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Abstract. Due to the rapid economic development in recent 
years, water-chiller is being used more and more in hotels, 
restaurants, resorts, and industrial zones in Vietnam. The cooling 
tower’s cooling water quality is an important factor in 
determining the effect on electrical consumption and the 
coefficient of performance of a water-cooled chiller. Therefore, it 
is necessary to maintain the quality of cooling water during the 
operation time of the water-cooled chiller. The aim of this work 
is to investigate the effects of the pulse frequency and operational 
parameters such as current density, pulse duty cycle, and energy 
consumption on the performance of removing hardness ion of 
electrochemical cooling water treatment for the cooling tower of 
the water-cooled chiller. The results show that the highest 
efficiency of the total hardness removal corresponding to a pulse 
frequency of 1 kHz, a pulse duty cycle of 0.7, and a current 
density of 80A/m2. 
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1. Introduction 
 

Cooling towers are an integral component of many 
water-cooled chillers, which are used to reject the waste 
heat of the condenser. The coefficient of performance 
(COP) is an important factor of the water-cooled chillers 
that is mainly influenced by the quality of cooling water of 
the cooling towers. Therefore, there are currently several 
studies using various technologies such as softening, 
chemicals, and electrochemical technology for the 
treatment of the cooling water of cooling towers, but 
electrochemical technology is focused because there are 
many advantages such as simple, inexpensive, and long 
life.  

Several investigations in cooling water treatment 
theories for the cooling tower were mentioned in the 
literature [1-3]. Hussein et al. [4] presented the efficiency 
of the electrocoagulation (EC) technology with the 
magnesium-rod electrode in the removal of hardness ions 
of cooling tower blowdown (CTB). They concluded that 
the maximum removal efficiency of 51.80% and 93.70% 
can be obtained for hardness ions and silica. The removal 
mechanism of electrochemical cooling water of cooling 

tower were reviewed in the literature [5, 6]. The 
constructed wetlands, and the combination of 
electrochemical oxidation and constructed wetlands have 
been suggested for the removal of organic compounds 
from CTB in the cooling tower [7, 8]. The performance 
of EC using Al, Fe, and Zn electrodes in the removal of 
hardness ions from CTB was studies by Hafez et al. [9]. 
Saha et al. [10] evaluated the performance of 
electrochemical oxidation (EO) with a boron-doped 
diamond (BDD) anode to remove organic compounds 
(OCs) from CTB in the cooling tower. Liao et al. [11] 
reported that the efficiency of hardness ion removal for 
the cooling tower blowdown in the cooling tower can be 
improved by the EC using Fe and Al electrodes, and the 
addition of coagulation aids.  

Several studies have recently focused on pulse electro-
coagulation technology for improving the efficiency of 
hardness removal from cooling water in cooling towers, 
as follows. Performance of pulse electro-coagulation 
technology using Fe electrode applied to berberine 
pharmaceutical (BH) wastewater treatment has been 
reported [12]. The results indicated that the removal 
efficiencies of BH and COD could be obtained at 72.8% 
and 69.6%, respectively.  Yao et al. [13] studies the 
thickness of the ceramic coatings of Ti–6Al–4V alloys by 
pulsed plasma electrolytic oxidation.  Response surface 
methodology (RSM) was used to evaluate the effects of 
several parameters, such as pulse duty cycle, power 
frequency and current density, on the efficiency of 
electrochemical oxidation system using the boron-doped 
diamond as anode material in the system [14]. RSM was 
also investigated to reduce energy consumption during 
the pulsed EO process by using graphite electrodes [15]. 
Wang et al. [16] reported the optimized method of the 
operating parameters of the EO under pulse mode for 
treatment recalcitrant dye wastewater to improve the 
TOC degradation and the energy consumptions. A study 
on the different pulse waveforms in pulse 
electrodepositing for platinum catalyst has been 
investigated [17]. The types of Pt/C electrodes, PbO2 
anode, and Ni-rich electrolytes in the pulse EO 
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technology were considered [18-21]. A paper by Chen 
[22], who investigated an electrosorption enhanced 
electrooxidation of a model organic pollutant at 3D SnO2-
Sb electrode in superimposed pulse current mode, looked 
at operational parameters, such as the removal efficiency, 
the energy consumption, the instantaneous pulse current, 
and accumulated degradation intermediates. 

