from the result of the charging simulation. 
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Figure 3-2. Schematic equivalent circuit diagram of (a) classical model and (b) 

modified two branches model. (C: capacitor, R: resistor, Va: applied voltage, vc: 

capacitor voltage, vrs: voltage across resistor, i: current) 
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Figure 3-3. Modified two branches model in (a) MATLAB & Simulink for 

parameter estimation and (b) LTspice for simulation. (C: capacitor, R: resistor) 
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3.3. Results and Discussion 

3.3.1  Model validation 

In order to show the validity of the simulation using the equivalent 

circuit model, the simulation data and experimental data were compared. As 

shown in Figure 3-4, the classical model cannot imitate the charging current 

of constant voltage operation in Bipolar MCDI. The classical model could not 

express both the initial current and the late current decay behavior at the same 

time. In contrast with the classical model, the current profile simulated by the 

modified two branches model was well matched with the experimental data 

(Figure 3-5a). This result might be due to the local resistance difference 

inside the Bipolar MCDI (refer to Figure 3-6). From a microscopic point of 

view, the ionic charge will be difficult to access through the internal pores 

because the surface of the carbon electrode is geometrically complex. In 

addition, from a macroscopic point of view, the concentration of the 

electrolyte at the inlet and the outlet is different due to ion adsorption. Namely, 

some capacitor elements will have high resistance. For this reason, it is 

considered that the charging current of the Bipolar MCDI could not be 

simulated with the classical model. In contrast with the classical model, the 

modified two branches model has an additional RC branch in the network to 

consider the different resistance of capacitors. Because the capacitor elements 
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with different resistances are lumped by one resistor and two capacitors, this 

model could simulate the charging current of Bipolar MCDI. On the other 

hand, the discharging current under zero voltage was well matched with 

simulation data using the classical model (Figure 3-5b). The reason is 

probably that the ions in the electrolyte are enriched during the discharging 

process. Therefore, the modified two branches model was selected as the 

charging model, and the classical model was selected as discharging model. 

Figure 3-7 shows the comparison between experimental and simulation 

results on of discharging current of Bipolar MCDI when the charged module 

is directly connected with the standard resistor of 24, 36, and 68 Ω and with 

the supercapacitor (75 F). As shown in Figure 3-7a, the cell voltage of 

Bipolar MCDI exponentially decayed when the charged Bipolar MCDI was 

connected to the external resistor. These experimental results were also well 

simulated by an equivalent circuit model. In addition, the voltage changes 

when connected to a supercapacitor were well simulated. The result indicates 

that the modified two branches model well represents the constant voltage 

charging of Bipolar MCDI, and it is appropriate to conduct the simulation by 

substituting the parameter estimated by this model into the discharging model. 
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Figure 3-4. Comparison of experimental and simulation results of charging current 

with the classical model in Bipolar MCDI with a constant voltage of 2.4 V. 
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Figure 3-5. Representative comparison of simulation and experimental data: (a) 

charging current with modified two branches model under constant voltage of 2.4 V, 

and (b) discharging current with the classical model under constant voltage of 0 V. 
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Figure 3-6. Schematic illustration of the difference in resistance of capacitor 

components according to the location in (a) microscopic and (b) macroscopic terms. 
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Figure 3-7. Comparison between experimental and simulation result on of 

discharging voltage of Bipolar MCDI when the charged module directly connected 

with the standard resistor of 24, 36, and 68 Ω and with supercapacitor (75 F).  
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3.3.2  Simulation of Bipolar MCDI charging with direct energy recovery 

Figure 3-8 shows the charging current of 2.4 V and 12 V Bipolar MCDI 

system obtained by experiment and simulation.  

As shown in Figure 3-8a, the charging current of 12 V Bipolar MCDI 

was measured to be almost similar to that of 2.4 V despite the increase in the 

number of electrode stacks. This result means the current does not increase as 

the stack number increases. Theoretically, the 12 V Bipolar MCDI is the same 

as five 2.4 V modules connected in series. Namely, the 12 V Bipolar MCDI 

module can be expressed as a series connection of five modified two branches 

model. This equivalent circuit can be lumped by one modified two branches 

model having 5- time higher resistance and 5- time lower capacitance since 

the RC elements are connected in series. 

𝑅𝑡𝑜𝑡𝑎𝑙 = 𝑅1 + 𝑅2 + 𝑅3 + 𝑅4 + 𝑅5 = 5𝑅1,  (3-14)  

𝐶𝑡𝑜𝑡𝑎𝑙 = (
1

𝐶1
+

1

𝐶2
+

1

𝐶3
+

1

𝐶4
+

1

𝐶5
)

−1

=
1

5
𝐶1  

(3-15)  

This consideration is supported by the parameter estimation result. As 

shown in Figure 3-8b, the charging current is well fitted by the modified two 

branches model. By this fitting, the charging parameter of 12 V Bipolar MCDI 

can be obtained and summarized in Table 3-1. As shown in Table 3-1, the 

resistance components (RS1, RS2, and RP) increased approximately 5- fold, and 
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the capacitance components (C1 and C2) decreased approximately 5- fold. The 

results indicate that the scale-up of the Bipolar MCDI system follows the 

electrical characteristics, and there will be no obvious risk of current increase 

even with the stack increase. 
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Figure 3-8. Comparison of charging current between (a) 2.4 V and 12 V Bipolar 

MCDI, and (b) experimental and simulation results of 12 V module.  
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Table 3-1. Summary of charging parameter in modified two branches model for 2.4 

V and 12 V Bipolar MCDI. 

