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a b s t r a c t
One of the major sources of operational cost in seawater reverse osmosis is towards membrane 
replacement. While membrane replacement is certainly unavoidable due to irreversible fouling, 
its rate can be minimized thorough operational changes. One common action to mitigate fouling 
is cleaning in place (CIP) – circulating chemicals on the membrane to dissolve the fouling matter. 
However, CIP efficacy is highly dependent on the timing and types of the foulant. Further, the cur-
rent procedure to investigate the type of foulant can take months as the membrane autopsy proce-
dure requires sophisticated analysis. Here, we present data-driven analytics that can generate insights 
about the potential type of foulant and provides a timeline for the next CIP based on the membrane 
performance parameters. This approach is based on our insight’s generator framework developed 
using historical data, coupled with machine learning algorithms and operational knowledge tree.
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1. Introduction

Freshwater nourishes and sustains life, incessant pop-
ulation growth demands for a greater supply of freshwa-
ter [1,2]. While the advent and continuous improvement of 
freshwater generation technologies have existed, the rate is 
slowing down [1]. The transition from utilizing low-grade 
energy (heat) to high-grade energy (pressure) for desali-
nation drove down the specific energy consumption (SEC) 
significantly from ~20 to ~3 kWh/m3 during the last 20 y, 
however, no significant improvement has been made over 
the last 5 y [3]. Seawater reverse osmosis (SWRO) is con-
sidered the most efficient method for generating freshwa-
ter from seawater [4,5]. The process separates inorganic 
salts from pressurized seawater through a semi-perme-
able membrane [6–10], the potential energy from seawater 
overcomes the osmotic barrier. It is apparent that current 

systems and technologies is already approaching the the-
oretical limit of the process, which is around ~1.5 kWh/m3 
[11]. To further drive-down SEC, several processes have 
been attempted, including membrane performance improve-
ment [12–15], and novel system design [16–18]. A paradigm 
shift is needed for further improvement of efficiency.

One such avenues for higher energy efficiency is employ-
ing digitalization to enable better design, operation, and 
maintenance [19,20]. The utilization of the internet of things 
(IoT), automation, and predictive analytics in many indus-
trial sectors including desalination have shown tremendous 
evidence to maximize process and plant efficiency, thereby 
reducing operational costs [20–25]. To embark on the digi-
talization journey, efforts are also supported by increasingly 
accurate and robust sensors, which enable real-time accu-
rate data acquisition. This advancement unlocks the door 
to exploit real-time data with automated data processing 
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and advanced analytics including statistics and machine 
learning for optimization, diagnosis, and prediction. One of 
the direct utilizations of this infrastructure in the desalina-
tion industry is in the membrane performance monitoring 
system. Membrane replacement due to the fouling or other 
irreversible damage is one of the highest capital and opera-
tional cost component for SWRO systems, their real time per-
formance monitoring system requires further optimization 
[26–30]. In response, we developed an automated membrane 
performance tracking and diagnostics system. This system is 
established with data pipelines from more than 20 seawater 
desalination plants, with a total production capacity above 
5 million·m3/d. The system is capable of providing valuable 
insights to the operators by supplying important informa-
tion such as forecasting the timeline for the next cleaning 
in place (CIP), and detection of root cause for membrane 
performance decline. These insights enable preventive and 
corrective actions to optimize the SWRO plant’s day-to-day 
operations and further reduceoperational cost [31].

2. Methods

RO-TRACK works based on three main steps: (i) data 
ingestion and processing, (ii) information extraction, and 
(iii) insights generation (Fig. 1). The data ingestion consists 
of data acquisition, data upload, data cleaning, validation, 
gap filling, and data storage. Subsequently, the data is sup-
plied to the normalization module for data normalization. 
From the normalized data, advanced pattern recognition 
and the diagnostic algorithm are employed to generate 
insights into the plant’s performance.

2.1. Data ingestion and processing

The data ingestion starts by acquiring data from the 
desalination plant, through distributed control system. 
Acquired data is then uploaded to the cloud storage. While 
the raw data is directly stored, the raw data is subsequently 
processed by removing non-numeric values and outliers. 
The outlier is detected based on ± standard deviation (σ) of 
past 6 months data and the data file that is being uploaded. 
The processed data is stored as clean data. Subsequently, 
the missing parameters necessary for data normalization 

are calculated using mass and energy balance equation, 
this process is called gap analysis. The gap analysis is tai-
lored based on the plant configuration and sensors avail-
ability. We provided the gap analysis on Supplementary 
Information Section 9.

2.2. Data normalization

The validated and clean data is used for data normal-
ization. Data normalization enables a fair and reliable com-
parison of initial membrane performance with its current 
and historical performance [32–34]. The typical output of 
data normalization is (i) normalized salt passage (NSP), (ii) 
normalized differential pressure (NDP), and (iii) normal-
ized permeate flow (NPF). In addition to this, it also pro-
vides additional parameters including (i) water transport 
coefficient, (ii) salt transport coefficient, and (iii) specific 
flux to provide additional insights on real-time membrane 
performance. We are providing the normalization method 
used for TORAY membranes and the standard method 
used by American Society for Testing and Materials (ASTM 
D 4516) [35,36].

