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Abstract 11 

12 

Electrochemical process like Electrodialysis (ED) and Electrodialysis with Bipolar 13 

Membranes (EDBM) can contribute to the production of freshwater and to the 14 

valorization of waste streams. In particular, EDBM can valorise the waste from 15 

desalination technologies using electric power, producing acids (HCl) and basis (NaOH) 16 

from seawater rejected brines. The use of a variable current intensity coming from a low-17 

carbon source such as photovoltaic (PV) solar energy means a decrease of the associated 18 

carbon footprint of the obtained products. In this work, the reduction of the specific 19 

energy consumption (SEC) of the acid from an EDBM process thanks to a feedback 20 

control loop under variable current intensity is presented. The EDBM process works in 21 

continuous or semi-continuous mode under constant or variable current intensity by 22 

means of a PV solar array simulator for 30 hours. A concentration around 1 mol·L-1 HCl 23 

has been obtained in all experiments even under variable current intensity. A noticeable 24 

drop in the SEC from a reference value of 7.3 kWh·kg-1 HCl (constant current intensity) 25 

to 4.4 kWh·kg-1 HCl (variable current intensity and feedback control loop) was reported. 26 
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 1. Introduction 33 

 34 

Electrochemical process like Electrodialysis (ED) and Electrodialysis with Bipolar 35 

Membranes (EDBM) can contribute to the production of freshwater and to the 36 

valorization of waste streams. In particular, EDBM is capable of producing acids such as 37 

HCl and bases such as NaOH from the waste of the desalination technologies in the form 38 

of brines using electricity as a driver. Indeed, the most critical limitation of using EDBM 39 

for acid and basis production is related to this energy consumption, which also affects the 40 

operation costs [1]. An example of reported values for the Specific Energy Consumption 41 

(SEC) of EDBM is between 7.5 kWh·kg-1 HCl and 8.3 kWh·kg-1 HCl [2]. Therefore, the 42 

generation of the demanded electrical energy for the EDBM will have a certain carbon 43 

footprint, depending on the electricity mix employed. To prevent this indirect 44 

environmental implications, in terms of carbon footprint of the EDBM technology due to 45 

its relatively high SEC, a straightforward way to circumvent this undesired situation is 46 

the use of a low-carbon renewable power source. 47 

In general, the direct integration of desalination with low-carbon renewable energies 48 

is mainly accomplished by wind and PV solar power and typically restricted to 49 

autonomous small capacity plants [3]. The direct coupling of electrochemical processes 50 

and renewable energy for polluted streams [4] or even desalination [5] are well-known 51 

approaches in the literature in order to avoid the carbon footprint associated with a large 52 

energy consumption. The main advantage of this kind of strategies is that, in terms of 53 

primary energy, the SEC per unit of treated volume is almost free of environmental 54 

burdens, which makes the process to have a clear eco-innovative behavior. Consequently, 55 

the supply of direct current (DC) to electrochemical processes achieved by PV solar 56 

energy is described as an interesting alternative (see Table 1) and does not need extra 57 

electrical transformations (AC to DC). Other renewable sources such as wind power may 58 

have been chosen, but the excellent modularity capacity and potential future 59 

developments make PV solar the most desirable option in general. 60 

Published literature regarding PV solar energy combined with electrochemical 61 

technologies featured two essential characteristics. The first one is the fact that the DC 62 

power supply is typically connected to a regulator system, providing a smooth DC output 63 

thanks to batteries. The second feature is that the integrated PV process operates in batch 64 

mode or continuous mode but only during short time operations, as shown in Table 1 for 65 

the ED technology. This situation of short times strangles the possibility to analyze a 66 
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critical item such as the solar irradiation profiles, which lead to a variable current intensity 67 

for the chosen EDBM process. Therefore, the applied current intensity is time-dependent. 68 

Indeed, the stochastic nature of the solar irradiation makes that a proper design and 69 

operation is needed to circumvent the application of the time-dependent electricity input 70 

rather than a constant (or galvanostatic) one.  71 

The prospect of coupling the operation of EDBM in continuous mode instead of batch 72 

has been scarcely referenced and no studies were found together with the integration of 73 

naturally-variable current input in a whole day. Indeed, the experimental total time of 74 

electrochemical processes coupled to PV solar sources tends to be below 500 minutes. It 75 

seems obvious that there is a lack of studies for continuous mode operation, which is the 76 

normal mode of operation for large-flowrate facilities as in desalination plants, and even 77 

less if coupled to PV solar energy. 78 

 79 

 80 

Figure 1. Flowsheet of the EDBM plant. 81 

 82 

For this reason, a novel configuration integrating EDBM with a variable current 83 

intensity is depicted in Figure 1. As it can be seen, there are three material input streams: 84 

brine, diluted acid (HCl), and diluted base (NaOH); one energy input as electricity in the 85 

form of direct current (constant or variable current intensity); and three output material 86 

streams: treated brine, concentrated acid (HCl) and concentrated base (NaOH). As the 87 

current intensity is simulating the output of a PV solar array, the benefits in terms of using 88 

renewable power sources are clear due to the low-carbon footprint per unit of electric 89 

energy. 90 

 91 

 92 
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Table 1. Selected references of ED and EDBM systems powered by constant and variable 93 

current intensity, operating in batch and continuous mode. B stands for batch and Cnt for 94 

continuous. 95 

 96 

Power Supply Constant (grid mix) Variable (Photovoltaic) 

