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Abstract: Seawater Reverse Osmosis (SWRO) desalination is a critical technology for
addressing global water scarcity, yet its performance can be hindered by complex process
dynamics and operational inefficiencies. This study investigates the revolutionary potential
of Physics-Informed Neural Networks (PINNs) for modeling SWRO desalination processes.
PINN s are subsets of machine learning algorithms that incorporate physical information
to help provide physically meaningful neural network models. The proposed approach is
here demonstrated using operating data collected over several months in a Seawater RO
plant. PINN-based models are presented to estimate the effects of operating conditions on
the permeate TDS and pressure drop. The focus is on the feed water temperature variations
and progressive membrane deterioration caused by fouling. Predictive models generated
using PINNs showed high performances with a determination coefficient of 0.96 for the
permeate TDS model and 0.97 for the pressure drop model. Results show that the use of
PINNS significantly enhances the ability to predict membrane fouling and produced water
quality, thereby supporting informed decision-making for RO process control.

Keywords: physics-informed neural networks; reverse osmosis; SWRO desalination;
performance monitoring

1. Introduction

Global demand for freshwater has undergone a sustained increase as a result of eco-
nomic development and increasing population. The UN World Water Development Report
(2023) estimated that a quarter of the world's population lacks access to clean drinking
water [1]. In response to this situation, many countries around the world are increasingly
investing in advanced technologies and infrastructure to secure a sustainable and reliable
supply of freshwater [2]. In this context, technologies for desalination have become a prac-
tical way to deal with the shortage of clean drinking water [3]. The desalination process,
involving the separation of dissolved solids from seawater or brackish water, has become
the primary source of fresh water for both municipal and industrial sectors in some parts
of the world, particularly North Africa and the Middle East [2].

Reverse Osmosis (RO) is currently the most popular desalination technology due
to a lower specific consumption of energy and its reliability compared with other avail-
able technologies [4]. About 70% of desalination procedures used globally are currently
membrane-based. However, monitoring the performance of a full-scale RO process is
challenging. This task requires accurately representing the membrane permeability, selec-
tivity, and fouling behavior. Accurate modeling of the RO process is crucial for inferring
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the basic features that serve for process diagnostic and prognostic tasks [5]. There are, in
contrast, major obstacles to developing accurate and comprehensive deterministic models
describing RO process behavior. Major obstacles include (1) variability in feed composition
and temperature, (2) difficulties in capturing time-dependent factors like fouling, aging,
and chemical cleaning, and (3) difficulties in incorporating accurate representations of
fouling and scaling mechanisms since they are not fully understood [3,6].

As mentioned earlier, the effectiveness of RO desalination plants depends on various
factors, including the chosen technology, operating parameters, and the characteristics
of the feed water. Experimental studies are expensive and time-consuming. Therefore,
developing models to predict and evaluate desalination system performance is highly
valuable. Data-driven approaches, renowned for their ability to model intricate systems,
offer promising solutions for forecasting the performance of desalination units. Recently,
there has been a growing interest in using machine learning (ML) tools to handle intricate
modeling tasks related to RO processes [7]. This was motivated by data availability and
recent advances in computing capabilities. Recent research works showed that ML can be
utilized to optimize the performance of RO plants by real-time monitoring performance,
predicting maintenance requirements, optimizing energy consumption, and providing early
warning about deviations from normal functioning [7-11]. Consequently, ML can help en-
sure the overall efficiency and sustainability of RO plants [12]. In this context, Mohammed
etal. [13] evaluated ensemble and non-ensemble ML models for estimating the performance
of RO membranes. The salt rejection was predicted using 13 input parameters, such as
time-dependent, water characteristics, and operational parameters. Mahadeva et al. [14,15]
proposed a modified Whale Optimization Algorithm (MWOA) hybridized with Artifi-
cial Neural Networks (ANNSs) to evaluate the permeate flux in a RO desalination plant.
Essa et al. [16] created a hybrid machine learning model to predict permeate flow and
energy savings of an RO unit using an Artificial Hummingbird Algorithm (AHA)-estimated
Long Short-term Memory (LSTM) neural network. Karimanzira and Rauschenbach [16]
employed Multivariate Temporal Convolutional Neural networks (MTCNSs) to predict
membrane fouling utilizing measurable multiple indicators including RO operation data,
membrane characteristics, feed water quality, and Cleaning In Place (CIP). Alhuyi Nazari
et al. [17] presented a comprehensive review of the applications of different data-driven
approaches in the performance modeling of solar-based desalination units.