From the above literature review, even though there 
have been a lot of researches on cooling water treatment 
by electrochemical technology for cooling tower, however, 
there has not been a study to meet the quality standard of 
cooling water for cooling towers in Vietnam. Hence, this 
present study investigated the effects of pulse frequency of 
electrochemical technology on the efficiency of total 
hardness removal of cooling water to obtain the required 
cooling water quality for cooling tower operation of water-
cooled chiller according to the water quality standards 
TCXD 232:1999 of Vietnam (the properties of cooling 
water were: total hardness (such as CaCO3) 280 ppm, pH 
7.6; total dissolved solids (TDS) 402-407 ppm). Besides, 
the effects of operational parameters such as the pulse duty 
cycle, current density, and energy consumption on total 
hardness removal efficiency are considered.  

 
2. Materials and experiment 
2.1 Electrolysis process and pulse potential 

 

The electrolysis process of cooling water is the 
decomposition of water into oxygen and hydrogen gas due 
to the passage of an electrical current, creating an alkaline 
environment at the cathode that raises the pH in the 
vicinity of the electrode surface and promotes precipitation 
of the calcium hardness in form of CaCO3 according to the 
reaction as follows [3, 6, 23-25]. 
Anode reaction (positive electrode), oxidation of water: 

  (1) 
Cathode reaction (negative electrode), decomposition of 
water: 

  (2) 
In hard water containing bicarbonate ions a secondary 
reaction occurs in the anode, secondary anode reactions: 

  (3) 
In hard water containing bicarbonate ions and calcium 
ions, two secondary reactions occur in the cathode: 

   (4) 
    (5) 

In this study, the pulse electrochemical cooling water is 
carried out with a pulsed DC power supply mode. The 
output of pulsed DC power supply mode is rectangular 
waveform pulse potential, as shown in Figure 1. The pulse 
cycle (total pulse period) T is the sum of a turn-on time Ton 
and a turn-off time Toff. The Ton is the duration time of the 
pulsed DC power is switched on as constant amplitude of 
potential while Toff is the intermittent time of the pulsed 
DC power is switched off. The relationship between the 
pulse duty cycle γ (Equation 6), the pulse cycle T, and the 
pulse frequency f (Equation) are expressed as [9, 13-14, 
17, 26-27]: 

    (6) 

 
    (7) 

Water treatment efficiency is calculated as follows [28]: 

   (8) 

Where R (%) is the percentage of hardness removal, Cin 

(ppm) is initial concentration, and Cout (ppm) is 
concentration after treatment. 
 

 
Fig.1. Pulse potential waveform 

 
2.2 Experimental set-up and procedure 

     Figure 2 shows the schematic diagram of the pulse 
electrochemical cooling water treatment for the cooling 
tower of the water-cooled chiller. This system was 
designed and installed on the campus of the Ho Chi Minh 
City of University of Technology and Education, 
Vietnam. It mainly consists of a pulsed DC power supply 
mode, a cooling tower, a condenser connected with the 
cooling tower, an electrochemical reactor tank and 
electrodes, and two pumps for condenser loop and 
electrochemical reactor tank loop, measuring devices, 
and control box. The vertical type electrochemical reactor 
tank has 2 L capacity. The electrodes are made from 
titanium mesh and have a reaction area of 145 cm2 per 
plate, and are installed in parallel. The anode is coated 
with lead dioxide (PbO2). The cooling tower has a 
capacity of 5 RT, while the condenser has a capacity of 
21.3 kW connected with the cooling tower. There are two 
pumps in the system, one circulation pump has a capacity 
of 85 W for the condenser loop, and another pump has a 
capacity of 65 W for the electrochemical reactor tank 
loop. The pulsed DC power supply can be adjusted to the 
pulsed potential according to the experiments. 
  The cooling water quality after the treatment needs to be 
obtained the required water quality for cooling tower 
operation of water-cooled chiller according to the water 
quality standards TCXD 232:1999 of Vietnam (the 
properties of cooling water were: total hardness (such as 
CaCO3) less than 240 mg/l. The total hardness was 
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measured with a HI3812 (Hanna-USA), and the total 
dissolved solids (ppm) was measured by a TDS-04 meter 
(Total Meter-Taiwan). A pH-2 meter (Mudder) and a 
power meter (PZEM-002) were used to measure the pH 
index and the energy consumption during the operation. 
The data of the system is recorded during an experimental 
session and temporarily stored in an Excel file on the 
controlling PC and is available for downloading for 
subsequent calculation. The Experimental set-up diagram 
is shown in Figure 3. 
 