Operation 

mode 
B 

Time 

(min) 
Cnt 

Time 

(min) 
B 

Time 

(min) 
Cnt 

Time 

(min) 

T
ec

hn
ol

og
y 

ED 

[6] 25 [7] - [8] 50   

[7] - [9] 
1,500-

3,600 
[10] 90-120   

[9] 
1,500-

3,600 
[11] -     

  [12] 150     

EDBM 

[13] 30 [2] 420     

[14] 480       

[15] 180     
This 

work 
1,800 

 97 

The use of a large current intensity can lead to the fact that most of the injected energy 98 

is wasted. Even if the generation of acid is assumed to be proportional to the applied 99 

current [16], a crossover phenomenon is suggested here to explain the plateau in the acid 100 

character versus the applied current [17–19]. Therefore, the additional amount of injected 101 

electricity is not transformed into a higher acid/base concentration, leading to higher SEC 102 

values.  103 

Taking into account the previous considerations, the aim of this work is the reduction 104 

of the SEC of the acid and base production from saline concentrates by means of EDBM 105 

under variable current intensity. As a case of study, the production of HCl and NaOH 106 

from synthetic seawater desalination brines is selected. The EDBM process operates with 107 

a variable current intensity, which simulates the behavior of a real PV solar module under 108 
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a predetermined solar irradiation profile connected directly to the lab-scale stack. Special 109 

emphasis regarding the SEC of the produced acid is provided, considering the fact it is 110 

the target product usually reported in the literature. Constant current intensity is studied 111 

as reference. The effect of not using the feedback control loop is also included as 112 

reference. 113 

 114 

2. Experimental methodology 115 

2.1. Lab scale experimental set-up 116 

All the experiments in this work were performed in a modified PCCell (Germany) 117 

bench scale laboratory ED system, composed of different elements as shown in Figure 2. 118 

The main modifications include the peristaltic pumps to work in continuous or semi-119 

continuous mode as well as the SCADA system and measurement equipment. The 120 

individual feedback control loops for the pH of the acid and the conductivity in the brine 121 

are also inserted in Figure 2. The controlled variable is the pH of the concentrated acid 122 

stream. A set-point is fixed for the pH of the acid. The measured variable is therefore the 123 

pH of the acid. The manipulated variable is the flowrate of the diluted HCl stream. Due 124 

to the overflow configuration, this flowrate matches exactly the flowrate of the 125 

concentrated HCl stream. Disturbances in the pH value are due to the variable current 126 

intensity. Zero flowrate of the input diluted HCl will tend to reduce the pH until the 127 

maximum value (concentration effect). A relatively large flowrate of the diluted HCl 128 

stream will reduce the pH (dilution effect). As later explained, the use of this control loop 129 

will help at reducing the SEC. An additional feedback control loop is included regarding 130 

the conductivity of the brine tank. For this one, the controlled variable is the conductivity 131 

of treated brine stream. A set-point is fixed for the conductivity of the brine. The measured 132 

variable is the brine conductivity. The manipulated variable is the flowrate of the input 133 

brine stream. The individual components of the lab-scale plant are described next. 134 

 135 

 136 
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 137 

 138 

Figure 2. Set up of the lab scale EDBM process. Level, voltage, and current intensity 139 

transmitters as well as other elements are not included for simplicity 140 

 141 

a. Cell stack and membranes 142 

The commercial electrodialysis cell used is composed of two electrodes made of 143 

titanium and coated with ruthenium oxide. The effective area of the cathode and the anode 144 

is 100 cm2 (square, 10 cm each side). Commercial heterogeneous polyethylene based 145 

anion (AM-PP RALEX) and cation (CM-PP RALEX) exchanges membranes were 146 

acquired from Mega (Czech Republic). Commercial bipolar membranes (Fumasep FBM) 147 

were purchased from Fumatech (Germany). The configuration of the stack is displayed 148 

in Figure 3, following the next sequence CEM/AEM/BP/CEM/CEM (or abbreviated as –149 

CABCC+ configuration). Same membrane type and configuration than in previous works 150 

[14] have been selected in order to be able to compare the obtained results. 151 

 152 
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 153 

Figure 3. EDBM stack configuration. 154 

 155 

b. Power supply 156 

A commercial power supply (Statron, Germany) is integrated into the modified bench 157 

scale laboratory ED system to be used when constant applied current intensity is 158 

considered. This power supply is able to provide a maximum current of 22 A and a 159 

maximum voltage of 36 V as nominal values. 160 

 161 

c. PV solar array simulator for the variable current intensity 162 

A PV solar array simulator (Chroma, Netherlands) was coupled to the modified bench 163 

scale laboratory ED system. This power supply simulates the electrical output of a PV 164 

solar array, once defined a set of parameters as in Table 2, based on a certain solar 165 

irradiation profile. Through the introduction of the panel parameters and the irradiation 166 

and temperature curves chosen by the user, the software provides the current intensity-167 