Parameter 2.4 V 12 V 
Ratio 

(12 V/2.4 V) 

Rs1 2.8 16.3 5.83 

Rs2 26.1 134.7 5.16 

Rp 237.2 1183.7 4.99 

C1 0.41 0.08 0.20 

C2 15.09 3.10 0.21 
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Figure 3-9 shows the current profile of Bipolar MCDI during the direct 

energy recovery step. During direct connection with the second module, a 

current similar to constant voltage charging is observed. The peak current 

(i(0)) was lower than the constant voltage charging current. In the direct 

energy recovery step,  

The potential difference between two Bipolar MCDI modules causes the 

current from the first Bipolar MCDI to the second Bipolar MCDI. the 

charging current in the second Bipolar MCDI with the same level as the 

discharging current in the first Bipolar MCDI. In other words, the second 

Bipolar MCDI is charged using the first Bipolar MCDI as a voltage source. 

In the aspect of the electrical circuit, the charged capacitor component in the 

first Bipolar MCDI act as a voltage source, and the current flow through the 

two resistors (RS1 of the first Bipolar MCDI and RS2 of the second Bipolar 

MCDI) into the capacitor component of second Bipolar MCDI. Therefore, the 

peak current during direct connection is lower than the peak current of 

constant voltage charging. This result indicates that energy recovery can be 

directly applied just by adding a switching circuit to the conventional control 

system.  

In addition, the current of direct energy recovery in the 12 V system was 

almost the same with the 2.4 V system (Figure 3-9b). This result means that 
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the current during the direct energy recovery step will not increase as the 

number of electrode stacks increases for the same reason as mentioned in the 

charging current. Therefore, the results indicate that the direct energy 

recovery method can be applied in the Bipolar MCDI system without 

significant electrical risk. 

The charged energy in the Bipolar MCDI can also be transferred to other 

devices, such as a supercapacitor and a battery, that are not the second Bipolar 

MCDI. In the case of the supercapacitor, it has lower resistance than the 

Bipolar MCDI, which is about 0.5 ohm or less. As shown in Figure 3-10a, 

the energy recovery efficiency decreases as the resistance between the 

charged Bipolar MCDI and connected energy-accepting devices increases. 

The series resistance of our system was 3 Ω or less. Nevertheless, there was 

little difference in energy recovery efficiency in this range of resistance, 

which was about 0.0012 times lower value than that of 0.5 Ω. Interestingly, 

the energy recovery efficiency significantly changed according to the 

difference in capacitance of capacitor components. 

As shown in Figure 3-10b, the maximum energy recovery efficiency 

was reached when the Bipolar MCDI and energy acceptor had the same 

capacitance. This analysis indicates that the electrochemical parameters must 

be derived, and the appropriate electrical component must be selected to 
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efficiently implement direct energy recovery with a supercapacitor. On the 

other hand, since the second Bipolar MCDI has the same capacitance as the 

charged Bipolar MCDI and acceptable resistance, direct energy recovery can 

be applied without special effort.  

Furthermore, additional energy loss may occur to utilize the energy 

stored in the supercapacitor for work, but in the case of the second Bipolar 

MCDI, it is more efficient because it performs spontaneous ion adsorption 

during the direct energy recovery step. 
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Figure 3-9. Representative current profile of Bipolar MCDI during direct energy 

recovery in (a) 2.4 V system and (b) 12 V system. 
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Figure 3-10. Energy recovery efficiency of direct energy recovery with (a) resistance 

of external energy acceptor (Rex)and (b) capacitance external energy acceptor (Cex). 
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3.4. Summary 

In this study, an equivalent circuit model was proposed to simulate the 

charge/discharge and direct energy recovery step. To improve the accuracy of 

the simulation, the modified two branches model was adopted for the 

charging model, and the classical model was adopted for the discharging 

model. The simulation results were in good agreement with the experimental 

results in not only the charge/discharge step but also the direct energy 

recovery step. In addition, it was confirmed that the direct energy recovery 

operates below the current of constant voltage operation, which indicates that 

the direct energy recovery of the Bipolar MCDI can be safely performed with 

a constant voltage operation system. 
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4. Investigation of Operation Characteristic for Bipolar 

MCDI System with Direct Energy recovery 

4.1.  Introduction 

The electrochemical separation method has received large attention as 

promising water remediation and resource recovery process due to its 

environmentally benign and energy-efficient operation [38,93,109,110]. In 

particular, as the water crisis has become a growing global concern, 

significant research strides have been made in electrochemical desalination 

technology. Among the electrochemical desalination technology, capacitive 

deionization (CDI), membrane (MCDI), and electrodialysis has been 

extensively studied for industrial application [111,112]. Especially, MCDI is 

widely studied for treating relatively low salinity water streams such as 

brackish waters due to its simple implementation [4,22]. Furthermore, the 

potential of MCDI as a technology for a specific purpose such as selective 

removal of ions has been attracted [113–115]. The ion removal performance 

of MCDI has been enhanced with the introduction of various electrode 

materials such as functionalized carbon electrodes [116–119], intercalating 

materials [53,120–122], and integrating with redox materials 

[48,55,57,59,123,124]. The modification of cell construction [43–45,125], 

and optimization of the operation method [42,95,100,126] has also enhanced 

the performance of MCDI. In addition, efforts have also been made to develop 
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efficient energy recovery and scale-up methods in MCDI systems that are 

believed to be necessary for the successful commercial application of this 

technology [6,28,104,127].  

The MCDI modules extend their desalination capacity via stack-up of 

the electrode as well as the extension of the electrode size [7,8]. Typically, the 

stacked electrodes are connected in parallel, which can be defined as a 

unipolar type. For this unipolar MCDI, all electrode pairs require a terminal 

to connect with an external power supply, which increases the complexity of 

module assemblies with a larger number of stacked electrodes [8]. In addition, 

the current is proportionally increased with the number of electrodes in the 

stack since the total current of the system is distributed at one point to each 

electrode pair to apply the same voltage (e.g., 1.2 V). Thus, a thick conducting 

wire is required to control the high current, which can increase the investment 

cost of the electrical systems and their size [7,9]. Furthermore, for unipolar 

MCDI, two types of electrodes sandwiched between cation exchange 

membranes and anion exchange membranes are alternately stacked between 

conventional electrodes pairs [10]. These characteristics make the unipolar 

MCDI module complex, bulky, expensive, as the scale of the module 

increases. 

