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ABSTRACT 

 

Quality of the steam cycle water requires special attention and chlorination/dechlorination phase 

is very important, especially for reclaimed water sources. Efficient control of residual chlorine 

allows for minimizing RO membranes maintenance and extending their life. Optimized 

dechlorination, permitted by accurate ULR chlorine monitoring, resulted in over 30% reduction 

in SBS usage and halved the frequency of CIP at a power utility. Such optimization is projected 

to reduce losses in power production, providing further cost savings. 
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INTRODUCTION 

 

Usage of membranes for water treatment and especially Reverse Osmosis (RO) filtration 

processes have about doubled in the last 5 years. They can be found in many industries 

nowadays, from Municipal water and wastewater treatment to ultrapure water (UPW) production 

in various industrial applications. Among UPW applications, monitoring the quality of water 

used for power generation, even before the steam cycle, is extremely important, especially if the 

source water is reclaimed. Such water must undergo rigorous treatment involving multiple 

filtration steps, including RO, as well as chemical treatment. Besides anti-scalant addition and 

pH adjustment, chemical treatment usually involves disinfection to control biocontamination, 

followed by dechlorination to preserve RO membrane integrity. Multiple studies demonstrate 

that prolonged exposure of RO membranes to chlorine exceeding 38 ppb (based on 1000 ppm-hr 

over three years) is detrimental to the membrane structure and integrity, while the absence of the 

disinfectant promotes biofouling and causes loss of recovery. Maintaining the delicate balance 

between having enough chlorine in the water to control membrane fouling, but not too much to 

prevent it from destroying the polymer fibers, is an ongoing and difficult task for utilities. To 

control chlorine residual, utilities use available methods and instrumentation, which may not be 

able to provide adequate results because of infrequent, indirect, or inaccurate measurement. 

 

Table 1: 

 

Benefits and deficiencies of technologies currently available for controlling chlorination and 

dechlorination processes 

 

Analytical 

Technology 

Measurement 

Principle 

Main Benefits Major Deficiencies 

Oxidation-

Reduction 

Potential 

(ORP) 

Electrochemistry 

(Potentiometry) – 

change in mV output 

proportional to change 

in oxidation potential 

Fast response to 

appearance of oxidants in 

the water, reagentless 

Indirect, non-specific, 

matrix influence 

(sample pH, 

flow/pressure, etc.), 

non-linear response* 

Amperometric Electrochemistry 

(Amperometry) – 

change in 

current/voltage across 

electrodes proportional 

to chlorine 

concentration 

Fast reaction to changes in 

chlorine concentration in 

the water, reagentless 

Calibration-

dependent, matrix 

influence (sample 

pH, flow/pressure, 

etc.), may lose 

sensitivity to chlorine 

Colorimetric Colorimetry – change 

in color intensity 

proportional to chlorine 

concentration 

Direct and accurate 

measurement, independent 

of sample conditions, 

stable calibration 

Non-continuous 

response (batch 

analysis), reagents. 

* see Figure 1 illustrating non-linear response of ORP to chlorine presence/absence 

 

Table 1 and Figure 1 (built upon a comparative test conducted at a Wastewater Treatment 

Plant (WWTP) employing chlorination/dechlorination of final effluent before discharge), 
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illustrate that ORP provides relatively fast response to chlorine breakthroughs. However, its 

response to excess of reducing agents, like Sodium Bisulfite (SBS), can be long. Moreover, 

relying on absolute values of ORP can be misleading due to limitations of this technology and its 

relative nature. Correlating ORP levels to chlorine concentration to quantify the response leads to 

severe problems, regardless of the sensors used to monitor, because ORP is a surrogate 

measurement. 

 

Figure 1: 

 

Comparative test of responses of colorimetric and ORP sensors to chlorine presence/absence in 

WW dechlorination application. 

 

 
 

Another electrochemical method used by some utilities to control chlorination/dechlorination 

is amperometry and sensors built on this principle (Table 1). This technology provides a better 

correlation to chlorine concentration, being more selective, unlike ORP, however, there are other 

potential issues with applying it successfully, especially to control absence or very low 

concentrations of chlorine. This may become a problem in all sorts of intermittent applications, 

because amperometric sensors must see oxidants in the sample to provide sustainable operation. 

Therefore, at intermittent sample flow or in consistent absence of chlorine, amperometric probes 

may lose their sensitivity to chlorine and would require frequent interactions. This happens due 

to various factors, from simple fouling of the probe surface, to developing layers of organic or 

inorganic coatings on the electrodes preventing necessary electrochemical reactions.  