Data normalization by TORAY is done mainly for per-
meate flow, salt passage, and differential pressure. It is 
performed by referring to the initial system performance 
(t = 0). As described in Table 1, NPF and NDP are common 
parameters in all approaches. However, intermediate cal-
culations for osmotic pressures and temperature correction 
factors shall be considered for each approach. In addition, 
we provide detail calculations for membrane performance 
normalization from SI section 1–8.

2.3. Specific membrane energy consumption

Typically, large scale reverse osmosis (RO) desalina-
tion consists of more than 10 racks. In daily operations, 
the operators require to oversee those racks. Here, we are 
using simple yet effective parameter to quickly comparing 
the membrane performance. We use specific membrane 
energy consumption. With specific membrane energy con-
sumption, the operator can get an indication to focus on 
specific train. Membrane energy consumption, Emembrane, 
is a parameter that calculate the quantity of energy being 

 

Fig. 1. General description of monitoring and diagnostic process.
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consumed by the membrane to separate water from salt. 
Emembrane is calculated by taking the difference of feed 
energy, Efeed, and permeate, Epermeate and brine energy, Ebrine. 
Each energy component is the product of the flowrate and 
pressure, Ecomponent = Qcomponent × Pcomponent. Further, the mem-
brane energy specific consumption is specified by dividing 
it with permeate flowrate, Qpermeate.

2.4. Membrane CIP prediction and diagnostics

The normalized data and supplementary diagnostic 
indicators are combined to provide insights on membrane 
performance. To conduct the CIP prediction, the real-time 
data is smoothened to ensure better trend recognition and 
forecasting processes. Upon the completion of this process, 
the data is fed to the forecasting and trend recognition algo-
rithm to give the CIP prediction and diagnostic output. The 
diagnostic output is generated from the understanding of the 
trend of specific parameters. The domain knowledge from 
the membrane autopsy and operational data from plants 
enables sufficient confidence in diagnostic recommenda-
tions. The process of the data analytics is provided in Fig. 2.

For the trend recognition process, we utilize the Mann–
Kendall (MK) trend test [37,38]. The test is sequentially 
comparing the magnitude of the next and previous values, 
S f x xj kj k

n

k

n
� �� �� ��

� �� 11

1 . Upon the comparison, a dedi-
cated value is assigned depending on the comparison result: 
(i) f(xj – xk) = 1 if xj – xk > 0, (ii) f(xj – xk) = 0 if xj – xk = 0, and 
(iii) f(xj – xk) = –1 if xj – xk < 0 [37,38]. A positive value of S indi-
cates an increasing trend, while a negative value of S indi-
cates a decreasing trend. If the value of S is equal to zero, the 
trend is neither increasing nor decreasing. The advantage 
of this test is the dataset does not require to conform to con-
form any distribution form. The recognized trend from spe-
cific data will then be fed into the diagnostic tree system. The 
diagnostic tree system enables the transformation of multiple 
trends into a possible root cause of membrane performance 
decline. The diagnostic tree is developed based on ACWA 
power’s extensive experience in the desalination sector (Fig. 3).

In addition to the diagnostic system, RO-TRACK also 
provides the user with the CIP timeline prediction based 
on the NPF and NDP value. We are using multiple regres-
sion options on ForecastAutoreg to estimate the CIP timing 
based on the maximum allowable value of NPF and NDP. 

In this paper, we are presenting the regression using the 
ridge regressor.

3. Result and discussion

3.1. RO desalination plant description

As a test case, we are using the operational data from one 
of RO trains from one of the ACWA power RO desalination 
plant assets. The desalination plant produces > 200,000 m3/d 
located in the shore of the Gulf of Arabia. The detailed pro-
cess flow diagram in Fig. 4. In the pretreatment, the plant 
utilizes dissolved air flotation (DAF) and dual media pres-
surized filter (DMPF). Along this pretreatment operation, 
series of chemicals are dosed including FeCl3, NaHSO3, and 
antiscalant. In between 1st pass and 2nd pass of RO section, 
NaOH and antiscalant are dosed for better boron removal 
and prevent scaling at high pH, respectively. Upon the RO 
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Fig. 2. Specific description of monitoring and diagnostic process.
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separation process, permeate water is being treated with 
CO2, lime, and NaOCl. These chemicals are intended to 
meet specific requirement of potable water including the 
hardness and free chlorine limit.

3.2. Reverse osmosis operational data

Several operational parameters from a SWRO plant 
are shown in Fig. 5. The data is obtained from the mid of 
March to the end of May 2021. The inlet seawater tempera-
ture fluctuates on a daily basis, in which during this specific 
period of data collection, the inlet temperature is gradually 
increasing from 21°C to 34°C. In addition, the inlet seawater 
conductivity is gradually decreasing from 59 to 56 mS/cm 
while the permeate conductivity is increasing from 750 to 
1,300 µS/cm. It is important to notice that there are significant 
changes in permeate conductivity at the end of April 2021. 
This change is due to the increase in inlet temperature of the 
seawater feed, which reduces the viscosity of the water and 
allows for a greater salt passage through the membranes.