Recently, the Bipolar MCDI module has gained much attention, in which 
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stacked electrodes are connected in series without conducting wiring (Figure 

4-1). As compared in Figure 4-1a and b, contrary to unipolar MCDI, there is 

no requirement for terminals for applying electrical energy, since the bipolar 

electrodes (inner electrode of the module) are evenly polarized via the applied 

electric field through the outermost electrode pair [105,107]. Thus, the 

Bipolar MCDI module is operated under a high voltage without increasing 

current depending on the number of stacked electrodes, which does not 

require a thick conducting wire [9,11]. Furthermore, in the Bipolar MCDI 

module, only one type of electrode sandwiched between the cation exchange 

membrane and the anion exchange membrane is stacked as the inner electrode 

[9]. Therefore, the Bipolar MCDI system can be operated with a low 

investment cost compared to the unipolar MCDI. In this regard, Bipolar 

MCDI is expected to be a more suitable process for real implementation in 

industrial and environmental applications. However, for the further success 

of Bipolar MCDI, it is still necessary to improve its energy efficiency during 

desalination. Nevertheless, to date, there are few studies to improve the 

energy efficiency of Bipolar MCDI significantly limiting its practical 

application. 

Therefore, this study aimed to propose the desalination process of a 

Bipolar MCDI system including direct energy transfer for energy recovery 
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and assess its potential with a lab-scale and a pilot-scale module. In this study, 

various Bipolar MCDI modules were employed to assess the energy recovery 

process, such as a lab-scale module with a single stack and nine stacks of the 

bipolar electrode (i.e., 2.4 V and 12 V system) and a pilot-scale module with 

250 stacks (i.e., 300 V system). Because the energy was recovered via a direct 

energy transfer between two Bipolar MCDI modules, this step was denoted 

as direct P2P (direct energy transfer from MCDI process to MCDI process). 

The overall process was performed as follows (Figure 4-1c). First, as a 

pretreatment process before energy recovery, the Bipolar MCDI modules 

were operated in an alternating manner with constant cell voltage operation. 

For example, the first Bipolar MCDI module was operated by applying a 

constant cell voltage of 2.4 V for desalination while the second Bipolar MCDI 

module was operated by applying a reverse voltage of –2.4 V for regeneration. 

Consequently, the invested energy can be simultaneously charged at both 

Bipolar MCDI modules up to cell voltages of 2.4 V and –2.4 V, respectively, 

during the desalination and regeneration phase. Second, as shown in Figure 

4-1c, the energy was transferred between both Bipolar MCDI modules by a 

direct connection leading to energy recovery (first direct P2P). Since the 

transferred energy is not sufficient to perform a full-cycle operation, this 

energy partially supports the initial ion adsorption at the first Bipolar MCDI 
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module (desalination) and ion desorption at the second Bipolar MCDI module 

(regeneration) by controlling the duration of their electrical connection. Then, 

additional energy was invested to complete the full cycle operation via an 

external power source (charging for energy input). For consecutive operations, 

these processes were alternatively operated between two Bipolar MCDI 

modules via a second direct P2P and reverse charging.  

To optimize the direct P2P, the effect of the duration of direct P2P on the 

energy efficiency and desalination performance of Bipolar MCDI operation 

within 5 min of half-cycle time in a lab-scale module (i.e., 2.4 V and 12 V 

systems) was examined. Additionally, the potential of direct P2P was assessed 

with a pilot-scale module (i.e., 300 V system). 
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4.2.  Experimental Section 

4.2.1 Bipolar MCDI module configuration 

In the Bipolar MCDI module, the bipolar carbon electrodes were coated 

by cation and anion exchange resins on both sides. The bipolar carbon 

electrodes were placed between a pair of conventional activated carbon 

electrodes with an anion exchange membrane and cation exchange membrane 

(refer to Figure 3-1). The nonconductive nylon cloth was used as a spacer 

providing a water stream.  

Contrary to conventional MCDI stacked with unipolar electrodes, only 

the outermost electrodes are connected to the external circuit in the Bipolar 

MCDI module (refer to Figure 4-1a) [9,11]. A high voltage is applied to the 

outermost electrode pair to distribute the desired voltage to each cell, as 

shown in Figure 4-1b. By the electric field applied through the outmost 

electrode pair, inner electrodes are evenly polarized. Namely, the voltage 

between each cell is the same but the potential difference between the 1st 

electrode and others increases as away from the 1st electrode. For example, 

the Bipolar MCDI module consisted of a pair of carbon electrodes, and one 

sheet of bipolar carbon electrodes was operated with a cell voltage of 2.4 V 

to evenly distribute cell voltage of 1.2 V for each electrode (1.2 V/cell × 2 

cells). In addition, the Bipolar MCDI module with nine sheets of bipolar 
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carbon electrode was operated with a cell voltage of 12 V (1.2 V/cell × 10 

cells). 

The outermost electrode pair of the lab-scale Bipolar MCDI module 

consisted of a pair of activated carbon electrodes (Siontech Co., Ltd., 

Republic of Korea), and ion exchange membranes (AEM/CEM Type 1, 

FUJIFILM Europe, Japan). One or nine sheets of the resin-coated bipolar 

electrodes (Siontech Co., Ltd., Republic of Korea) were inserted between the 

outermost electrode pair for the 2.4 V and 12 V systems, respectively. All 

components were cut to 10 cm in diameter and had a 1 cm hole in the center 

for water flow. 

The pilot-scale Bipolar MCDI module (Model SDI-C2, Siontech Co., 

Ltd., Republic of Korea) was purchased, which is assembled with two-unit 

modules having a diameter of 23 cm, and a height of 31.2 cm. In the unit 

module, approximately 250 sheets of the resin-coated bipolar electrodes were 

stacked, which were the same product as the materials in the lab-scale module. 