voltage (I-U) and power-voltage (P-U) operation curves. The relationship between the 168 

applied current intensity (I) and the voltage (U) is determined by the total ohmic 169 

resistance between the electrodes of the stack and is not fixed by the simulator. Therefore, 170 

the simulator behaves such as a real PV solar array. The selected parameters for this case 171 

study are shown in Table 2 [20]. The mathematical model is the set of equations that 172 

correlate the voltage and current intensity from the PV solar array at a certain temperature 173 

and solar irradiation. The FF is the ratio between the power at the maximum power point 174 

under standard reference conditions and the hypothetical power given by the open circuit 175 

voltage and the short current intensity. The use of a PV solar array simulator provides a 176 

great flexibility thus any solar irradiation profile can be chosen. 177 

 178 
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Table 2. Parameters used in the operation in the solar array simulator. 179 

 180 

Parameters Parameter name Value Units 

Mathematical model I-V Model SANDIA - 

Voltage (at 

maximum power 

point) 

Vmp 34.4  V 

Power (at maximum 

power point) 

Pmp 160  W 

Fill Factor FF 0.68 (Std. Crystalline) - 

Exposed area APV
 1.125  m2 

Maximum PV 

efficiency 

𝜂𝜂𝑀𝑀𝑀𝑀𝑀𝑀  14.2% - 

 181 

d. pHmeter and conductivimeter 182 

Continuous monitoring and control of conductivity in the brine stack and pH in the 183 

acid stack are provided by two probes connected to a transmitter (Endress+Hauser, 184 

Germany). 185 

 186 

e. Refrigerator 187 

In order to control the temperature of the liquid in the different compartments of the 188 

stack, a refrigeration bath was used from PolyScience (USA). The coolant flows through 189 

the volume of the jacket of the tanks. 190 

 191 

f. Control via SCADA 192 

The experimental set-up is controlled by a PLC (CX-Programmer) connected to a 193 

SCADA (Supervisory Control and Data Acquisition) system (CX-Supervisor). Both CX-194 

Programmer and CX-Supervisor, belong to the CX-One package (OMRON, Japan). The 195 

customized program allows the operator to select between power supplies (power 196 

supply/PV solar array simulator), to record the pH and conductivity; and to manipulate 197 

the value of variables such as the input feed flowrate. The feedback control loop is 198 

inserted in the customized SCADA program. 199 

 200 
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g. Tanks and peristaltic pumps 201 

Four individual jacked glass tanks with a capacity of 2.3 L (maximum volume before 202 

overflowing) were used for the recirculation through each compartment in the stacks 203 

(brine, acid, base and electrode). Two peristaltic pumps Watson-Marlow 323Du 204 

(England) were used for the feed and the product (two heads). To guarantee the same 205 

value for the inlet and the output flow, the overflow of each tank was used. Due to the 206 

good mixing in the tanks, the concentration of the overflowing products and the treated 207 

brine is the same in the collected streams and in the tanks.  208 

 209 

h. Solutions prepared for the experiments 210 

Model desalination synthetic brines from a RO desalination plant in operation located 211 

in Las Aguilas (Spain) [14,21] were used in the experiments. The salt tank was initially 212 

loaded with 0.5 mol·L-1 NaCl, being the feed inlet 1 mol·L-1 NaCl. The NaCl used was 213 

extra pure grade and purchased from Scharlau. The initial acid and base concentrations 214 

in the acid and base tanks were 1 mol·L-1 HCl and 1.5 mol·L-1 NaOH respectively, 215 

according to the concentrations reached in a batch operation mode in a previous work 216 

[14]. The inlet concentration was 0.1 mol·L-1 HCl for the acid and 0.1 mol·L-1 NaOH for 217 

the basis. Both acid and base were ACS grade and purchased from Panreac. Two different 218 

solutions were used for the electrode compartment: 0.5 mol·L-1 NaOH and 0.5 mol·L-1 219 

Na2SO4 (ACS grade, Scharlau). Mili-Q water was used to prepare the input streams and 220 

the tanks solutions. Same concentrations than in previous works [14] have been selected 221 

in order to be able to compare the obtained results. 222 

 223 

2.2 Experimental procedure 224 

The experimental system has been operated in continuous (all flowrate are constant 225 

and different from zero) or semi-continuous (flowrates maybe zero) mode. Acid (HCl) 226 

and base (NaOH) are generated with no liquid accumulation due to the overflows. Every 227 

experiment did last 30 hours, distributed in three days, operating 10 hours per day. The 228 

flowrate of the stream that recirculates the liquid from each tank to each corresponding 229 

compartment through the EDBM cell was 60 L·h-1 (centrifugal pumps in the center of 230 

Figure 2). The temperature was set to approximately 15 °C thanks to the tanks being 231 

jacketed. Four experiments have been performed (E-C, E-V1, E-V2 and E-V3). The 232 

corresponding experimental conditions are summarized in Table 3. Current intensity for 233 
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the experiment E-C and the membranes for all the experiments were chosen from previous 234 

works in batch mode [21]. 235 

 236 

a. Constant current intensity experiment (E-C) 237 

Initially, the continuous mode is tested considering constant current intensity as a 238 

reference, leading to experiment E-C. Application of a constant current density can be 239 

used as a benchmark for the comparison when the current density is variable. In the E-C 240 

experiment, a constant current intensity of 2.2 A given by the power supply was applied. 241 