3.3. Reverse osmosis data normalization

In this section, we discuss the result of data normal-
ization in graphical form (Fig. 6). We normalized the data 

using TORAY correlation as per the membrane type uti-
lized in operations. The results display the data from mid 
of March 2021 to the end of May 2021. In between the 
result, the CIP is conducted on the membranes from 19th 
May to 20th May. The plant is operated at a constant 44% 
recovery from 15th March to 21st April. Thenceforth, the 
recovery is increased to 49%. During this period, the per-
meate conductivity has almost doubled due to tempera-
ture increase and/or mechanical damage (Fig. 6). However, 
the permeate flow is not increasing significantly after this 
period, which rules out mechanical damage as the likely  
reason.

The NDP is continuously increasing from 0.7 to 
2.5 bar. The increase in NDP is a strong indication that the 
membrane is facing a fouling problem. The NPF is rela-
tively constant at 800 m3/d from 15th March to 21st April. 
Hereafter, the NPF is increased to 850 m3/d. This is in line 
with the increase in recovery. The NSP from 15th March 
to 21st April is lower compared to the value after.

3.4. Specific membrane energy consumption

The specific membrane energy consumption is highly 
affected by the pressure and flowrate. As expected, the 
fluctuation of feed pressure (Fig. 6A) leads to fluctuation 

 

Fig. 3. Diagnostic tree based on the trend recognition of specific parameters.

 

Fig. 4. Process flow diagram of desalination plant used for RO-TRACK.
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Fig. 5. Operational data for monitoring and diagnosis.
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of specific membrane energy consumption (Fig. 7), spe-
cifically in 15/03/2021 to 24/04/2021. It is also clear that 
the membrane energy consumption is increasing with the 
time before CIP. The CIP that is conducted at 19/05/2021 
proven to not only lower the normalized differential pres-
sure (Fig. 6B), but also the specific membrane energy con-
sumption. The advantage of this parameter is that we can 
compare apple-to-apple the specific membrane energy 
consumption with different trains. In contrast, the nor-
malized data is comparing the membrane with its ini-
tial performance. This causes a difficulty for operator to 
quickly compare the trains performance, therefore, render 
inefficiency in decision making at the plant.

3.5. CIP prediction and membrane diagnostic

In this section, we present the capability of RO-TRACK 
to forecast the CIP timeline and provide the root cause of 
the membrane performance issues. We compare RO-TRACK 
results with the real-plant condition in a SWRO plant in 
the United Arab Emirates. From the normalized data, we 
obtain the trends. The trends are then utilized to identify 
potential problems that drive the decline in membrane per-
formance. It is to be noted that the data for trend recogni-
tion and prediction should be based on operational data 

without any interruptions and constant operating conditions. 
Hence, to diagnose and predict the membrane performance, 
we utilize the data from 15th March to 21st April.

From the qualitative perspective, the selected data of 
NDP, NPF, and NSP’s have increasing, decreasing, and 
decreasing trend, respectively. This is a strong indication 
that the membrane performance is declining. By passing 
this information with the trend of feed pressure, permeate 
quality, and other water physical properties, to the diagnostic 
tree, we obtain that the possible cause of the membrane per-
formance decline, organic fouling (NOM), inorganic (metal/
colloidal) and/or membrane compaction. We then com-
pare the result with the autopsy result as shown in Table 2.

In addition to the diagnostic, RO-TRACK also predicts 
the recommended timing for the next CIP. The user will 
set the maximum allowable NDP and minimum allowable 
NPF. In this case, we set the NDP for 2.4 bar. Based on the 
data analysis during this period, the NDP is increasing by 
0.2 bar/week. As the CIP decision is mainly driven by NDP 
to reduce energy consumption in the process, RO-TRACK 
suggests that the CIP to be conducted on 2nd May. In the 
real plant operation, prior to reaching the NDP limit, the 
plant operators tweak the operations by adjusting the feed 
pressure to maintain the NDP below the limit, the CIP then 
is delayed until 19th May, which improves operational 

 
Fig. 7. Specific membrane energy consumption for Trains A and B.

Table 2
Comparison of membrane autopsy result and RO-TRACK diagnostics

RO-TRACK Membrane autopsy result

Diagnostic result
Trend
From 2021-03-14 20:00:00 to 2021-05-30 20:00:00: The NDP’s trend is increasing. The NPF’s 
trend is decreasing. The NSP’s trend is decreasing. The possible cause is organic fouling 
(NOM), inorganic (metal, colloidal) and/or membrane compaction.
Diagnostic
The NDP’s trend is increasing from 2021-03-14 20:00:00 to 2021-05-30 20:00:00 by the rate of 
0.1915584633714526 bar/week. The next CIP is predicted on 2021-05-02 17:03:12.186530.

Autopsy result suggests an 
increase in organic material (TOC), 
biofilm development (ATP, total 
cell count), and accumulation of 
inorganic material.
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resilience and increases plant availability. To corroborate 
the results of our advanced analytics, we provide more 
comparison with different plant membrane autopsy results 
in SI section 9.

The utilization of predictive analytics for monitoring 
and diagnostic will enable the minimization of membrane 
replacement. This is achieved by taking proactive steps to 
prevent irreversible damages on the membranes. With lim-
ited number of sensors, prediction in specific membrane to 
be replaced is non-viable. However, the predictive mem-
brane replacement rate could further be developed. We 
are currently developing membrane replacement tool to 
monitor membranes in the train including their average age.