The module is designed with a rated flow rate of 20 L min-1, and rated input 

voltage and current of 300 V and 2 A, respectively.  

 

  



 

79 

 

 

 

 

 

 

Figure 4-1. Schematic illustration of (a) Bipolar MCDI and unipolar MCDI in stack 

configuration and (b) the standard curve of electrode potential distribution, and (c) 

comparison of constant voltage desalination/reverse voltage regeneration (CV/RV 

operation) with and without direct energy transfer from MCDI process to MCDI 

process (direct P2P).  
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4.2.2 Operation of Bipolar MCDI with direct energy recovery 

The desalination and regeneration of two Bipolar MCDI modules were 

repeatedly performed under constant voltage and reverse voltage regeneration 

(CV/RVD operation). In contrast with classical CV/RVD operation of MCDI, 

in order to recover energy, the direct connection of two Bipolar MCDI 

modules was conducted between the desalination step and regeneration step 

(Figure 4-1c). Namely, the following four sequential steps were repeatedly 

performed, as shown in Figure 4-2. 

In the first step, the reverse charged Bipolar MCDI module (first Bipolar 

MCDI module) and the charged Bipolar MCDI modules (second Bipolar 

MCDI module) were directly connected, which were prepared as a result of 

the previous desalination and regeneration phase. The energy was transferred 

between two Bipolar MCDI modules leading to desalination of the first 

Bipolar MCDI module and regeneration of the second Bipolar MCDI module, 

which is denoted as direct P2P (direct energy transfer from MCDI process to 

MCDI process). However, the energy transfer is insufficient to operate the 

full- cycle of two Bipolar MCDI modules since their cell voltages will be 

equalized by energy transfer [17,19,21,105]. Thus, the energy transfer only 

allows initial ion adsorption at the first Bipolar MCDI module (for 

desalination) and ion desorption at the second Bipolar MCDI module (for 
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regeneration).  

In the second step, the insufficient energy was compensated for by 

applying a constant voltage from an external power source leading to full 

desalination and regeneration phases of two Bipolar MCDI modules. Thus, 

the charged first Bipolar MCDI module and the reverse charged second 

Bipolar MCDI module were prepared by this step. 

Then, the third and final steps were performed in the same manner as the 

first and second steps, but the roles of the two modules were switched.  

For the consecutive operation of these steps, a simple switch circuit was 

employed as shown in Figure 4-3. The circuit changes the electrical 

connection between the external power source and two Bipolar MCDI 

modules according to the operational step. 

To optimize the operational cycle with direct P2P, the energy efficiency 

was estimated with various durations for direct P2P and 

desalination/regeneration (Table 4-1). The half-cycle time was employed at 

5 min for the desalination and regeneration phase (total operation time was 

10 min). The direct P2P time was varied from 0 min to 4 min corresponding 

to the introduction of additional energy by the external power source. For 

example, when the direct P2P time had a duration of 1 min, the time for 

constant voltage operation was 4 min. The operational conditions were 
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denoted as PxCy, where P means the direct P2P, C means a charging (constant 

voltage and reverse voltage), and x and y are the duration of direct P2P and 

the charging, respectively. 

To investigate the voltage difference after charging and reverse charging 

Bipolar MCDI modules, the open-circuit voltage (OCV) of the Bipolar MCDI 

module was measured after charging and reverse charging by a constant 

voltage of 2.4 V for 1, 2-, 3-, 4-, and 5-min. Note that the Bipolar MCDI 

module was completely short-circuited before charging and reverse charging. 
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Figure 4-2. Schematic simple circuit diagram of the Bipolar MCDI operation cycle 

including the direct P2P step. 
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Figure 4-3. Schematic (a) electric circuit diagram of the simple switch circuit for 

MCDI operation including direct P2P, and its photograph for the pilot-scale module 

(300 V system); (b) front view, (c) inside view, and (d) its desalination test system. 
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Table 4-1. Duration of steps depending on the combination, where P means the direct 

P2P, C means charging, and x and y are, respectively, the duration of direct P2P and 

the charging. 

Combination 

Desalination (regeneration) phase time (min) 

First Direct P2P 

(Second direct P2P) 

Charging 

(Reverse charging) 

P0C5 0 5 

P1C4 1 4 

P2C3 2 3 

P3C2 3 2 

P4C1 4 1 
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4.2.3 Experimental conditions and performance indicator 

Feedwater with 10.27 mM NaCl solution was supplied to each module 

with flow rates of 8-, 40-, and 1,340 ml min-1, in 2.4 V, 12 V, and 300 V system, 

respectively, by a gear pump (75211-15, Cole-Parmer, USA). The effluent 

concentration of the Bipolar MCDI module was measured using a 

conductivity meter (3574-10C, HORIBA, Japan). The current was measured 

at the anode terminal of each Bipolar MCDI module by an oscilloscope 

(wavesurfer 44MXs-B, LeCroy, USA) with a current probe (CP150, LeCroy, 

USA) during not only the charge/discharge step but also the direct P2P step. 

The desalination performance of various operation combinations was 

evaluated through the number of adsorbed ions over the desalination phase, 

the average salt adsorption rate, the average concentration reduction, and 

molar energy consumption.  

The adsorbed ions (∆𝑁 , μmol g-1) in the desalination phase can be 

calculated from 

∆𝑁 =
∫ 𝑄(𝐶𝑖−𝐶𝑜

𝑡
0 )𝑑𝑡

𝑛𝑚
,  

(4-1)  

where Q is the volumetric flow rate of the feed stream (ml min-1), Ci and 

Co are the influent and effluent concentrations (mM), respectively, n is the 

number of electrode pairs (cell) in the Bipolar MCDI module, m is the mass 

of activated carbon in an electrode pair (g). The ∆𝑁 over the charging step 
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was calculated by subtracting the ∆𝑁 at the end of the direct P2P from the ∆𝑁 

at the end of the full desalination phase. 