This current density was determined based on the results from [21] for this case study. 242 

 243 

2.2.2 Variable current intensity with no feedback control loop (E-V1 and E-V2)  244 

To fulfill the aim of the work, the influence of the variable current intensity was 245 

analyzed. Consequently, only the current intensity profile was changed from E-C 246 

(constant) to E-V1 and E-V2 (variable). Continuous mode was the chosen operating mode 247 

(constant flowrate different from zero). For both E-V1 and E-V2 experiments, the solar 248 

array simulator was employed as power supply. An average irradiation corresponding to 249 

the month of July in Almería (southeast, Spain) obtained from PV-GIS database [22] was 250 

selected. This irradiation profile was chosen due to the large solar irradiation values in 251 

this area of Spain. Almería is a southeast region within Spain with important water 252 

scarcity problems and desalination capacities [23]. A maximum irradiation of 960 W·m-253 
2 is obtained at the central hours of the day in that location in July. In addition, it is clear 254 

that these conditions should be favorable to the process: the possibility of further scale-255 

up of EDBM powered by PV will be necessarily completed in a region with this kind of 256 

facility demands. The difference between E-V1 and E-V2 is the nature of the electrolyte 257 

used in the electrode tank. Finally, 0.5 mol·L-1 NaOH and 0.25 mol·L-1 Na2SO4 solutions 258 

were used as an electrolyte in the E-V1 and E-V2 experiments, respectively.  259 

 260 

2.2.3 Variable current intensity with feedback control loop (E-V3) 261 

The possibility of increasing the net production of HCl (thus a larger flowrate) by 262 

controlling the pH of the HCl product under the same irradiation profile as in E-V1 and 263 

E-V2 was analyzed in E-V3 (July, Almeria) under semi-continuous mode (flowrate can 264 

be zero). The inlet flowrates can be zero or a fixed value according to the set-point entered 265 

via the SCADA program. The peristaltic pump responsible for the flowrate to the acid 266 

and basis tanks is only activated at 4 mL·min-1 when the pH in the acid tank is below 0.1. 267 
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The peristaltic pump responsible for the flowrate to the salt tank is only activated at 8 268 

mL·min-1 when the conductivity in the salt tank is below 50 mS·cm-1.  269 

As a summary, E-C is the benchmark experiment under constant current intensity, 270 

while E-V1, E-V2, and E-V3 show the effect of the variable current intensity (simulated 271 

by the solar irradiation profile). E-V1 and E-V2 were run in continuous mode (no 272 

feedback control loop) while E-V3 was run in semi-continuous mode (feedback control 273 

loop). 274 

 275 

2.3 Analytical methods 276 

Samples were withdrawn every two hours for the measurement of pH and 277 

conductivity. Acid and base titration, using analytical grade reagents, was also performed. 278 

The concentration of Cl−, SO4
2−, and Na+ were determined by ion chromatography 279 

(Dionex ICIS-1100 for anions and Dionex DX-120 for cations, Dionex Corp., (USA)). 280 

Control samples were included in the analytical procedure to guarantee the validity of the 281 

results. The record of current intensity and voltage was completed by the data collection 282 

tool used in the SCADA program. 283 

 284 

  285 
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Table 3. Description of four performed experiments. 286 

Experiment 

code 

Current 

intensity 

mode 

Operation 

mode 

Flowrate 

(salt tank) 

Flowrate 

(acid/base tank) 

Electrode 

solution 

NaCl 

input 

stream 

Initial tank concentration 

 

  

 

mL·min-1 mL·min-1  

mol·L-

1 

Salt Acid Base Electrode 

mol·L-

1 

mol·L-

1 

mol·L-

1 mol·L-1 

E-C Constant 

Continuous 2a 1a 
NaOH 

1 0.5 1 1.5 

0.5 
E-V1 

Variable 
E-V2 

Na2SO4 

0.25 

E-V3 
Semi-

continuous 
8b 4c 0.5 

a It is a fixed value thus continuous mode 287 
b It can be switched between 0 mL·min-1 and a fixed value of 8 mL·min-1 thus semi-continuous mode. The set point for the brine tank conductivity is 50 mS·cm-1. A conductivity value below 50 mS·cm-1 stops the 288 
peristaltic pump. 289 
c It can be switched between 0 mL·min-1 and a fixed value of 4 mL·min-1 thus semi-continuous mode. The set point for the acid tank pH is 0.1. A pH value over 0.1 stops the peristaltic pump. 290 

 291 

 292 

 293 
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3. Results and discussion 294 