4. Conclusions

In summary, we present the most comprehensive mem-
brane monitoring and diagnostic tool for SWRO desalination 
plants. The operational data from the plant is sequentially 
cleaned, validated, and analyzed to obtain such insights. 
As an output, the program is targeted to provide the plant 
operators with recommendations on CIP timelines. In addi-
tion to that, the diagnosis of the membrane performance 
decline is provided. The test case of the software is based on 
one of the trains of the large-scale plant with a production 
capacity of 225,000 m3/d. Based on the 5 weeks’ operational 
data, the system provides the operator with the root cause 
of membrane performance decline and an estimated CIP 
timeline suggestion based on operational limits. The result 
is then compared with the real operational experiences and 
autopsy results. The data-driven insights provide a logi-
cal and responsible suggestion to the plant operator. The 
insights will enable preventive and corrective action ahead 
of time to prevent irreversible damage to the membrane. 
To this end, plant availability increases, and the membrane 
replacement rate reduces. With subsequent use, testing and 
data training the future version of this software will be able 
to provide different levels of suggestions such as a differ-
entiation between probable, possible, and proven causes.
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Supporting information

S1. Common normalization calculation

Data normalization contains intermediate calculations of 
main parameters that are used in all methods such as: days 
of operation, feed flow, differential pressure, net driving 

pressure, recovery, actual salt passage, actual salt rejection, 
and normalized permeate flow. This section defines com-
mon parameters that are used in intermediate calculations 
for all data standardization approaches. Days of operation 
is calculated for each set of inputs to show the total num-
ber of days during which the plant has been operating up 
to inputs date. It can be calculated using start-up date 
of the plant and date of certain readings as shown in Eq. (S1):

Days of Operation Date DateReading Start� �  (S1)

where DateReading is date at which measurements are col-
lected and start-up date is the first operating day of the plant. 
Feed flow at any point is calculated as sum of concentrate 
and permeate flowrates at that point as shown in Eq. (S2):

Q Q QF C Pm /h m /h m /h3 3 3� � � � � � � �  (S2)

where concentrate and permeate flowrates are inputs in 
each set of measurements. Differential pressure (DP) is also 
calculated using inputted readings as shown in Eq. (S3):

DP bar bar bar� � � � � � � �P PF C  (S3)

where feed and concentrate pressure are direct inputs for 
each set of data. Recovery (Y) can be also calculated using 
permeate and feed flowrates as shown in Eq. (S4):

Y
Q

Q
P

F

%� � � � �
� �

�
m /h

m /h

3

3
100  (S4)

where permeate flow (m3/h) is a direct input for each set of 
inputs, and feed flow (m3/h) is calculated for each set of data 
as shown in Eq. (S4). Generally, salt passage (SP) and salt 
rejection (SR) are two parameters that can be calculated in 
reverse osmosis (RO) systems as shown in Eq. (S5):

SP
mg/L
mg/L

%� � � � �
� � �

C
C
P

F

100  (S5)

where CP (permeate total dissolved solids (TDS; mg/L)) and 
CF (feed TDS (mg/L)) are calculated as a function of elec-
trical conductivity for each set of daily inputs. Electrical 
conductivity to TDS conversion has different correlations 
developed by different membrane vendors. Therefore, usage 
of the right correlation for the relevant approach is nec-
essary. Salt rejection (%) can then be calculated using salt 
passage (%) as shown in Eq. (S6):

SR SP% %� � � � � �100  (S6)

Net driving pressure (NetDP) is an important term in 
data normalization that refers to the measure of the actual 
driving pressure available to force water through the RO 
membranes. Normalized differential pressure (NDP) is 
calculated for both reference conditions (initial at t = 0 or 
specified) and operating conditions (actual at time = t) 
the same way in all methods as shown in Eq. (S7):
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NetDP bar DP
FC� � � � � � �P PF P P2
� �  (S7)

where PF is the feed pressure inserted in bar for each set 
of inputs, DP is the differential pressure calculated in bar 
as shown in Eq. (S7), PP is the permeate pressure inputted 
in bar for each set of inputs, πFC and πP are the calculated 
feed-brine osmotic pressure (bar) and the calculated per-
meate osmotic pressure (bar), respectively. Osmotic pres-
sures can be calculated using different correlations, each 
approach below has its own way to calculate osmotic pres-
sures. In some approaches such as: DuPont (DuPont docu-
ment), due to the low value of permeate osmotic pressure 
πP in data normalization, it is considered negligible and is 
not added to the NDP equation in normalized permeate 
flow. However, DuPont considers πP in NDP used for nor-
malized permeate TDS. Normalized permeate flow (m3/h) is 
the first common “Normalized” term among all approaches. 
It is calculated the same way in all approaches as shown  
in Eq. (S8):

Q QP n P t
r r

t t
, ,m /h m /h

NDP bar TCF
NDP bar TCF

3 3� � � � �� � ��
� ��  (S8)

where QP,t is permeate flowrate at any time (inputted by 
the user on a daily basis), NDPr is NDP at reference condi-
tions (initial or standard) calculated as shown in Eq. (S8), 
NDPt is NDP at any time = t, TCFr and TCFt are tempera-
ture correction factors at reference conditions and at any 
time = t, respectively. Temperature correction factor (TCF) 
is calculated at certain set of conditions using different cor-
relations and is described for each membrane supplier in 
the following sections. Water transport coefficient and salt 
transport coefficient are calculated using:

WTC
Membrance area total of the membrance

NDP

n
P nQ

�
�

� � �

,

3600 1000�TCF

STC
Membrance area total of the membrance

SP
S

n
P nQ

a

�
�

� �
�

,

3600
1 PP

TCF
a
�

Specific flux (water permeability) can be calculated in 
L/(m2·h·bar) at any point in data normalization as shown 
in Eq. (S9):

Specific Flux LMH
bar

m /h

Area mTotal

�

�
�

�

�
� �

� �
� �

QP t,
3

2
 (S9)

where total area is calculated as ATotal(m2) = AElement(m2) × NStage.

S2. Details of TORAY normalization method

Permeate and feed-brine osmotic pressures used in 
NDP are calculated as shown in Eqs. (S10) and (S11):
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 (S10)

Similarly,
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 (S11)

where T is inputted temperature in °C on a daily basis, 
CP is the permeate TDS (mg/L) calculated using energy con-
sumption (EC)-TDS conversion, and CFC (mg/L) is feed-brine 
average concentration calculated as shown in Eq. (S12):

C C
Y

YFFC

SR

SR
� �

� �� �
�� ��

�� �1 1
1

1

 (S12)

where Y and SR are fractions that represent nominal 
recovery, Y = QP/QF, and nominal salt rejection at time (t), 
SR = 1–CP/CF. Here, QP and QF are permeate flowrate and feed 
flowrate, respectively. Similarly, CP and CF represent perme-
ate TDS (mg/L) and feed TDS (mg/L), respectively. CP and 
CF are calculated in mg/L using the same correlation and 
coefficients. If EC (µS/cm) is greater than 7,630 (EC > 7,630), 

then C uSa e
uSb e

uSc

T

� �

� ��
�
�

�
�
�

�
�
�

�
�
�

� �� �� �ln .0 0017 25
2

EC

, and if EC (µS/cm) is less 

than 7,630 (EC < 7,630), then C uS a e
uS b e

uS c
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� �
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�
�

�
�
�

�
�
�
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2

0 0017 25
2

ln . EC

,  
where C is the concentration in mg/L (feed or perme-
ate), and EC is the electrical conductivity in µS/cm (feed 
or permeate) inputted daily. Table S1 shows coefficients 
used for EC to TDS conversion.

Temperature correction factor (TCF) used for nor-
malized permeate flow (NPF) is calculated depending 
on the temperature. If temperature is less than or equal to 

25°C (T ≤ 25), then TCFFlow
Temp

Temp

� � �
�

�
�

�

�
�
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� e
TA T K

A
Y1 25

3
1

298
,  

and if temperature is greater than 25°C (T > 25), then 

TCFFlow
Temp

Temp

� � �
�

�
�

�

�
�
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� e
TA T K

A
Y2 25

4
1

298
, where Y is the nom-

inal recovery, and µ is water viscosity (factor) calculated 
as shown in Eq. (S13):
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� �
e

e TK

1965
298 15

1965

.
 (S13)

where TK is the temperature in Kelvin. TempA1, TempA2, 
TempA3 and TempA4 are membrane model related 
parameters for all TORAY membranes. SPt is the actual 
salt passage calculated as show in Eq. (S14):

SP
mg/L

CF mg/Llm
t

P t

t

C
�

� �
� �

,

,

 (S14)

where CP is the calculated permeate TDS (mg/L) as described 
in Eq. (S14), and CFlm is the feed-brine average log mean 
calculated at any time (t = t/t = 0) as shown in Eq. (S15):
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C F
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where CF is the calculated feed TDS described in Eq. (S15), 
and CC is the concentrate TDS calculated using mass 
balance as shown in Eq. (S16):

CC
F F P P

C

C Q C Q
Q

�
�

 (S16)

where C represents concentrations at any time (t = t/t = 0), 
and Q describes flowrate of feed, brine and permeate. 
TCFSalt is the temperature correction factor used for both 
normalized salt passage equations (different than TCFFlow) 

and is calculated as TCFSalt
Temp
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�
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for T ≤ 25, and TCFSalt
Temp

Temp

� � �
�

�
�

�

�
�

� �� � ��
�

25 2 25

4
1

298T
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T

 for 

T > 25, where TK and Y are temperature in K and nominal 
recovery described in Eq. (S16). TempB1, TempB2, TempB3, 
TempB4 are membrane model related parameters for all 
TORAY membranes. µ25 and µT are feed-brine average vis-
cosities at temperature 25°C and at temperature T (daily 
input), respectively. Feed-brine average viscosity at 25°C 
can be calculated as shown in Eq. (S17):
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 (S17)

where CFlm is feed-brine average log mean described in 
Eq. (S17), and ρ25 (kg/m3) is feed-brine average density at 
25°C calculated as shown in Eq. (S18):
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Similarly, feed-brine average viscosity at temperature 
T is calculated as shown in Eq. (S19):
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where ρT (kg/m3) is calculated as shown in Eq. (S20):
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where CFlm is the feed-brine average log mean described 
in Eq. (S20), and T is the daily measured temperature. 
The third normalized term by TORAY is the normalized 
differential pressure, which is calculated as shown in  
Eq. (S21):