The average salt adsorption rate (ASAR, μmol min-1 cm-2) can be 

calculated from  

𝐴𝑆𝐴𝑅 =
∫ 𝑄(𝐶𝑖−𝐶𝑜

𝑡
0

)𝑑𝑡

𝑛𝐴∆𝑡
,  

(4-2)  

where A is the electrode area of the one cell (cm-2), and ∆t is the 

operation time over which a process was performed. 

the average concentration reduction (∆𝐶, mM)  represents the average 

difference in salt concentration between the effluent stream and feed [60]. 

This indicator indicates the concentration of produced water obtained from a 

desalination process. As expressed in Equation (4-3, ∆𝐶  is calculated by 

dividing ∆𝑁 by the total volume of water supplied over time. 

∆𝐶 =
∫ 𝑄(𝐶𝑖−𝐶𝑜

𝑡
0 )𝑑𝑡

∫ 𝑄
𝑡

0 𝑑𝑡
,  (4-3)  

The ∆𝐶  at the end of the desalination phase is defined as ∆𝐶𝑑̅ , which 

indicates the final concentration of produced water.  

The energy efficiency of the operational combinations was evaluated by 

comparing the molar energy consumption (𝐸𝑚, kJ mol-1). 𝐸𝑚 during the total 

process was calculated by dividing the energy supplied during the charging 
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and discharging steps ( 𝐸𝑐  and 𝐸𝑑 ) by the number of adsorbed ions, as 

expressed in Equation (4-4) 

𝐸𝑚 =
𝐸𝑐+𝐸𝑑

∫ 𝑄(𝐶𝑖−𝐶𝑜
𝑐

0
)𝑑𝑡 

,  (4-4)  

where the energy (𝐸) supplied during each step is a value obtained by 

integrating the product of voltage-current over the time of the step, given by, 

𝐸 = ∫ 𝑉𝑖𝑑𝑡,  (4-5)  
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4.3.  Results and Discussion 

4.3.1 Bipolar MCDI with direct energy recovery step in 2.4 V system 

Figure 4-4 shows the representative effluent concentration and current 

profile of the first Bipolar MCDI module in 2.4 V systems in various durations 

of first direct P2P, charging (+V), second direct P2P, and reverse charging (–

V).  

As shown in Figure 4-4a, the effluent concentration profile of the first 

Bipolar MCDI module with various direct P2P steps (i.e., P4C1, P3C2, P2C3, 

and P1C4) showed a bimodal curve for ion adsorption and desorption, while 

P0C5 had a typical effluent profile of CV/RV operation (black line in Figure 

4-4a). Accordingly, as shown in Figure 4-4b, the current profile of the 

operation with a direct P2P step also revealed double peaks in the desalination 

and regeneration phase compared to the typical current profile of CV/RV 

operation (black line in Figure 4-4b). 

Considering that the direct P2P step was skipped in the P0C5 operation, 

it is plausible that the bimodal curves are likely due to the energy transfer 

between two Bipolar MCDI modules. In particular, the measured current in 

the direct P2P proves the energy transfer between two Bipolar MCDI modules 

because both modules were connected only to each other in this step. This 

energy transfer occurs due to the voltage difference of two Bipolar MCDI 
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modules formed by the previous charging and reverse charging steps. For 

example, in the first direct P2P step, the reverse charged first Bipolar MCDI 

module (i.e., with lower voltage) and forward charged second Bipolar MCDI 

module (i.e., with higher voltage) were electrically connected. This 

connection causes a positive current to flow in the first Bipolar MCDI module 

to equalize the voltages of the two modules. Thus, the first Bipolar MCDI 

module can perform partial desalination. At the same time, the second Bipolar 

MCDI module can perform partial regeneration with a negative current, and 

the desalination profile of the second Bipolar MCDI module compared with 

the first Bipolar MCDI module is presented in Figure 4-5. 

After completing the first direct P2P, forward and reverse voltages were 

applied to the first and second Bipolar MCDI modules, respectively, by the 

external power source to operate full desalination and regeneration of two 

Bipolar MCDI modules. By this step, the voltage difference of two Bipolar 

MCDI modules, which might be insufficient to transfer the energy in the 

second direct P2P, was compensated for similar to the start of the operational 

cycle, and the polarity was reversed. Thus, in the second direct P2P step, the 

negative current flows in the first Bipolar MCDI module with the 

regeneration, and partial adsorption and desorption were similar to that in the 

first direct P2P.  
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Figure 4-4. Representative effluent concentration (a) and current profile (b) of first 

Bipolar MCDI module with various time combinations of four steps. The duration 

of each step was combined within a half-cycle time of 5 min. The color of the panel 

indicates the step labeled on top of the panel, where +V is the charging step with a 

constant voltage of 2.4 V, and –V is the reverse charging step with a constant voltage 

of –2.4 V. 
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Figure 4-5. Representative (a) the effluent concentration of two Bipolar MCDI 

modules during operation including direct P2P, and (b) the current profile. The 

background color in all graph panels means the step is denoted as the same color in 

(a and b). 
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4.3.2 Performance analysis of Bipolar MCDI with direct P2P 

As shown in Figure 4-6, with direct P2P, the energy efficiency of the 

first Bipolar MCDI module was significantly improved during the 

regeneration (the red bar) and desalination (the black bar) phase. For example, 

𝐸𝑚 of P2C3 was reduced to 207 kJ mol-1 over the full operation cycle, which 

was 43% lower than the 𝐸𝑚 of 361 kJ mol-1 in P0C5. This is attributed to the 

ions being partially ad/desorbed without supplying external power during the 

desalination and regeneration phase. For instance, the partial desorption of 

ions via direct P2P could cause energy reduction in the reverse charging step. 