In most cases, these previous studies used conventional ML algorithms to train predic-
tive models for the RO process based only on collected data at specific RO plants. Though
largely employed in many engineering fields, purely data-driven models may suffer from a
lack of generality [18]. In many cases, ML-based models may be exploitable only within
the narrow domains from which the training data were sourced, which may not adequately
capture the complexity of real-world systems. To accommodate the modeling of complex
systems effectively, a balanced strategy that incorporates both data-driven and physics-
based models is essential [19]. To fill in this scientific gap, a novel ML methodology called
Physics-Informed Neural Networks was proposed by Raissi et al. [20]. Neural networks
known as PINNs use model equations as part of their internal structure. It is assumed that
informing the network of physical principles can amplify the information content of the
data used by the learning algorithm, allowing it to achieve more accurate predictions even
when only a few training examples are available [19,21,22].

Although PINNSs have been used for a wide range of applications, their application in
RO desalination process modeling remains underexplored. To address these issues, this
paper explores the use of PINNs for the estimation of the RO procedure, which represents
the main novelty of the proposed study. The proposed methodology integrates data and
mathematical models and implements them through neural networks. More specifically,
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the solution—diffusion model equations describing the RO process behavior are embedded
directly into the neural network’s loss function. This ensures that the neural network
predictions not only fit the input training data but also obey the mathematical equations
governing the RO process. The proposed PINN framework is showcased using operation
data collected at a seawater RO desalination plant. The studied RO plant was instrumented
to monitor the quality, flow, pressure, and temperature of feed water, permeate, and
concentrate. The hybrid approach integrating the solution—diffusion equations is used to
train a predictive model for the studied RO process. The study results reveal that the use of
PINNSs offers promising solutions for forecasting the performance of RO desalination units
paving the way for an optimized management of such plants.

The remainder of this paper begins with a description of the RO desalination model
based on the solution—diffusion equations. This section is followed by a general description
of the PINN approach and how it integrates the RO model equations. A case study is
presented in Section 4. The collected data and the trained PINN model are presented.
Section 4 presents and analyzes the case study’s findings, which are followed by some
concluding thoughts in Section 5.

2. RO Desalination Model

The mathematical modeling of the seawater RO desalination process is mainly based
on solution—diffusion transport equations [23]. Amongst all other modeling alternatives,
solution—diffusion equations are widely employed to model the transport of solvent and
solute across an RO membrane. In the subsequent paragraphs, we briefly summarize the
model's basic equations and refer the reader to [24-28] for a more detailed presentation of
the model.

The diffusion of water across a semi-permeable RO membrane can be represented by
the following equation, which is based on the solution—diffusion model.

Jw = Aw(AP — An) (1)

In Equation (1), ] is the permeate flux, Ay is the membrane permeability coefficient
at operating temperature, AP is the pressure difference between the two sides of the
membrane, and A is the osmotic pressure difference across the surface of the membrane.

The permeate flow rate Q) is obtained by adding up the flow contributions from all
membrane elements taking into consideration the total membrane area S;, (Equation (2))

The solute transport equation is formulated as follows:
Js = Bs (Cf - Cp) = Cp]w 3)

where J; is the solute flux through the membrane and B; is the solute permeability coefficient
of the membrane. Cy is the solute concentration in the feed stream and C, is the solute
concentration in the permeate stream.

The water permeability constant A,, (Equation (1)) is one of the main factors influenc-
ing the performance of the RO process. It depends on temperature, and it is also affected
by membrane fouling. At a specified temperature, this coefficient can be determined by
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applying a temperature correction factor to the permeate intrinsic permeability constant,
Ajys, as specified by Equation (4) [24].