 295 

An analysis of the production of acid and base and brine removal results for each of 296 

the four experiments performed is presented next. Once these results are discussed, an 297 

analysis of the Specific Energy Consumption regarding the production of acid (HCl) as 298 

the representative product (SECHCl as kWh·kg-1 HCl) is assessed.  299 

 300 

3.1. Analysis of the production of acid and base and brine removal in continuous 301 

mode 302 

A summary of the average concentrations of Cl-, Na+, SO4
2- in the four tanks for the 303 

four experiments plus the standard deviation is presented in Table 4. The pH and 304 

conductivity values are reported in Table 5. Both under constant and variable current 305 

intensities, measured concentration values for the involved species can be reported as 306 

average values during the period of 30 hours. 307 

E-C was used as a benchmark experiment. An overall (0.55±0.04) mol·L-1 Cl- output 308 

salt concentration is obtained for the total period of 30 hours. A similar situation is 309 

observed for the acid compartment (0.93±0.04) mol·L-1 Cl- and base compartment 310 

(1.49±0.05) mol·L-1 Na+ output base concentration. Na+ cations in the acid compartment 311 

were below the detection limit. Consequently, it can be assured that the process is able to 312 

produce acid and base in a continuous mode under constant current intensity of 2.2 A. A 313 

loss of Na+ was observed in the electrolyte compartment thus the conductivity decreased 314 

too. Measurements of conductivity in the different compartments were in agreement with 315 

the previous profiles. Regarding pH, the acid compartment presents values close to -316 

0.08±0.04 while the base compartment has a value close to 14.23±0.02. The salt 317 

compartment is acidified at an average value of 1.02±0.11. The fact that the initial 318 

concentration in the salt, acid and base tanks is selected in advance to fit the expected 319 

steady-state for the period of 30 hours must not be misleading. Using a flowrate of 1 320 

mL·min-1 for the acid product, supposing no production of H+ at all, it will result in a final 321 

concentration of 0.51 mol·L-1 H+, (pH≈0.3), using a non-steady-state simple mass 322 

balance. This value is well-below the obtained acid concentration of (0.93±0.04) mol·L-1 323 

Cl-. A similar situation holds true for the base and salt tank. 324 

 325 
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E-V1 introduces the effect of the variable current intensity due to the solar irradiation 326 

profile. The output Cl- concentration in the salt stream is almost constant for the period 327 

of 30 hours of the experiment: an overall (0.47±0.01) mol·L-1 Cl- concentration is 328 

obtained when powered by the PV solar array simulator. The concentration of Cl- in the 329 

output acid stream remained in steady-state for the period of the experiment ((0.98±0.04) 330 

mol·L-1 Cl-). A similar status is observed for the base compartment: a concentration of 331 

(1.64±0.10) M Na+ for the output base stream is obtained for the total period of E-V1. 332 

The loss of Na+ in the electrolyte compartment leads to a noticeable increase in the output 333 

voltage on the 3rd day (last 10 hours). Conductivity also supported the values observed 334 

for Cl- and Na+. The pH values in the acid and base compartments were in good agreement 335 

with the concentration of Cl- (-0.06±0.03) and Na+ (14.23±0.03) respectively. 336 

Acidification of the salt compartment was also observed. It is noteworthy that a higher 337 

value of the average current intensity from 2.2 A in E-C to 3.7 A, reaching peaks of 5 A 338 

in E-V1, did not reveal an increase in the average pH. 339 

In E-V2, the output Cl- concentration is almost constant for the already period of 30 340 

hours of the experiment: an overall (0.47±0.03) M Cl- concentration is obtained when 341 

powered by the PV solar array simulator and swapping to Na2SO4 as the electrolyte. 342 

Na2SO4 was tested as an electrolyte to prevent the loss of conductivity. For the acid 343 

compartment, the average concentration was (1.06±0.05) mol·L-1 Cl-. For the base 344 

compartment, the average concentration was (1.55±0.05) mol·L-1 Na+. SO4
2- 345 

concentration remained constant in the electrode tank (0.23±0.01 mol·L-1 SO4
2-) for the 346 

whole experiment. Due to the fact that no relevant losses of Na+ were observed, 347 

conductivity in the compartments remained almost constant thus concentration was raised 348 

in E-V3 in order to reduce the total stack voltage. As the current intensity profile was 349 

equal to the one applied in E-V1, then the voltage profiles for the three days were quite 350 

similar due to an overall similar conductivity profile for the three days. In the acid tank, 351 

the pH values were around -0.08±0.05, and in the base tank 14.24±0.03, which fits the 352 

concentrations of Cl- and Na+ for the period of the experiment. Once again, the superior 353 

average current intensity compared to the value for E-C did not end up into a decrease in 354 

the pH of the acid compartment but into a steady-state value. 355 

E-V3 demonstrates the effect of the variable current intensity. Independent feedback 356 

control loops for the pH of the acid and the conductivity of the brine were used, with their 357 

own set-points. The hypothesis for E-V3 is that a larger input current intensity will be 358 

able to withdraw additional concentrated acid and base from each tank at the same 359 
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concentration level. In fact, this way, crossover phenomenon is prevented thus a higher 360 

yield as SEC can be obtained as later demonstrated. The concentration of Cl- in the salt 361 

tank was almost constant during the period of the experiment with a value of (0.40±0.01) 362 

mol·L-1 Cl-. As in the other experiments, the potential amount of Na+ in the HCl tank was 363 

below the detection limit. While in the experiments E-C, E-V1 and E-V2, the flowrate 364 

was fixed for both inputs streams during the period of 30 hours (continuous mode as 365 

shown in Table 3), in E-V3 the flowrate only uses two values for the acid: 0 mL·min-1 366 

and 4 mL·min-1 and two values for the brine: 0 mL·min-1 and 8 mL·min-1. The 367 

concentration of Cl- and Na+ in the acid and base compartment were also almost stable at 368 

values of (0.96±0.05) mol·L-1 Cl- and (1.50±0.05) M Na+. SO4
2- concentration remains 369 

constant in the electrode tank ((0.47±0.02) mol·L-1 SO4
2-)). The pH values in the acid 370 