As illustrated by the red circle in Figure 4-7a, the operational combinations 

including direct P2P (i.e., P1C4, P2C3, P3C2, and P4C1) were reverse charged 

with significantly lower energy than P0C5 operation. Since the stored charge 

on the bipolar electrode decreased by partial desorption during the second 

direct P2P step, the reverse charging step could be performed at a lower initial 

current than the P0C5 operation (refer to the negative current in Figure 4-7b). 

Note that the relation between direct P2P and change in the current profile 

requires further study. In the case of the charging step, the supplied energy 

linearly decreased as the charging time (duration of supplying external energy) 

decreased (the black square in Figure 4-7a). Furthermore, the decrease rate 

of the supplied energy with the duration of the charging step was almost the 
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same as that of adsorbed ions (see the black square in Figure 4-8a). The 

results indicate that the energy efficiency in the charging step was barely 

affected by the introduction of direct P2P (refer to Figure 4-8b). Accordingly, 

the reduction of 𝐸𝑚  in the regeneration phase was higher than that in the 

desalination phase. 

On the other hand, the partially adsorbed ions also contributed to the 

reduction of 𝐸𝑚 in the full operation cycle. As illustrated by the red circle in 

Figure 4-8a, the adsorbed ions (∆𝑁) over the direct P2P step increased in P1C4 

and P2C3 operations, and thus the 𝐸𝑚  of P1C4 and P2C3 was significantly 

reduced compared with P0C5 not only in the regeneration phase but also in 

the desalination phase (refer to the stacked bar in Figure 4-6). In addition, the 

reduction of 𝐸𝑚 in the desalination phase shows the same trend as that of the 

additional ion adsorption in the direct P2P.  

Interestingly, ∆𝑁 over the direct P2P step was smaller in P3C2 and P4C1 

than P2C3 leading to a higher 𝐸𝑚  than P2C3. This result indicates that the 

optimized duration of the charging and direct P2P steps should be combined 

to efficiently reduce the energy consumption of Bipolar MCDI. For example, 

a short charging step would cause a low adsorption capacity during direct P2P 

even if the direct P2P step is performed for a long time because the stored 

charging on the electrode is small. Moreover, a decrease in ∆𝑁 over the full 
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operation cycle, which would result from the change in the duration of the 

charging and direct P2P steps, affects the quality of the produced water (i.e., 

the concentration of desalinated water). As shown in Figure 4-9, the average 

concentration reduction at the end of the desalination phase (∆𝐶𝑑̅) gradually 

decreased as operational combination changed from P0C5 to P4C1. For 

example, ∆𝐶𝑑̅ of P4C1 was 3.05 mM in contrast with 8.18 mM of P0C5, where 

∆𝐶𝑑̅  means the difference in concentration between feed water and final 

product. Namely, by replacing the 4 min charging time with direct P2P, the 

P4C1 operation obtained 63% less desalted water than P0C5.  

We believe that the result mainly is due to two reasons (refer to Figure 

4-10). First, the short charging step causes a low voltage difference between 

both Bipolar MCDI modules after completing charging, which induces a low 

adsorption rate during direct P2P. For example, as shown in Figure 4-10, the 

open-circuit voltage (OCV) of the Bipolar MCDI module was measured to be 

2.21 V and –2.16 V, respectively, by charging and reverse charging under a 

constant voltage of 2.4 V for 5 min. The OCV decreased as the charging time 

decreased. Thus, the OCV difference between charged and reverse charged 

Bipolar MCDI modules decreased from 4.37 V to 3.32 V, as the 

charging/reverse charging time decreased from 5 min to 1 min (see VP2P of 

inset graph in Figure 4-10). Since the difference in OCV between the charged 
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and reverse charged Bipolar MCDI modules is the driving force for ion 

adsorption in the direct P2P step, the desalination performance during the 

direct P2P step decreased as the charging time decreased (refer to Figure 

4-11).  

Second, an excessively long direct P2P step can be one of the main 

factors to decrease desalination performance. As shown in Figure 4-11a, the 

current during direct P2P converged to zero since the driving force for ion 

adsorption during direct P2P was gradually exhausted. Thus, ion adsorption 

indirect P2P gradually decreased with time, which represented a decrease in 

the average concentration reduction (Figure 4-11b). 
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Figure 4-6. Representative the molar energy consumption (Em) in the desalination 

and regeneration phase of first Bipolar MCDI with various operation combinations 

in the 2.4 V system. 
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Figure 4-7. Representative (a) supplied energy (E) during the charging and reverse 

charging step and (b) comparison of current profile in charging (positive current) and 

reverse charging (negative current) step. 
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Figure 4-8. (a) Adsorbed ion (∆N) over the charging step and direct P2P step of first 

Bipolar MCDI with various operation combinations in the 2.4 V system and (b) the 

molar energy consumption (Em) over the charging and reverse charging step 
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Figure 4-9. The average concentration reduction at the end of the desalination phase 

(∆𝑪̅𝒅) of first Bipolar MCDI with various operation combinations in the 2.4 V. 
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Figure 4-10. Representative open-circuit voltage (OCV) of Bipolar MCDI module 

which charged, and reverse charged for various charging times. VP2P of the inset 

graph is the difference in OCV between charged and reverse charged Bipolar MCDI 

module. 
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Figure 4-11. Representative (a) current profile and (b) the change in the average salt 

adsorption rate (ASAR) of first Bipolar MCDI module in the first direct P2P step. 
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4.3.3 Application into scaled-up system to 12 V and 300 V modules 

As shown in Figure 4-12 and Figure 4-13, the operation combinations 

including the direct P2P were well performed even in the 12 V Bipolar MCDI 

system, showing the same desalination behavior as the 2.4 V system.  