Ay = Ags x el008(T-25)] for T < 25 °C
Aw = Ags x el00307(T=25)] ¢or T > 25°C

(4)

Fouling negatively impacts membrane performance as the deposition and accumu-
lation of foulants on the membrane surface leads to a reduction in the permeate flux and
significantly alters permeability [29]. Ruiz Garca and Nuez [28] investigated the progressive
deterioration of membrane permeability caused by fouling. They proposed a correction
flow factor applied to water permeability constant A,. The approach proposed in [28]
is adopted in this study. The solute permeability coefficient B; is also dependent on the
temperature of the feedwater. A correction factor should be utilized to the intrinsic so-
lute permeability coefficient Bys to yield the value corresponding to the desired specified
temperature (Equation (5)).

Bs = Bys X e[l+0.05(T725)] for T < 25°C
Bs = By X e[l+0.08(T725)] for T > 25°C

(5)

The change in the osmotic pressure A in Equation (1) is calculated as formulated in
Equation (6).
AT = Tty — T, (6)

where 7ty is the osmotic pressure at the surface of the active layer of the membrane and 7,
is the RO permeate osmotic pressure [26].
The net applied hydraulic pressure AP in Equation (1) is given by Equation (7).

AP = P; — (Algfb) 7)

where Py is the feedwater pressure in the RO system and APy, is the pressure drop at the
feed side of membrane elements [30].

The percentage of feedwater that is converted into clean, usable water (permeate) is
the recovery rate R expressed in Equation (8). Recovery is a crucial factor that significantly
impacts the efficiency and cost-effectiveness of the desalination process.

_ %
e

In Equation (8), Qris the RO feedwater flow rate.

R 8)

3. Physics-Informed Neural Networks

The aim of a neural network is to obtain an estimate of the mapping from the input x
to the output y:
y=N(x;0) )

In Equation (9), NV (§ ; 6) is a neural network with weights 6. Through a training phase,

the network weights are determined by solving an optimization problem that minimizes a

loss function Lg. The goal of the loss function is to match the neural network output with
the training input data.

Lo(x; 0)=(y*— N(x;0)) (10)
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If the physics of the system can be estimated, the loss function can be augmented to

embed a physics-informed term Lpy,,s (Equation (2)).

In Equation (11), the function F(x ;i ; 605) describes the physics of the system through
a mathematical model, allowing the determination of an estimate of the response based on
the input data. For the present study, the function F is built based on the solution—diffusion
model equations describing the reverse osmosis process (Equations (1)—(8)). Figure 1 shows
the schematic diagram of the PINN approach including a data fitness loss function (L)

E"Phys(x; 0) =

("= F(x;y; 05))

and a physics-informed loss function (Lpjys).

Input Data
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Figure 1. Schematic diagram of the PINN. The diagram shows a physics-informed loss function

Update the Network

= £O +£Tﬁy5

embedded into a typical data-driven neural network scheme.

4. Case Study

The PINN framework described in Section 3 is showcased in this section using op-
eration data collected at a seawater desalination plant using RO technology. The studied
RO plant was instrumented to monitor the quality, flow, pressure, and temperature of
feed water, permeate, and concentrate. Collected data is here used to train a predictive
ML model using PINN. The following paragraphs present the studied SWRO plant, the
collected data, and the trained PINN model.

4.1. Description of the Studied SWRO Plant

The studied SWRO desalination plant is schematically illustrated in Figure 2. The
feed water is driven by a high-pressure pump through the RO train designed as a two-pass
configuration. The first pass has a unique stage with 285 Presser Vessels (PVs) operated in
parallel. The second pass is organized in two stages. The first stage has 66 PVs while the
second stage has only 27 parallel PVs. In each PV, a series of seven spiral wound elements
is installed. The RO elements are composed of Dow FILMTEC® membranes, Minneapolis,
MN, USA (Model: SW30HR-440). The concentrate from the second pass is mixed with
seawater and again driven to the first pass. In the second pass, the concentrate of the first
PV stage is fed to the second stage with no additional pressure. The permeate from both
PV stages of the second pass is collected and piped for further processing. The concentrate
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is driven to an evaporation pond. The RO plant operates at 42% recovery under a constant
flow rate. The feed water had a Total Dissolved Solids (TDS) level of over 42g/L and was
mainly composed of Sodium (Na), Chlorine (Cl), and Sulfate (5O4). Small quantities of
other components are also present, including Magnesium (Mg), Calcium (Ca), Potassium
(K), and Fluorine (F). The RO target is to produce freshwater with a TDS not exceeding
100 mg/L. To sustain such a performance level, the water quality parameters and RO plant
operation data were continuously monitored. Some of the monitoring data were made
available by the plant owners. This dataset is the starting point of the work presented in
the subsequent paragraphs.