(0.03±0.04) and base (14.19±0.01) compartments were in agreement with the Cl- and Na+ 371 

concentration tanks respectively. Therefore, the acid control loop (pH<0.1) was active 372 

during the whole period of 30 hours (pH<0.1). Acidification of the salt compartment was 373 

also observed with values at 1.32±0.15. No significant variations of the conductivity 374 

values were observed. Due to this conductivity stability, the total stack voltage profiles 375 

for the three days were quite similar. It is noteworthy that the concentration values were 376 

not due to the initial concentration of HCl and NaOH in the tanks. The 30 hours 377 

experimentation time guarantees that the liquid volume inside the tanks would be almost 378 

replaced by the diluted acid and base if the process would be not capable of producing 379 

them using the bipolar membranes as mentioned earlier in E-C. At a flowrate of 4 380 

mL·min-1 and no production of H+, the theoretical final pH would be 0.86, which is higher 381 

than the actual measured value (0.03±0.04). 382 
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Table 4. Summary of concentration of the main species for the four performed experiments. b.d.l. stands for below detection limit. 383 
 384 
Experiment 
code 

Steady-state concentration of chloride anion Cl- Steady-state concentration of chloride anion 
Na+ 

Steady-state 
concentration 
for sulphate 
anion SO42- 

 
Salt Acid Base Electrode Salt Acid Base Electrode Electrode 

mol·L-1 mol·L-1 mol·L-1 mol·L-1 mol·L-1 mol·L-1 mol·L-1 mol·L-1 mol·L-1 
E-C 0.55±0.04 0.93±0.04 0.06±0.01 0.05±0.01 0.53±0.05 b.d.l. 1.49±0.05 0.39±0.09 - 
E-V1 0.47±0.01 0.98±0.04 0.09±0.01 0.06±0.01 0.40±0.03 b.d.l. 1.64±0.10 0.24±0.20 - 
E-V2 0.47±0.03 1.06±0.05 0.08±0.01 0.05±0.01 0.38±0.02 b.d.l. 1.55±0.05 0.32±0.03 0.23±0.01 
E-V3 0.40±0.01 0.96±0.05 0.13±0.01 0.07±0.00 0.35±0.02 b.d.l. 1.50±0.05 0.40±0.01 0.47±0.02 

 385 
Table 5. Summary of pH and conductivity values for the four performed experiments 386 
 387 
Experiment 
code 

pH Conductivity 

 
Salt Acid Base Electrode Salt Acid Base Electrode 

    mS·cm-1 mS·cm-1 mS·cm-1 mS·cm-1 
E-C 1.02±0.11 -0.08±0.04 14.23±0.02 13.66±0.12 62±5 320±15 242±13 73±17 
E-V1 1.18±0.08 -0.06±0.03 14.24±0.03 13.27±0.46 56±4 349±16 263±12 47±34 
E-V2 1.12±0.12 -0.08±0.05 14.24±0.03 0.99±0.24 62±7 367±19 270±14 41±4 
E-V3 1.32±0.15 0.03±0.04 14.19±0.01 0.88±0.37 43±1 319±15 243±17 64±8 

 388 
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3.2. Specific energy consumption for the acid production 389 

The energy performance of the EDBM powered by variable (and constant as reference) 390 

current intensity has been quantified in terms of the Specific Energy Consumption (SEC) 391 

applied to the production of HCl from model brine solutions at lab scale. On the other 392 

hand, as variable current intensity simulating the behavior of a PV solar array is applied, 393 

it is of interest to analyze the theoretical PV solar conversion efficiency. Thus, two 394 

energy-related metrics are taken into account to characterize the energy performance of 395 

the process, which is directly related to its carbon footprint.  396 

The Specific Energy Consumption SECHCl represents the energy used by the EDBM 397 

stack to produce one unit of mass of HCl at a specified concentration. As two products 398 

are obtained in EDBM, HCl was chosen over NaOH due to the fact that most of the 399 

references are related to the acid compartment rather than the base compartment as 400 

reported in Table 6. The SECHCl (expressed as kWh·kg-1 HCl) is then calculated as in Eq. 401 

1: 402 

 403 

𝑆𝑆𝑆𝑆𝑆𝑆𝐻𝐻𝐻𝐻𝐻𝐻 =
∫ 𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑡𝑡=𝑡𝑡𝐸𝐸
𝑡𝑡=0

𝑄𝑄𝐻𝐻𝐻𝐻𝐻𝐻𝑃𝑃𝑃𝑃𝐻𝐻𝐻𝐻𝐻𝐻𝑆𝑆𝐻𝐻𝐻𝐻𝐻𝐻������𝑈𝑈𝐸𝐸
 (1)  