 

 

Fig.2. Schematic diagram of the pulse electrochemical 
cooling water treatment system 

 
 

 
Fig. 3. The Experimental set-up used for the pulse 
electrochemical cooling water treatment system 

 
 
3. Results and discussion 
 
     Figure 4 shows the change in the efficiency of the total 
hardness removal during the reaction period of pulse 
frequency. With the increase of the pulsed frequency 
ranges from 0.1 kHz to 30 kHz, the efficiency of the total 

hardness removal increased gradually at the beginning 
and reached the highest value of 86% at the pulse 
frequency of 1 kHz. This was due to an increase in the 
pulse frequency range of 0.1 kHz to 1.0 kHz, which led 
to a decrease in the time of power–on and DC power-off, 
during which time the metal ions transported rapidly and 
the metal ions became metal on the cathode. While the 
increase in the pulse frequency is higher than 1.0 kHz, 
there is a rapid decrease in the total hardness removal. 
This was due to the time of DC power–on and DC 
power-off time increase, the pulse diffusion layer is made 
up which impeded the moving of metal ions to the 
cathode [9, 16, 19].  
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Fig.4. Effect of pulse frequency on efficiency of total 
hardness removal 
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Fig. 5. Effect of pulse frequency on total hardness 
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    Figure 5 shows the effect of pulse frequency on total 
hardness. As seen in Fig.5, during the first 60 minutes, 
when the concentration of hardness ions in the cooling 
water is high, the electrolysis reaction occurs rapidly 
leading to a rapid decrease in total hardness, and then the 
total hardness decreased gradually due to the concentration 
of hardness ions decrease leads to the decline of 
electrolysis reaction. There is not much difference in the 
reduction of total hardness when the pulse frequency 
changes from 0.1 kHz to 30 kHz. The lowest value of total 
hardness is 38 mg/l CaCO3 achieved at 1 kHz, 
corresponding to an electrolysis time of 100 minutes. 
    The effect of pulse frequency on the TDS index (Total 
Dissolved Solids) was shown in Fig.6.  There is no 
difference in the reduction of TDS index when the pulse 
frequency ranges from 0.1 kHz to 30 kHz. During the first 
60 minutes, the TDS index rapidly decreased and then 
gradually decreased with electrolysis time. At the pulse 
frequency of 1 kHz, the TDS index dropped the fastest at 1 
kHz from 403 mg/l to 126 mg/l. The low TDS index 
indicated that the metal ions such as Ca2+ and Mg2+ in the 
cooling water are low. 
 
 

0 20 40 60 80 100
0

50

100

150

200

250

300

350

400

450

T
D

S 
in

de
x(

m
g/

l)

Time(min)

 0.1 kHz
 0.5 kHz
 1 kHz
 1.5 kHz
 2 kHz
 5 kHz
 10 kHz
 15 kHz
 20 kHz
 25 kHz
 30 kHz

 
Fig. 6. Effect of pulse frequency on TDS index (Total 

Dissolved Solids) 
 

    The effect of the pulse duty cycle on the efficiency of 
the total hardness removal and energy consumption was 
shown in Figure 7. By increasing the pulse duty cycle from 
0.2 to 0.7 leads to increase sharply the efficiency of total 
hardness removal and reached the highest point of above 
88% at the pulse duty cycle of 0.7. Then with the continual 
increase of the pulse duty cycle above 0.7, the efficiency 
of total hardness removal is constant. Whereas the energy 
consumption gradually increased from 35 to 52 Wh.  
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Fig.7. Effect of pulse duty cycle on total hardness 
removal efficiency and energy consumption 
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Fig.8. Effect of current density on efficiency of total 

hardness removal and energy consumption 
 

Figure 8 shows the effect of current density on efficiency 
of total hardness removal and energy consumption. As 
indicated in Figure 8, once the current density ranges 
from 20 A/m2 to 80 A/m2, the efficiency of total hardness 
removal increases from 74% to 95%, and the energy 
consumption increases from 35 Wh to 53 Wh. When the 
current density grows more massive than 80 A/m2, the 
efficiency of total hardness removal tends to be steady, 
while energy consumption continuously increased. This 
is because the electrochemical mechanism, the more OH- 

is produced on the cathode, and the electrochemical ions 
are enhanced by an increase in the current density, which 
leads to harder ions precipitating on the cathode surface. 
Then the rate of the precipitation increases slowly. The 
efficiency of total hardness removal reached the highest 
point of above 95% at 80 A/m2. 
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4. Conclusion 
   In this study, the effects of the operating parameters such 
as pulse frequency, current density, pulse duty cycle, and 
energy consumption on the performance of hardness 
removal of electrochemical cooling water treatment for 
cooling tower of water-cooled chiller was evaluated. For 
the purpose of the quality of the cooling water after the 
treatment was obtained the required water quality of the 
water quality standards TCXD 232:1999 of Vietnam.  
     The results showed that the efficiency of total hardness 
removal is highest at the pulse frequency is 1.0 kHz, the 
pulse duty cycle is 0.7, and the current density is 80 A/m2.  
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