»

o ~
Concentrate

Pass 1

Raw feed ) '

High Pressure
Pump

g3
High Pressure
Pump

NaOH Pass 2 _L J_
QH{E %j{ ﬂ X

Permeate

T

L

Figure 2. Schematic of the studied SWRO plant. The process comprises two-pass RO units. The first
pass includes a unique stage whereas the second pass is organized in two stages.

4.2. Collected Data

The monitoring dataset includes measurements undertaken for 760 operating days
during which two membrane cleaning (MC) operations were performed. The first MC
was performed at 260 days and the second at 580 days. The feed water was sampled and
analyzed to explore major ion composition and characteristics. TDS was converted from
electrical conductivity. In addition to TDS, the data comprise the flow rate, pressure, and
temperature of the feed water, whereas output operation parameters are the permeate TDS,
flow rate, and pressure (including interstage pressure). Some statistical details about the
gathered dataset variables are displayed in Table 1.

Table 1. Statistics of the dataset variables.

Variable Min Max Median Mean Std Dev
Temperature (°C) 12.6 294 21.1 21.1 5.1
Feed TDS (mg/L) 41,270.5 44,085.1 42,565.0 42,526.8 544.1

Feed Flow (m3/ day) 68,135.8 75,447.6 72,496.7 72,356.4 1643.4
Feed Pressure (10° Pa) 68.0 74.18 71.45 71.33 1.04
Permeate TDS (mg/L) 57.13 105.57 77 .46 76.67 10.47
Pressure drop (10° Pa) 6.3 10.2 7.9 7.9 1.0

The variations in the feed water temperature during the monitoring period are dis-
played in Figure 3. Feed water temperature changed drastically following seasonal varia-
tions. Temperatures ranged between 12 °C and 22 °C during the cold season (November
to February). However, plant records showed that the temperature ranged between 24 °C
to 30 °C during the hot season (May to October). Inevitably, temperature variations affect
permeate quality since permeate TDS is significantly dependent on feed water tempera-
ture. Under constant operating flow and pressure, high temperatures increase salt passage
through RO membranes, leading to higher TDS. This makes feed temperature one of the
major operating parameters to closely monitor in an RO plant.
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Feed water tempertaure [°C]

Feed water TDS [mg/L]
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Figure 3. Variations in the feed water temperature during the monitoring period. Temperature

variations are seasonal variations.

Feed water TDS variations with respect to operating time are displayed in Figure 4. As
shown in the figure, feed water TDS remained quite stable with a less than 5.0% variation
around the mean value (46 412 mg/L) over the monitoring period.

x10*
T T T T T T T
G T e L 4 AN~
. P Y PRI AN > oo o axy Sap
NEA L b AR L T S € R
_:’. :,: s ‘« o8 o8 B 4 --1‘:?}” _.’\,:... 3 - o |
Wy PN . g s
| | | | | | |
100 200 300 400 500 600 700 800

Time [day]
Figure 4. Variations in the feed water TDS during the monitoring period.

Feed water flow rate and pressure are displayed in Figures 5 and 6. The feed flow rate
slightly varies around its average value (72,356 m®/day). This is expected since the RO
facility was operated at constant flux. Feed pressure also remained stable with a less than
5.0% variation around the mean value (71.2 bar).
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Figure 5. Variations in the feed flow rate during the monitoring period.
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Figure 6. Variations in the feed water pressure during the monitoring period.