For example, as shown in Figure 4-14a, the energy supplied during the 

charging step decreased linearly as the charging time decreased (the black 

square in Figure 4-14a). In addition, the energy supplied during the reverse 

charging step was significantly reduced by introducing the direct P2P 

compared with the P0C5 operation (the red circle in Figure 4-14a). The results 

were the same behavior with the 2.4 V system. Interestingly, the energy 

supplied during the charging step of the 12 V system was approximately five 

times higher than that of the 2.4 V system as the module scale was expanded 

by a factor of 5. In contrast with that of the charging step, a large increase in 

energy supplied during the reverse charging step was observed in the 12 V 

system compared with the 2.4 V system, which was due to a high reverse 

charging current (refer to Figure 4-14b). Note that a high reverse charging 

current might originate from the rapid discharging characteristic of the 

Bipolar MCDI [9].  

As shown in Figure 4-15a, the trend of adsorbed ions during charging 

and direct P2P steps was similar to that in the 2.4 V system. The adsorbed 
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ions during the charging step decreased linearly as the duration of the 

charging step decreased. In addition, as in the 2.4 V system, the adsorbed ions 

during direct P2P were highest in P2C3 operation and gradually decreased. 

Notably, the 12 V system could adsorb 1.2- to 1.8-fold more ions per mass of 

activated carbon than the 2.4 V system for the same duration time, showing 

rapid and high ion adsorption during the direct P2P step (refer to Figure 

4-15b). 

According to previous research, the bipolar electrode stack showed an 

enhanced ion adsorption rate and capacity compared to the unipolar electrode 

stack [107]. This improvement is believed to originate from the high voltage 

induced across the Bipolar MCDI modules. For the same reason, it is 

plausible that the ion adsorption rate and capacity in direct P2P were 

improved. This result implies that Bipolar MCDI would be favorable for the 

application of direct P2P. 

Figure 4-16 shows the molar energy consumption (𝐸𝑚) and the average 

concentration reduction at the end of the desalination phase (∆𝐶𝑑̅) in operation 

combinations of a 12 V system, which were based on the supplied energy and 

adsorbed ions. As shown in Figure 4-16, the direct P2P reduced the energy 

consumption of the Bipolar MCDI system up to 47% compared with the P0C5 

operation. However, the operation combination with a long direct P2P step 
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and a short charging step caused a decrease in ∆𝐶𝑑̅. For example, ∆𝐶𝑑̅ of P3C2 

and P4C1 was 7.85 and 4.74 mM, respectively, while the ∆𝐶𝑑̅ of P0C5 was 

9.49 mM. Interestingly, P2C3 operation not only consumed significantly less 

energy, at 41% lower than P0C5 operation, but also, achieved consistent ∆𝐶𝑑̅. 

Thus, we consider P2C3 to be the optimized operation combination to increase 

energy efficiency while maintaining desalination performance.  

According to the result on the desalination operation of the 12 V system, 

the P2C3 combination was employed to operate the pilot-scale Bipolar MCDI 

modules and compared with conventional constant voltage desalination and 

reverse voltage regeneration (i.e., P0C5).  

Figure 4-17 shows the representative molar energy consumption (𝐸𝑚) 

with an average concentration reduction of the first Bipolar MCDI module at 

the end of the desalination phase (∆𝐶𝑑̅) in the 300 V system. Besides, the 

effluent concentration and current profile of the 300 V Bipolar MCDI system 

were presented in Figure 4-18. As shown in Figure 4-18, the effluent 

concentration and current profile in the 300 V Bipolar MCDI module with 

direct P2P (red line) is the same as conventional Bipolar MCDI operation 

(black line) during the desalination phase 

This result indicates the successful application of the direct P2P to the 

pilot-scale system using the simple switching circuit. Moreover, as shown in 
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Figure 4-17, the operation combination including direct P2P (P2C3 operation) 

achieved significantly lower energy consumption than conventional operation 

(P0C5), which was 40% lower than the P0C5 energy consumption of 2,150 

kJ/mol. In addition, the ∆𝐶𝑑̅ of P2C3 was 8.97 mM, which was similar to the 

9.37 mM of conventional operation (P0C5). Note that the flow rate of the feed 

water stream, which was lower than the rated flow rate, might affect the high 

energy consumption of the 300 V system compared with the conventional 

MCDI system. This could be solved by applying the appropriate operating 

conditions. Therefore, we ignored this fact in this paper to focus on the 

feasibility of applying Bipolar MCDI with direct P2P to an industrial-scale 

process. Nevertheless, the results indicate that Bipolar MCDI with direct P2P 

can be an option to improve the energy efficiency of MCDI operation not only 

for a lab-scale process but also for an industrial-scale process at a modest cost. 
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Figure 4-12. Representative desalination profile of first Bipolar MCDI module with 

the various operational combination in 12 V system: (a) the effluent concentration 

during desalination phase, (b) the effluent concentration during regeneration phase. 
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Figure 4-13. Representative current profile of first Bipolar MCDI module with the 

various operational combination in 12 V system during the entire cycle. 
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Figure 4-14. Representative desalination performance of first Bipolar MCDI module 

with various operation combinations in the 12 V system: (a) energy supplied during 

the charging and reverse charging step and (b) comparison of current profile in 

charging (positive current) and reverse charging (negative current) step.  
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Figure 4-15. Representative (a) adsorbed ion (∆𝑵) over the charging step and direct 

P2P step of first Bipolar MCDI module with various operation combination in 12 V 

system and (b) the change of the average salt adsorption rate (ASAR). 
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Figure 4-16. The molar energy consumption ( 𝑬𝒎 ) in the desalination and 

regeneration phase and the average concentration reduction at the end of the 

desalination phase (∆𝑪̅𝒅) of the 12 V Bipolar MCDI system. 
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Figure 4-17. Representative comparison of molar energy consumption (𝑬𝒎 ) and 

average concentration reduction at the end of the desalination phase (∆𝑪̅𝒅) between 

the P0C5 and P2C3 operation in the 300 V system. 
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Figure 4-18. Representative (a) effluent concentration and (b) current profile of 300 