 404 

Where U is the total stack voltage (V), I is the current intensity (A), QHCl is the flowrate 405 

of produced HCl (L·h-1) by the overflow, PMHCl is the molecular weight of HCL (g·mol-406 
1), 𝑆𝑆𝐻𝐻𝐻𝐻𝐻𝐻������ is the average concentration of HCl during the experiment (mol·L-1) as reported 407 

in Table 3), tE is the total time of the experiment (30 hours), and t is the time. The main 408 

hypothesis is that a higher QHCl is possible while keeping 𝑆𝑆𝐻𝐻𝐻𝐻𝐻𝐻������ relatively stable, thus a 409 

lower SECHCl would be obtained if the same amount of energy is injected. The rationale 410 

here is that the larger injected current intensity can be used for this purpose avoiding the 411 

negative effect of the crossover phenomenon between the compartments. The relationship 412 

of the total voltage (U) and current intensity (I) in the cell will be determined by the 413 

overall ohmic resistance, which have to include the ionic resistance due to the membranes 414 

[24]. Therefore, a high conductivity is necessary to maintain the total voltage as low as 415 

possible.  416 

 417 
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Table 6. Specific energy consumption of the production of HCl SECHCl (kWh·kg-1 HCl) for the four performed experiments and selected references. 418 

B stands for batch and Cnt for continuous. C stands for constant current intensity (Grid Mix) and V stands for Variable  current intensity (PV array 419 

simulator). 420 

 421 

Experiment Reference SECHCl Produced acid HCl 

concentration 

Average 

current 

density 

Bipolar 

membrane 

Operation 

mode and 

time (min) 

Power 

source 

  kWh·kg-1 

HCl 

 mol·L-1 A·m-2    

E-C This work 7.3 HCl 0.93 220 Fumasep FBM Cnt C 

E-V3 4.4 0.96 360 V 

 [2] 7.5 HCl+H2SO4 

 

1.0 220 Fumatech B / Cnt / 150 C 

8.0 450 

8.3 570 

[25] 4.2 HCl+H2SO4 1.5 - PC BP Cnt 

[26] 3.72 Alpha-ketoglutaric 

acid 

0.033 65 PC 200bip 

(PCCell) 

B / 180 

422 
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Table 6 reports the values of the SECHCl for E-C and E-V3 experiments, including 423 

additional SEC values of interest from selected references. As it was expected and 424 

confirmed by the experimental results, E-V3 shown the lowest SEC, which was 4.4 425 

kWh·kg-1 HCl among the variable current intensity experiments, reaching values even 426 

below the 7.3 kWh·kg-1 HCl obtained for E-C. This value for the SECHCl of E-C shows 427 

that the applied current density of 220 A·m-2 used as a reference from previous work (2.2 428 

A) could be potentially reduced. SEC values reported in [2] fits those presented here for 429 

a similar range of constant current densities and HCl and H2SO4 concentrations. It is 430 

noteworthy that each individual experimental set-up (different individual studies) can 431 

explain the differences in the influence of the current density in the SEC values. The key 432 

element of the reduction in the SECHCl has been the increase of the product flowrate by 433 

four times according to Eq. 1. The feedback control loop for the acid helped at increasing 434 

the production of HCl without compromising its concentration. Figure 4 displays the 435 

SECHCl values for the three variable experiments and its comparison versus the reference 436 

experiment E-C. SECHCl values of 22.9 kWh·kg-1 HCl and 18.7 kWh·kg-1 HCl were 437 

obtained for E-V1 and E-V2 respectively. As it was expected, due to the fact that the acid 438 

concentration was similar to the benchmark experiment E-C and a higher current density 439 

was applied (350 A·m-2 and 360 A·m-2 instead 220 A·m-2), the SECHCl increased in 440 

regards to the value for E-C. 441 

 
Figure 4. Comparison of the SECHCl for the variable experiments E-V1, E-V2 and 

E-V3. The red line is the SECHCl of E-C (7.3 kWh·kg-1 HCl), which is the reference 

experiment. 
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 442 

As it was mentioned earlier, the loss of conductivity in the electrolyte compartment 443 

led to an overall increase in the ohmic resistance, which is visualized here in terms of a 444 

relevant increase in the total cell voltage. Figure 5 displays the value of total current 445 

intensity and total cell voltage for the four experiments performed. The effect is especially 446 

important in E-V1. While voltage in the first 20 hours of operation topped 10.9 V in the 447 

central hours, the maximum value in the last 10 hours reached 28.9 V. As a result, the 448 

SECHCl increased up to 35.2 kWh·kg-1 HCl for the last 10 hours, which is around five 449 

times the value obtained for E-C. The swapping to Na2SO4 is justified here, as the voltage 450 

was predictable in E-V2 and E-V3. The conductivity was measured and no relevant 451 

variations were observed for E-V2 and E-V3. The peak voltage value in E-V2 (17 V) and 452 

the valley voltage value in the central 10 hours of E-V3 (around 9 V) compared to the 453 

other 2 days (12 V) are suggested to be due to the temporal accumulation of bubbles 454 

inside the cell. This formation may alter the total cell voltage without being influenced 455 

by the solution conductivity [27]. Also, the swelling of the membranes can have a 456 

potential contribution to the overall resistance. Further research is suggested to determine 457 

the influence of these variables, especially bubbles formation, in order to predict the 458 

overall ohmic resistance. 459 

 460 

a) 

 
b) 

20 
 



 
c) 

 
d) 

 
Figure 5. Temporal evolution of the total applied current and total cell voltage 

corresponding to the four compartments. The triangles (▲) represents the voltage on the 
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left vertical axis and the full circles (●) the current intensity  in the right vertical axis. The 

doted line does not represent a simulation. The figures represent: a) E-C, b) E-V1, c) E-

V2 and d) E-V3. 