When ORP or amperometric sensors are fully functional, their performance and accuracy 

depend heavily on other parameters of the sample, e.g. pH, flow, pressure, etc. The only essential 
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benefits provided by electrochemical sensors are reagentless operation and fast response to rising 

chlorine levels based on continuous nature of measurements. Visual comparison of such 

response to rising chlorine level provided in Figure 2 demonstrates the difference between 

continuous and batch analysis. The latter is represented by colorimetric technology and is based 

on the cyclic nature of the method that takes a sample, adds chemical reagents, and measures 

light absorbance, which usually takes 1-2 minutes to complete.  

 

Figure 2: 

 

Response of colorimetric (batch) and amperometric (continuous) analyzers to rising chlorine 

concentration. 

 

 
 

As seen from Figure 2, the initial response of an amperometric sensor is reported 

immediately and may help to reflect change in chlorine concentration earlier on, however, full 

accuracy of the measurement is achieved in approximately same time for both methods. Any 

continuous measurement is characterized by the sensor’s response time, e.g. T90 or T95 that 

represents the time to achieve 90% or 95% of the maximum signal level, or accuracy. This 

characteristic is usually specified between 60 and 120 seconds, varies from sensor to sensor and 

depends on the sensor and sample conditions. For comparison, batch analysis of chlorine based 

on standard Diethyl-p-Phenylene Diamine (DPD) method achieves ~100% accuracy in 100 to 

150 seconds and is independent of sample pH. Sample flow should be within specified range and 

there are known interferences to the DPD colorimetric method that must be considered. 

Methods listed in Table 1 can be utilized through different techniques represented by either 

process, or laboratory instrumentation. The latter is usually employed to measure grab samples 

(Table 2). Monitoring and proportional addition of sulfite-based agents is mostly done with 

either grab sample analysis based on DPD, or in combination with continuous ORP 

measurement. Intermittent grab sample analysis leaves significant gaps in the monitoring and can 
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suffer from the user technique, while the relative nature of ORP does not make it the method of 

choice. 

 

Table 2:  

 

Main techniques currently utilized for monitoring chlorine residual and expectations applicable 

to verification 

 

Process 

Analysis 

Grab Sample 

Analysis 

Match Criteria (online 

& grab sample) 

Common Expectations 

ORP sensor Lab or portable 

ORP probe 

NA Should not expect any match 

between process and lab 

ORP probes and performance 

can be verified by using ORP 

standard solutions. 

Amperometric 

sensor 

Suitable 

colorimetric or 

titration method 

Readings within ±15% 

(EPA Method 334.0) 

Amperometric sensor 

calibration (slope/offset) 

should be adjusted when the 

readings do not match. 

Colorimetric 

analyzer 

Suitable 

colorimetric 

method/ 

instrument 

Readings within ±10% or 

X mg/L (the greater of the 

sum of specified 

accuracies or LODs [X] 

for comparable 

instruments)* 

Should not adjust analyzer’s 

calibration based on 

comparison*. Should verify 

calibration with a set of 

appropriate chlorine 

standards, when needed. 

* A less accurate reference method/instrument should not be used to verify the process 

analyzer’s performance and adjust its calibration.  

 

From the technique standpoint, grab sample analysis provides more versatility, because there 

are different chemical or electrochemical methods that can be utilized. However, the major and 

obvious deficiency of such technique is its intermittent nature that cannot provide a continuous 

measurement and therefore efficient control of the process, whether it is static or dynamic. 

Therefore, main objective of grab sample analysis is to verify the performance of process 

analyzers, whether built on continuous, or batch analysis method. Table 2 provides an overview 

of the criteria and expectations for such verification. To summarize, all currently available 

methods for monitoring and control of chlorination/dechlorination processes in water treatment 

have their positive and negative traits and the utilities should carefully analyze those to fit the 

application, as well as expectations. This is what a power utility was looking for when agreed to 

test a new process chlorine analyzer built upon a batch analysis technique utilizing standard DPD 

colorimetric method and developed for accurate measurement of ultra-low chlorine 

concentrations. 

 

TEST SETUP, RESULTS & DISCUSSION 

 

A Heorot power generation station chlorinates reclaimed water coming to microfiltration 

phase of the process at about 5 ppm free chlorine. The utility monitors chlorine after the 
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microfiltration before dechlorination with a colorimetric process analyzer, which controls 

sodium bisulfite (SBS) feed to neutralize excess of chlorine. However, personnel mainly rely on 

grab sample analysis for monitoring chlorine residual before and after anti-scalant and SBS 

addition in the 1st pass RO feed. Schematic in Table 3 depicts the water treatment cycle 

implemented at this facility. 

 

Table 3: 

Water preparation process implemented at Malburg Generation Station (Heorot Power), prior to 

steam generation cycle. 