A larger variation is noticed when the permeate TDS is considered (Figure 7). Data
showed that the permeate TDS greatly varied. This could be related to the variations in the
feed water temperature. It is known that high temperatures increase membrane salt passage,
which inevitably leads to augmented TDS for the permeate. Membrane fouling can also
increase the permeate TDS concentration. This is because the foulants can act as a barrier
to the passage of water molecules, but they allow salt ions to pass through more easily. As
a result, salt rejection by the membrane decreases, and the permeate TDS concentration
increases. This phenomenon is evidenced by the decrease in permeate TDS after each
membrane cleaning (MC) event. A few weeks after membrane cleaning, membranes start to
be progressively fouled, causing the permeate TDS to peak again. In Figure 7, the permeate
TDS starts to increase progressively from a value approaching 56 mg/L (at 100 days) to
reach a value of 92 mg/L (at 255 days). The membrane cleaning performed at 260 days
caused the permeate TDS to progressively decrease before it increased again after 120 days.
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Figure 7. Evolution of the permeate TDS during the monitoring period. Membrane cleaning events
are marked in the figure.

The evolution of the pressure drop with respect to operating time is displayed in
Figure 8. Similar to the permeate TDS, the pressure drop shows variations that can be
correlated with the membrane cleaning events. However, the variations in the pressure
drop are less pronounced when compared with those in the permeate TDS. Physically,
fouling reduces the membrane’s permeability, which decreases the permeate flow rate and
increases the pressure drop.
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S
¢
Ny
I |

0 L I L I I I I
0 100 200 300 400 500 600 700 800

Time [day]

Figure 8. Evolution of the pressure drop during the monitoring period.

4.3. PINN Training and Testing

The PINN approach described in Section 3 is employed to predict the performance of
the studied SWRO desalination process. The experimental dataset including measurements
undertaken for 760 operating days is employed to build a prediction model for the produced
water quality and quantity. For all training cases, k-fold cross-validation is employed with
k = 5. Following this validation method, the training set is split into k equal parts (called
folds). In each training iteration, (k — 1) folds are used for training while the remaining fold
is used as the test set. This procedure is repeated until all folds are used. After k iterations,



Water 2025, 17, 297

10 of 15

Permeate TDS - Predicted response

the model is validated on every fold, which is assumed to give more stable and trustworthy
results since training and testing are performed on several different parts of the dataset.

For the evaluation of the created ML models, three metrics are employed: the determi-
nation coefficient (R?), the mean absolute error (MAE), and the root mean squared error
(RMSE). Generally, lower values are the target for MAE and RMSE. For the determination
coefficient, values close to one indicate better model performance. These performance
criteria are expressed in Equations (12)—(14).

Zf\il (l/i,P - yi,o)2

R2=1- (12)
YN Wio — Yom)?
1 «N
MAE = N Zi:1|yi,p - yi,o’ (13)
YN (Wi — Vio)’
RMSE = |/ ==t ”I’z] Lo (14)

where y; », Y; 0, and Y, are predicted, observed, and average observed values, and N is the
total number of data points.

The best predictive model is exported as a Matlab® (version 2021a) function to be used
to generate predicted responses for new input data.

5. Results and Discussion

Two operation parameters are chosen to showcase the effectiveness of the proposed
PINN-based modeling methodology: the predicted values of the permeate TDS and the
pressure drop. These predicted values are displayed with respect to the actual measured
values in Figure 9. Figure 9a shows predicted and experimental values of the permeate
TDS. The results indicate that the predicted values obtained using PINN exhibited a
strong correlation, as evidenced by a determination coefficient of 0.96. In Figure 9b, the
predicted values of the pressure drop are compared with the measured values at the SWRO
plant. Again, the displayed results show a strong correlation between the measured and
predicted values.

110
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Figure 9. Comparing PINN model prediction with experimental operating data for (a) the permeate
TDS and (b) the pressure drop.
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The performances of the studied PINN in modeling the permeate TDS and the pressure
drop in the studied RO plant were assessed and the results are presented in Table 2.
It can be concluded from the performance results in Table 2 that the two PINN-based
models have high prediction performance associated with strong generalization potential.
These prediction models offer great opportunities to be used as the basis for performance
optimization avoiding expensive and time-consuming experimental investigations as well
as inaccuracies that could be associated with analytical formulations.

Table 2. Performances of the PINN models.

Metrics
Output Parameter
RMSE R? MAE
Permeate TDS 2.0773 0.96 1.5538
Pressure drop 0.1417 0.97 0.1009

The comparison between measured and predicted permeate TDS with respect to
operating time is shown in Figure 10. The PINN model shows good consistency with the
experimental results, which means that the PINN model can predict the permeate TDS
accurately. The evolution of the pressure drop with respect to operating time is displayed
in Figure 11. The trend is similar to that in Figure 10. The PINN model shows good
consistency with the measured values. These results confirm that PINN-based models have
high prediction performance associated with strong generalization potential.