 461 

The second relevant energy metric is the theoretical efficiency of the PV solar array 462 

responsible for the variable current intensity. The solar irradiation profile is responsible 463 

for the variable current intensity injected into the EDBM lab-scale plant. Therefore, due 464 

to the overall ohmic resistance of the stack, a pair U-I is established. The efficiency of the 465 

PV solar array 𝜂𝜂 (%) is defined as in Eq. 2: 466 

 467 

𝜂𝜂 =
∫ 𝐺𝐺𝐴𝐴𝑃𝑃𝑃𝑃𝑈𝑈𝑈𝑈
𝑡𝑡=𝑡𝑡𝐸𝐸
𝑡𝑡=0

∫ 𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑡𝑡=𝑡𝑡𝐸𝐸
𝑡𝑡=0

· 100 (2)  

 468 

Where G is the defined-by-the-user solar irradiation -for the month and selected 469 

location over a certain orientation and inclination angle- (W·m-2), and APV is the total 470 

exposed PV area (m2). For the simulated PV module, the maximum efficiency value 𝜂𝜂𝑀𝑀𝑀𝑀𝑀𝑀 471 

is 14.2% and the APV as 1.125 m2 as cited in Table 7, which are sourced from [4].  472 

 473 

Table 7. Estimated efficiencies for the three performed experiments using variable 474 

current intensity. 475 

Experiment 𝜼𝜼  𝜼𝜼 · 𝜼𝜼𝒎𝒎𝒎𝒎𝒎𝒎−𝟏𝟏  Energy reaching the 

surface of the PV 

modules  

� 𝑮𝑮𝑨𝑨𝑷𝑷𝑷𝑷𝒅𝒅𝒅𝒅
𝒅𝒅=𝒅𝒅𝑬𝑬

𝒅𝒅=𝟎𝟎
 

Energy collected 

by the EDBM 

stack 

� 𝑼𝑼𝑼𝑼𝒅𝒅𝒅𝒅
𝒅𝒅=𝒅𝒅

𝒅𝒅=𝟎𝟎
 

 (%) (%) kWh kWh 

E-V1 6.3 44 23.3 1.47 

E-V2 5.6 39 23.3 1.30 

E-V3 4.6 32 23.3 1.08 

 476 

The efficiency of the transformation of the simulated solar profile into energy for the 477 

EDBM process is summarized in Table 7 for the three performed experiments. From 478 

Table 7 it is clear that the obtained 𝜂𝜂 values ranges from 4.6% to 6.3%, thus the PV solar 479 
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module is working far from the maximum operating point, as the simulated maximum 𝜂𝜂 480 

is around 14.2%. Indeed, barely half of the maximum efficiency (44%) is reached in E-481 

V1. This value is far away from the efficiency of the champion modules currently 482 

available for crystalline technology over 24% [28]. It is important to highlight the fact 483 

that the largest efficiency is obtained for the experiments which performs worst in SEC 484 

terms. This due to the fact that in E-V1, the overall ohmic resistance moves the operating 485 

point (pair current-voltage) to the voltage of the maximum power point, around 34 V. 486 

Because of the mismatch between the maximum power operating point U-I (34.4 V and 487 

4.65 A) and the range of the operating point during the experiments (see Figure 5), this 488 

efficiency will be below the maximum value. This is an important metric as the larger the 489 

deviation from the maximum operating point, the larger the needs of real PV power for 490 

satisfying the demand, which entails of course additional investment cost. The use of 491 

maximum power point trackers will help at using the PV module at its maximum 492 

performance. 493 

 494 

4. Conclusions 495 

A significant reduction of the specific energy consumption of the HCl production from 496 

the described EDBM process based in a feedback control loop under variable current 497 

intensity has been demonstrated. The performance of the process has been tested using: 498 

1) constant current intensity as reference, 2) variable current intensity from a PV solar 499 

array simulator. Even under variable current intensity, a constant concentration around 1 500 

mol·L-1 HCl has been obtained. The PV solar energy experiment with feedback control 501 

loop lead to a noticeable drop from the benchmark value of 7.3 kWh·kg-1 HCl to the 502 

improved value of 4.4 kWh·kg-1 HCl. This reduction in the energy consumption is 503 

particularly relevant if compared against a variable current intensity with no control loop. 504 

This work contributes to the advance in the integration of EDBM and variable power 505 

systems and the technical conditions for its viability. Future works point to the integration 506 

of maximum power point trackers to improve the PV solar efficiency of real systems and 507 

the modeling of the process as a previous step to its optimization from a process system 508 

engineering point of view. 509 

 510 

 511 

 512 
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