NDP bar DP bar FC
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3
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���

DeltaP6

 (S21)

where DP is differential pressure calculated in previ-
ous section (PF – PC), µT is the feed brine average viscosity 
shown in Eq. (S21), and QFC is the feed brine average 
flow calculated at any time (t = t/t = 0) as shown here,

Q
Q QF C

FC
3

3 3

m /h
m /h m /h

� � � � � � � �
2

, where QF and QC are 
feed and concentrate flowrate describes previously. DeltaP3 
and DeltaP6 are membrane model related parameters 
for all TORAY membranes.

Table S1
EC-TDS conversion coefficients

Coefficient Value

uSa 0.000000000080090966
uSb –50.645805186
uSc 112.483950289
uS2a 7.7013840097E-20
uS2b –90.475562243
uS2c 188.88442227
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S3. Details of ASTM normalization method

Further, American Society for Testing and Materials 
(ASTM) practice covers the standardization of permeate 
flow, salt passage, and coefficient of performance of RO 
systems at a standard set of conditions using data obtained 
at actual operating conditions. Normalized permeate 
flow is calculated using TCF and NDP. TCF at any time 
(t = t/t = 0) is calculated as shown in Eq. (S22):

TCF � �1 03 25. T  (S22)

where T is temperature in °C. Feed-brine osmotic pressure 
is calculated as shown in Eq. (S23):

�FC
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�
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�
�
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��
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1

. .C T
C 000

 (S23)

where CFC is feed-brine average concentration calculated 
using one of the Eqs. (S24) and (S25):

C C Y
YFFC mg/L as NaCl� � � �
�

�

�
�

�

�
�ln 1

1  (S24)

C
C CF C

FC mg/L as NaCl� � � �
2

 (S25)

where CC is brine concentration in mg/L as NaCl, CF is feed 
concentration in mg/L as NaCl, and Y is nominal recovery 
(QP/QF). Permeate osmotic pressure is calculated as shown 
as πP (bar) = 0.01 × πFC (bar), EPFr and EPFa are the aver-
age element permeate flow at reference (standard or ini-
tial) and at actual conditions, respectively. EPF is permeate 
flow (reference or actual) of the RO system divided by the 
number of membrane elements operating in the system as 
shown in Eq. (S26):

EPF
m /h

Total No. of Elements

3

�
� �Qp  (S26)

where total number of elements in the system is calculated 
as shown in Eq. (S27):

Total No. of Elements No. of Elements per PV
No. PVs per S

�
� ttage

 (S27)

STCF is salt transport temperature correction factor 
which is dependent on the membrane type material and 
configuration. STCF equations shall be obtained from man-
ufacturer, if unavailable then TCF can be applied. SPt is 
the actual salt passage calculated as shown in Eq. (S28):

SPt
P

F

C
C

=  (S28)

It is important to know that ASTM approach uses con-
centration as mg·NaCl/L. In order to get concentration 

of feed (CF) as mg/L as NaCl, osmotic pressure of RO feed 
shall be calculated using Eq. (S29):

�F F ikPa T m� � � ��� �� ���8 308 273 15. .  (S29)

where ∅  is the osmotic coefficient, ∑mi is the sum of 
molalities of all ionic and non-ionic constituents in seawa-
ter. This equation requires a detailed ion composition of all 
ions present in seawater to estimate sum of molalites and 
osmotic coefficient. ASTM estimates osmotic coefficient 
value for seawater to be 0.90. Feed concentration (CF) can 
then be calculated as shown in Eq. (S30):

C
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 (S30)

where TF is the feed stream temperature in °C. CF in mg/L 
as NaCl is the basis for all calculations in ASTM method if 
the first CFC equation is used. In case the second CFC equa-
tion applies, then CC (concentration of brine as mg/L as NaCl) 
is calculated as shown in Eq. (S31):

C
C

YC
Fmg/L as NaCl

mg/L as NaCl� � � � �
�1

 (S31)

where Y is recovery expressed as decimal (fraction).

S4. Details of DOW normalization method

Normalized terms from DOW include normalized per-
meate flow and normalized salt passage. As described 
earlier, NDP and normalized permeate flow are common 
calculations for all approaches. DOW has different cor-
relation for TCF and osmotic pressures. TCF used for nor-
malized permeate flow is calculated as shown in Eq. (S32):