110 T T T T
+—Predicted values
100 % —

80

K
% " 1 d .
) Xg&& ¥rs 1]xx Ik I
oA N
Y

% x X
60F B -

50 1 1 1 1 ! I I
0 100 200 300 400 500 600 700 800

Time [day]

Permeate TDS [mg/L]

Figure 10. Comparing PINN model prediction with experimental operating data for the perme-
ate TDS.

In order to showcase the prediction potential of the PINN-based models, hand-
generated data for feed water temperature, feed water TDS, and feed flow rate are used as
input for the prediction model. Feed water temperature values were generated according
to the seasonal variation trend (Figure 3), whereas feed water TDS and feed water flow
rate were randomly generated around their mean values using a fixed variation level of
5%. A fictitious membrane cleaning event was also simulated (day 820). Two hundred new
records were hand-generated in this way and fed to the PINN models. A sample output is
displayed in Figure 12, where the permeate TDS is predicted for the new data (from day
750 to day 949). Results show that the model can predict the evolution of the permeate TDS,
which could help in scheduling operation maintenance tasks such as membrane cleaning.
Using the developed model it is also possible to monitor the behavior of the RO process in
real time. Monitoring the process behavior allows deviations from baseline operation to be
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detected before they reach a critical level, thus preventing expensive maintenance measures.
It is important to note that the proposed methodology could be a step toward achieving
efficient and physically meaningful modeling for RO plants. Even if the presented results
are firmly related to the specific RO desalination plant where the data were collected, it is
important to note that the methodology itself is scalable and simply applicable in any other
RO plant if enough operating data is available.

11 T T T T T T T

* Experimental data|
——Predicted values

Pressure Drop [bar]

6 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800

Time [day]

Figure 11. Comparing PINN model prediction with experimental operating data for pressure drop.
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Figure 12. Predicted permeate TDS based on the PINN model.

6. Conclusions

In this paper, physics-informed neural network models are proposed to predict some
operating parameters of a full-scale RO plant. The proposed models are trained to predict
the effects of operating conditions on the permeate TDS and pressure drop. The tested
PINN showed high performance with a determination coefficient of 0.96 for the permeate
TDS model and 0.97 for the pressure drop model.

The preliminary results obtained in this study emphasize the potential of using PINNs
for modeling the RO desalination process. Data-driven models can be employed at little to
no cost, avoiding expensive and time-consuming experimental investigations. Furthermore,
PINNSs that incorporate physical information can provide interpretable and physically
meaningful neural network models that are obviously more accurate and general than
models that are created based on data only. This makes PINNs well-suited for modeling
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complex processes such as RO. Furthermore, prediction models created using PINNs are
also able to learn the process characteristics that affect its overall performance and can help
RO plant operators adapt to changes in operating conditions.

Finally, the PINN modeling approach proposed here for some RO operating param-
eters can be adapted to be efficiently used for other process parameters such as recovery
and specific energy consumption (SEC) in order to overcome the limitations related to
experimentally extracting physical quantities and the inaccuracies generally associated
with simple analytical models. Further research is needed to improve the prediction models
created using PINNs and to use them for operation optimization and aiding decision-
making. It is also important to tackle specific aspects such as the intermittency of RO plant
operations. The authors believe that the described PINN-based methodology is promising
and could be part of future endeavors.
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Nomenclature

Acronyms

Permeate flux Jw
Membrane permeability coefficient Ap
Permeate flow rate Qp
Total membrane area S
Solute flux Ts
Solute permeability coefficient B
Solute concentration in the feed Cr
Solute concentration in the permeate Cp
Osmotic pressure of the membrane Tm
Permeate osmotic pressure Tty
Feed water pressure Ps
Pressure drop at the feed side of the membrane AP
Recovery rate R
Feed water flow rate Qf
Total Dissolved Solids TDS
Mean absolute error MAE
Root mean squared error RMSE
Physics-Informed Neural Networks

Neural network with N(x; 0)
Weights 0
Loss function Lo
Physics-informed term Lphys
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