 

Reclaimed water → Pre-filters (coarse 20-µm strainers) + bleach (up to 5 ppm) → 

Microfiltration → settling tanka → anti-scalant & SBS feed → Grab sample (~20-30’ after 

SBS)b → First pass RO → treated water tank → Second pass RO → pH adjustment → 

EDI (electro-deionization) → Condensate tank → Steam generation 
a free chlorine residual monitoring point (colorimetric process analyzer) + grab sample, control 

of SBS feed 
b pre-RO (1st pass) chlorine monitoring point (grab sample), target 0.02 – 0.08 ppm 

 

Arranged in four alternating vessels with 6 membranes each (Figure 3), the 1st pass RO 

membranes are routinely cleaned in a Clean-In-Place (CIP) process, the frequency of which 

varies based on season and the consistency of chlorine presence in the water. The utility targets 

0.02–0.08 ppm chlorine residual in this pre-RO phase, but it is challenging to achieve this goal 

while minimizing CIP frequency. As a result of inadequate monitoring, chlorine excess in the 

RO feed sometimes leads to unscheduled and costly membrane replacements. It is imperative to 

have no chlorine post-RO, especially for the 2nd pass (1 vessel/6 membranes), because the 

Electro Deionization (EDI) system is intolerant of any chlorine presence, hence the process 

involving a 2-step RO filtration and the need for accurate chlorine monitoring. Potential losses 

related to insufficient process control comprise the direct cost of the membranes (RO and EDI), 

CIP process (chemicals and downtime), as well as the indirect cost of lost energy production.  

 

Figure 3:  

 

First pass RO membrane skid: 4 alternating vessels. 
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In search of a better way to maintain their assets, the utility decided to try a new process 

analyzer directly measuring ultra-low chlorine concentrations in the pre-RO (1st pass) water (see 

the schematic above, footnote b). The instrument was placed to test in the spring of 2020 and 

was automatically measuring and logging the total chlorine results every 150 seconds for a few 

months. After the first data analysis results were discussed with the utility management, the 

analyzer was connected to the DCS (Distributed Control System), analog of SCADA system that 

is more common in municipal water world. 

The new analyzer was installed downstream from the legacy colorimetric analyzer that 

measured higher concentrations of free chlorine prior to the addition of dechlorinating agent 

(Figure 4).  

 

Figure 4:  

 

New analyzer (left) measuring pre-RO (post-SBS) sample, and legacy instrument measuring pre-

SBS sample. 

 

 
 

The new instrument is built on the same chemical method, however the platform was 

completely redesigned to improve performance, simplify maintenance, and provide all modern 

communication options, as well as internal datalogging and enhanced diagnostics. On top of that, 

calibration of the new Ultra Low Range (ULR) version of the analyzer was attuned to the lower 

end of the measurement range to provide the most accurate readings in the ppb (µg/L) levels of 

chlorine. One of the biggest challenges for any process analyzer would be the intermittent 

sample flow, which was the case for the operation of the RO system as it is implemented at the 

facility. The Heorot personnel have had too many issues related to flow that affected 
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performance of the legacy analyzer (Figure 4). The internal flowmeter of the new ULR analyzer 

helped to overcome this challenge and maintain the instrument’s operation by placing the 

analyzer on standby when the sample flow was insufficient and automatically restarting its 

operation when the flow was restored.  

Another significant challenge was the inevitable biofouling of the internal hardware, 

including measurement cell, due to frequent absence of chlorine at excessive feed of SBS. 

Fouling of the analyzer reflects potential fouling of the membranes, which is mitigated by CIP. 

Since there is no automated cell cleaning in the analyzer, one of the test’s objectives was 

defining optimal maintenance interval to prevent negative effect of biofouling and evaluate the 

amount of effort and requirements for cleaning. During the test at this station, it was discovered 

that the fouling became interfering with the measurements in about 4 months of continuous 

operation and that regular cleaning with provided maintenance kit helped to remove it (Figure 5). 

 

Figure 5: 

 

Measurement cell fouling and cleaning 

 

   

 

Based on this and other field tests, it is recommended to conduct preventive cell cleaning 

monthly or quarterly during regular reagent replacement. The entire maintenance takes about 3-5 

minutes and was accepted by the test site as a nominal procedure. 

During the first phase of testing, the analyzer was not connected to the DCS and the readings 

were accessible via cellular data network. The data was also logged internally, bi-weekly 

downloaded on SD card, and emailed to Hach for analysis. The information contained in data 

and event logs was more complete than the readings transferred over the “radio”, and it allowed 

to make important conclusions about the analyzer’s abilities and accuracy of the results. For 

example, the analysis of the sample flow recorded by the instrument, in conjunction with the 

chlorine readings and other events registered in the internal logs allowed to conclude that 

intermittent operation of the plant did not adversely affect the results (Figure 6). 
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Figure 6: 

 

Chlorine concentration and flow readings recorded by the analyzer in internal logs. 