TCF � � �
�
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�2640 1

298 15
1

273 15. .T
 (S32)

where T is daily measured temperature in °C. Feed-brine 
and permeate osmotic pressures used for NDP calculation 
are estimated as shown in Eqs. (S33) and (S34):
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where CP is permeate TDS (mg/L) explained later. CFC is 
feed-brine average concentration and is calculated in mg/L 
as shown in Eq. (S35):
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where QP and QF are permeate and feed flowrates (Note: QP/
QF = recovery, Y), respectively. Feed TDS (CF) and permeate 
TDS (CP) are calculated in mg/L using electrical conduc-

tivities as C a e
b

cmg/L
EC

� � � �
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1
1

1

2
ln

 for EC (µS/cm) > 7,630 

and C a e
b

cmg/L
EC

� � � �
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2
2

2

2
ln

 for EC (µS/cm) ≤ 7,630, 
where C is concentration of feed or permeate in mg/L. 
Correction factors used in Eq. (S35) are as shown in Table S2.
where EC is electrical conductivity measured daily in 
µS/cm. The second normalized term is normalized salt 
passage, which is calculated as shown in Eq. (S36):
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where subscript t represents calculation at any time = t, 
and subscript 0 is for t = 0 calculations. Normalized salt 
rejection can then be calculated as shown in Eq. (S37):

SR =1 SPn n−  (S37)

where SPn is normalized salt passage as a fraction. 
Further actual salt passage is defined as:

SPa
FC

=
C
C
P t,  (S38)

S5. Details of DuPont normalization method

DuPont approach is almost the same as DOW 
method. However, few discrepancies were recognized 
between both methods such as: TCF and osmotic pres-
sure correlations. Temperature correction factor is cal-
culated in DuPont (DuPont Document) as expressed, 
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�
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298 15
1

273 15. .T
 for T ≥ 25°C, and 
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�
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 for T < 25°C, where T 

is daily measured temperature. Feed-brine osmotic pres-

sure is calculated as �FC
FCbar� � � � �� �C T 320

491000
 for CFC 

(mg/L) < 20,000, and �FC
FCbar� � � �

�
�0 0117 34

14 23
320

345
.

.
C T  

for CFC (mg/L) > 20,000, where T is measured temperature 
in °C, and CFC is feed-brine average concentration calcu-
lated similar to DOW using CF and recovery Y (QP/QF).

DuPont normalizes mainly permeate flow and perme-
ate TDS. Normalized permeate flow is calculated using 
the same common equation described earlier. However, 
permeate osmotic pressure is negligible in NDP calcula-
tion for normalized permeate flow. Normalized permeate 
TDS is calculated as shown in Eq. (S39):
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where CP,t is permeate TDS at time = t. Normalized salt 
rejection can then be calculated as expressed in Eq. (S40):

SRn
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F

C
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� �1
0

,

,

 (S40)

Then, normalized salt passage is defined as SPn = 1–SRn 
and actual salt passage is defined as SPa = CP,t/CFC. Permeate 
osmotic pressure is unavailable. It can be assumed that 
permeate osmotic pressure is 0 bar.

S6. Details of LG normalization method

The majority of calculations in LG data normalization 
are similar to what is explained earlier. However, LG cal-
culations contain new defined parameters such as B correc-
tion and polarization factors. Moreover, TCF and permeate 
osmotic pressure are different than previous methods. LG 
normalization terms consist of permeate flow, salt passage, 
salt rejection and permeate TDS. Normalized permeate 
flow is calculated using the same common equation where 
TCF is calculated as shown in Eq. (S41):
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where T is daily measured temperature in °C. Feed-brine 
and permeate osmotic pressures used for NDP calcula-
tions are estimated as expressed in Eq. (S42):
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where feed-brine average concentration CFC is calculated 
as shown in Eq. (S43):

C C
Y

YFFC mg/L Polarization� � � � �
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 (S43)

where polarization factor is calculated as described as 
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 where Y is the recovery cal-

culated as Y
Q

Q
P

F

�
� �
� �
m /h

m /h

3

3
. CF and CP are calculated using 

electrical conductivities (µS/cm) as shown in Eq. (S44):

Table S2
EC-TDS conversion factors

Coefficient Value

a1 0.000000000080090966
b1 –50.645805186
c1 112.483950289
a2 7.7013840097E-20
b2 –90.475562243
c2 188.88442227



M.G. Ridwan et al. / Desalination and Water Treatment 309 (2023) 8–2120

C mg/L EC EC� � � � �� � � �� ��2 0282 10 0 5226 2. .  (S44)

where C is concentration (TDS) of feed or permeate in mg/L. 
Permeate osmotic pressure can be calculated as shown 
in Eq. (S45):
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where CP (mg/L) is permeate TDS calculated in Eq. (S45), 
and T is daily recorded temperature in °C. The second 
normalized term is the salt passage, which is calculated 
as shown in Eq. (S46):
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where B is a correction factor calculated as shown in 
Eq. (S47):
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where T is daily measured temperature in °C. Normalized 
salt rejection can then be calculated as SRn = 1–SPn. Norma-
lized permeate TDS is calculated as shown in Eq. (S48):

C CP n n F, ,mg/L SR� � � �� ��1 0  (S48)

where CF,0 is the feed TDS calculated at t = 0. Further 
actual salt passage is defined as SPa = CP,t/CFC.