V bipoalr MCDI module. 
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4.4.  Summary 

In this study, the operation characteristics of the Bipolar MCDI including 

the direct energy recovery step were investigated for the actual system. The 

optimized operation based on the lab-scale investigation was applied to the 

pilot-scale process. As a major result, energy consumption was reduced by 

43% and 41%, respectively, at the laboratory scale (2.4 V and 12 V system) 

compared to the conventional constant voltage charge/discharge operation by 

the introduction of the direct energy recovery step. In addition, the energy 

consumption was reduced by 40% without deterioration of the desalination 

performance even in the pilot scale. Therefore, we envision that Bipolar 

MCDI with direct energy transfer can be a major stepping-stone to enhancing 

the energy efficiency of the MCDI system even on an industrial scale. 
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5. Conclusion 

In this dissertation, a Bipolar MCDI system with direct energy recovery 

was developed by simulation and practical implementation. 

In the first part, the charge/discharge and direct energy recovery steps 

were simulated by an equivalent circuit model. To improve the accuracy of 

the simulation, the modified two branches model was adopted for the 

charging model, and the classical model was adopted for the discharging 

model. The equivalent circuit model successfully simulates the 

charging/discharging and direct energy recovery steps. According to 

simulation, the direct energy recovery operates below the current of constant 

voltage operation, which indicates that the direct energy recovery of the 

Bipolar MCDI can be safely performed with a constant voltage operation 

system. 

In the second part, the operation characteristics of the Bipolar MCDI 

including the direct energy recovery step were investigated for the actual 

system. The optimized operation based on the lab-scale investigation was 

applied to the pilot-scale process. As a major result, energy consumption was 

reduced by 43% and 41%, respectively, at the laboratory scale (2.4 V and 12 

V system) compared to the conventional constant voltage charge/discharge 

operation by the introduction of the direct energy recovery step. In addition, 
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the energy consumption was reduced by 40% without deterioration of the 

desalination performance even in the pilot scale.  

Therefore, the Bipolar MCDI system with direct energy recovery can be 

an energy-efficient alternative that can be applied to real industrial 

environments. In addition, the development process from simulation to 

application is expected to be of great help in expanding laboratory-scale 

research to an industrial scale. 
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국문 초록 

기후위기 극복을 위한 탄소중립사회로의 전환을 위해 에너지 효율

적이고 친환경적인 물 확보 기술의 개발이 중요하며, 저에너지 친환경 

담수화 기술인 막 축전식 탈염 (membrane capacitive deionization, MCDI) 

기술이 주목받고 있다.  MCDI 기술이 실제 산업에 적용되기 위해서는 

MCDI 모듈의 확장과 에너지 회수 기술의 탑재가 필수적이지만, 기존 확

장 방식은 시스템에서 큰 에너지 손실이 발생하며, 에너지 회수 기술도 

비효율적이다.  

본 논문은 직접 에너지 회수 단계를 포함하는 양극성 전극 기반 막 

축전식 탈염 (bipolar electrode based MCDI, Bipolar MCDI) 시스템을 개

발하는 것을 목적으로 한다. 이를 위해 두가지 접근 방식을 적용하였다.  

첫 번째는 직렬 연결로 적층된 전극인 양극성 전극을 통하여 이를 해결

하였다. 양극성 전극 기반 막축전식 탈염(bipolar electrode based MCDI, 

Bipolar MCDI)은 높은 전압, 낮은 전류로 운전되기 때문에 산업 규모에

서의 에너지 손실을 줄일 수 있다. 두 번째는 직접 에너지 회수 방식을 

채용하여 시스템의 에너지 소비를 줄일 수 있었다. 그러나 이 두 개념의 

성공적인 조합을 위해서는 전기적 안전성 확보가 우선해야 한다. 높은 

운전 전압으로 작동하는 두 개의 Bipolar MCDI 모듈이 에너지 회수를 위
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해 직접 연결될 경우, 시스템의 허용 전류보다 높은 전류가 흐를 가능성

이 높고, 이는 전기 폭발이나 장치 손상으로 나타날 수 있다. 

우선, Bipolar MCDI 모듈의 충/방전 및 직접 에너지 회수 단계를 모

사하기 위하여 등가회로 모델을 적용하였다. 주요 모사 결과는 충/방전 

단계는 물론 직접 에너지 회수 단계에 대해서도 실제 실험결과와 매우 

잘 맞았다. 또한 직접에너지 회수가 정전압 운전의 전류 범위 이내에서 

작동함을 확인하였고, 이는 Bipolar MCDI의 직접에너지 회수가 정전압 

시스템에 안전하게 작동할 수 있음을 나타낸다. 

둘째, 직접 에너지 회수 단계를 포함하는 Bipolar MCDI 시스템의 운

전 특성을 조사하였고, 이를 토대로 최적화된 운전 방식을 파일럿 규모 

공정에도 확장하였다. 주요 결과로 실험실 규모의 장치 (2.4 V와 12 V 시

스템)에서 기존의 정전압 충/방전 운전에 비해 각각 43%와 41%의 에너

지를 저감할 수 있었다. 게다가 파일럿 규모의 공정에서도 탈염 성능의 

저하없이 40%의 에너지를 감축하였다. 

요약하면 본 연구에서는 MCDI 기술의 산업적 응용을 위해 MCDI

모듈 확장과 에너지 회수 기술을 양극성 전극 그리고 직접 에너지 회수 

기술을 적용하여 파일럿 공정에도 적용되는 Bipolar MCDI 시스템을 성

공적으로 개발하였다. 본 연구를 통해 개발한 직접 에너지 회수 단계를 
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포함하는 Bipolar MCDI 시스템이 실제 산업 환경에서 에너지 효율적인 

대안이 될 수 있으며, 개발과정은 향후 실험실 규모의 연구가 산업 규모

로 확장하는 것에 도움을 줄 수 있을 것으로 기대 된다. 
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