 

 
 

Thorough analysis of the events detected by the analyzer lead to a higher degree of acceptance of 

the new machine by the personnel creating confidence in its performance (Figure 7). 

 

Figure 7: 

 

Details on the last portion of the data from the analyzer. 
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Key milestones and events from Figure 7: 

a) Instrument is connected to DCS to advise SBS process control. 

b) Analyzer cleaned after significant biogrowth discovered on August 26th, 2020 – first 

cleaning since test began in March 2020. 

c) Bisulfite tubing leak found causing underfeed (overchlorination detected by the analyzer 

and acted upon). 

d) Wrong reagents installed accidentally. 

e) Reagents and tubing changed around September 22nd of 2020, normal operation restored. 

 

The data presented in Figure 8 show the logged chlorine readings before and after connecting 

the analyzer to DCS, which happened once the analyzer was accepted for decision support, if not 

for control of the dechlorination process. 

 

Figure 8: 

 

Before and after connecting to DCS 

 

 
 

As seen from Figure 8, once the readings became visible to the operators, the process control 

improved, and it was reflected in the reduced number of daily chlorine excursions (11 vs. 15) 

exceeding the critical level of 0.08 ppm set by the plant. This led to chemical savings on bisulfite 

without compromising on necessary chlorine levels for biofouling control that also helped to 

reduce frequency of the CIP. 

The next set of graphs shows overall picture of the analyzer’s performance for a year (Figure 

9a) and demonstrates a chlorine breakthrough event (Figure 9b).  
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Figure 9:  

 

DCS screenshots demonstrate that most of the time 1st pass RO system experienced >0.2 ppm 

chlorine exposure with some excursions and recent breakthrough event. 

 

 
a) Full year of ULR CL17sc operation 

 
b) High chlorine warnings and breakthrough 

event (right) 

 

The chlorine breakthrough was discovered by the operators on June 14th, 2021 and the data 

analysis shows the event registered by the instrument, which also showed warnings about 10 

days earlier, as well as produced a high chlorine alarm immediately before the event (Figure 10). 

This demonstrates that the analyzer was sensitive enough to detect all chlorine fluctuations at the 

levels below 20 ppb and distinguish them accurately from higher chlorine concentrations 

detrimental for the equipment. 

 

Figure 10: 

 

Chlorine breakthrough event affected EDI water quality 

 

 
 

The event was, unfortunately, overlooked and the raising chlorine concentrations post-RO 

(1st pass) affected the 2nd pass RO feed, its effluent, and eventually EDI process as was detected 

EDI effluent 

resistivity High Cl2 

alarm 
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by falling resistivity of the EDI effluent water. The event was discovered within approximately 

24 hours, and the operators increased bisulfite feed before the 1st pass RO membranes and that 

eventually returned the process under control, Figure 10. According to the plant representatives, 

this situation indicated an inevitable learning curve in accepting the new instrumentation and 

utilizing its readings for process optimization. 

The trial lasted over a year with the analyzer being exposed to various and challenging 

conditions. During the trial, improved management of the chlorination/dechlorination process 

resulted in a more than 30% reduction in SBS usage and halved the number of CIP cycles due to 

a significant reduction in membrane biofouling because of a better and tighter controlled chlorine 

residual. During COVID time this was a huge achievement for the plant, because they did not 

have the manpower to perform this task as frequently as needed. As the situation with CIP was 

being normalized, the operators were able to focus on other issues instead of a constant cleaning. 

The facility plans on ordering another ULR chlorine analyzer and installing it before the 2nd pass 

RO membranes and setting a trigger associated to a HI-HI chlorine alarm to further protect their 

EDI and the water treatment plant. Those are tangible benefits justifying all the costs associated 

with the analyzer, consumables, and maintenance. With higher acceptance of the instrument and 

its features, such as Cumulative Chlorine Counter, the process optimization at this facility is also 

projected to reduce losses in power production and increase the useful life of RO membranes, 

which will provide further cost savings for the utility. 

 

CONCLUSIONS 

 

• Direct and accurate chlorine measurements at ultra-low levels are vital to protect RO 

membranes in power generation. 

• Ability to optimize and control dechlorination using accurate chlorine measurements 

results in direct and indirect savings for the utilities. 

• Savings realized in reduction of chemical costs, CIP frequency, loss of power production, 

and extended RO membranes life completely justify the use of ULR chlorine analyzers, 

their reagents, and regular maintenance. 
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