S7. Details of Hydranautics normalization method

In addition to permeate flow and salt passage normal-
ization, Hydranautics normalizes differential pressure, 
water transport coefficient and salt transport coefficient. 
Normalized permeate flow has the same common equa-
tion that depends upon NDP and TCF. TCF is calculated as 
shown in Eq. (S49):
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where T is daily measured temperature in °C, K is a fac-
tor that depends on membrane model and takes a value of 
2,700 for composite membranes. NDP is calculated using 
the common equation (pressures in psi, 1 bar = 14.5038 psi), 
as a function of feed-brine and permeate osmotic pressures, 
which are estimated as shown in Eqs. (S50) and (S51):
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where feed-brine average concentration CFC is CFC = CF × CFlm 
and CFlm is calculated as shown in Eq. (S52):
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where Y is recovery (QP/QP + QC). Feed concertation (CF) 
and permeate concentration (CP) are calculated as a function 
electrical conductivity (µS/cm). Normalized salt passage 
is normalized using Eq. (S53):
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where t and 0 refer to time = t and time = 0, respectively. 
SPt is stable (actual) salt passage at any time = t, calculated 
as SPt = CP/CFC and stable salt rejection can be calculated as 
SRt = 1–SPt normalized differential pressure is calculated 
in Hydranautics approach as shown in Eq. (S54):
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where DPt is differential pressure at time = t in bar, QP and 
QC are permeate and concentrate flowrates, respectively. 
Normalized water transport coefficient (A) is calculated in 
m/s·kPa as shown in Eq. (S55):

A kPan
t t t

m/s
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. .� � �
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0 00000006849  (S55)

where NDP is converted to psi units (1 bar = 14.5038 psi). 
System flux in GFD is calculated as shown in Eq. (S56):
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Normalized salt transport coefficient (B) is also normal-
ized as shown in Eq. (S57):
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where QP,t is converted to gpm (1 m3/h = 4.40286 gpm). 
Number of elements per pressure vessel and number of 
pressure vessels per stage are general setup inputs for 
normalization.
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S8. Details of Vontron normalization method

Vontron normalization approach consists of normal-
ized permeate flow and normalized salt rejection. In nor-
malized permeate low, NDP is calculated using pressures 
in psi. Osmotic pressures of feed-brine and permeate are 
calculated as shown in Eqs. (S58) and (S59):
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where T is measured temperature in °C, and CFC is feed-brine 
average concentration calculated as shown in Eq. (S60):
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where Y is recovery (QP/QF). Feed TDS CF (mg/L) and 
permeate TDS CP (mg/L) are calculated as shown in  
Eq. (S61):
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where C is feed or permeate concentration in mg/L, 
and EC is feed or permeate electrical conductivity in 
µS/cm. Normalized salt rejection is calculated as shown in  
Eq. (S62):

SR
TCF
TCF

FC

FC
n P t

P t

P t t F

C
Q
Q

C
C C

� � � � � �
�

�
��

�

�
��1 1

0

0 0

0
,

,

,

,

, ,

 (S62)

where CP,t is permeate TDS at time = t, CF,0 is feed TDS 
at time = 0. This formula is similar to DOW one. Further 
actual salt passage is defined as SPa = CP,t/CFC,t.

S9. Gap analysis

Parameter Sensors ID

Inlet conductivity zzACT13W13Dxxx
Inlet temperature zzTIT13W13Dxxx or zzTIT13W04D001
Inlet flowrate zzFIT13W05Dxxx + 01FIT13W14Dxxx
Inlet pressure zzPIT13W08Dxxx

Brine flowrate
zzFIT13W05Dxxx + zzFIT13W14Dxxx – {zzFIT14W05Dxxx + (Σ01FIT18W03Dxxx)/N 
 + (ΣzzFIT14W16Dxxx)/N + 0.1x (ΣzzFIT14W16Dxxx)/N}

Brine pressure zzPIT18W01Dxxx
Permeate conductivity (zzACT14W03Dxxx + zzACT14W04Dxxx)/2
Permeate flowrate zzFIT14W05Dxxx + (ΣzzFIT18W03Dxxx)/N + (ΣzzFIT14W16Dxxx)/N + 0.1x (ΣzzFIT14W16Dxxx)/N
Permeate pressure zzPIT14W03Dxxx

S10. Membrane autopsy comparison with RO-TRACK

Project-train RO-TRACK Membrane autopsy

Plant AD2 – 
Train 4

Analytics results
CIP prediction
The NDP’s trend is increasing from 2021-04-30 20:00:00 to 2021-06-05 20:00:00. 
The CIP or any other action should be done immediately.
Trend
From 2021-04-30 20:00:00 to 2021-06-05 20:00:00: The NDP’s trend is increasing. 
The NPF’s trend is decreasing. The NSP’s trend is decreasing. The possible cause is 
organic fouling (NOM), inorganic (metal, colloidal) and/or membrane compaction.

Results of the autopsy 
reveal that the 
membrane surface 
was organically fouled 
(~55%), as biofouling.

Plant RAB3 – 
Train 3

Analytics results
CIP prediction
The NPF’s trend is decreasing from 2022-02-14 20:00:00 to 2022-03-22 20:00:00. 
The CIP or any other action should be done immediately.
Trend
From 2022-02-14 20:00:00 to 2022-03-22 20:00:00: The NDP’s trend is increasing.  
The NPF’s trend is decreasing. The NSP’s trend is increasing. The possible  
cause is chlorine damage, inorganic fouling (metal, mineral, colloidal), 
biological fouling, and/or hydrocarbon fouling.

It is assumed that 
organic composition 
of foulant around 48%. 
(inorganic composition: 
around 52%).
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