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S.1 Model validation 

This section describes the model validation using measured data collected from the lab 

RO system. The model accuracy was assessed for predicting the permeate flowrate, brine 

flowrate, feed pressure, permeate concentration, and power consumption, for defined inputs, 

i.e., the HPP and iSave speeds, and input disturbances. The model steady-state output and 

dynamic response prediction accuracy are presented as follows: 

 Steady-state model validation 

The steady-state model outputs were compared to measured data obtained with varying 

feed concentration (25,000 to 40,000 mg/l) and feed temperature (20 to 30oC). The data were 

recorded and averaged for one minute after the permeate concentration stabilised, thus 

indicating that the system reached steady state. Details of the measuring instruments and 

experimental errors are described in Section S.2. The dataset, included in supplementary 

material 1 - Appendix C, was simulated using the RO model at the same inputs and 

disturbances and compared to the experimental data. A regression analysis showing the 

correlation between the experimental and simulated data is shown in Fig. S.1. The prediction 

accuracy was assessed using R2 and RMSE, as summarised in Table S.1. The model showed 

high accuracy for predicting the permeate flowrate, brine flowrate, feed pressure and power 

presented by an R2 of 0.93, 0.97, 0.98 and 0.99 and a RMSE of 0.253 m3/h, 0.14 m3/h, 1.124 

bar and 0.303 kW, respectively. The prediction accuracy for the permeate concentration was 

more modest compared to other parameters, at an R2 of 0.77 and RMSE of 70.145 mg/l, 

caused by an overestimation of the permeate concentration at low flowrates, as highlighted in 

Fig. S.1 (e). The model accuracy was also checked with ROSA to ensure the model validity 

for predicting the permeate concentration, in which a correlation of (R2 = 0.97) between the 

model outputs and ROSA was achieved for the same inputs and disturbances. 

Fig. S.2 compares the measured and simulated data of the feed pressure and power 

consumption for a specific permeate flowrate. The error between the measured and simulated 

feed pressure and power consumption remained below ±2.5% and ±4.7%, respectively. The 

estimated experimental error for the feed pressure and power consumption based on the 

accuracy of measuring instruments were 0.25% and 0.5%, respectively. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Fig. S.1. Regression analysis showing the correlation between the experimental and 
simulated data for the a) permeate flowrate, b) brine flowrate, c) feed pressure, d) power 

consumption and e) permeate concentration. 
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Table S.1.  

Validation of the Steady-state model output represented by the coefficient of determination 

(R2) and Root Mean Square Error (RMSE). 

 
Permeate 

flowrate (Qp) 

Brine 

flowrate (Qb) 

Feed 

pressure (Pf) 

Power 

(Pe,total) 

Permeate 

concentration 

(Cp) 

Regression 

analysis 
R2 = 0.93 R2 = 0.97 R2 = 0.98 R2 = 0.99 R2 = 0.77 

RMSE 0.253 m3/h 0.14 m3/h 1.124 bar 0.303 kW 70.145 mg/l 

 

 
(a) 

 
(b) 

Fig. S.2. A comparison between the measured and simulated a) feed pressure and b) power 
consumption for the same permeate flowrate. The data is collected at a feed concentration of 

35,000 mg/l and a feed temperature of 25oC.  

 Dynamic model validation 

The model prediction accuracy for the plant dynamic response was assessed by its ability 

to predict a transient change in permeate flowrate, feed pressure, and permeate concentration 

for a 10% step-change in the HPP rotational speed, NHPP. Fig. S.3 presents the measured and 

simulated system response for a step-change in permeate flowrate. The model provided high 

accuracy in predicting the measured data, as the error remained within a ±5% margin along 

the step-test. The change in permeate production reached steady state almost instantly for the 

change in HPP speed. This was due to using a positive displacement HPP, where the pump 

discharge flow is directly proportional to the pump speed. The fluctuations in the measured 
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flow data were due to the sensitivity of the paddle-wheel flow sensor to any turbulence or 

pulsation in the flow stream.  

 

Fig. S.3. Validation of model accuracy for predicting the permeate flowrate dynamic 
response. The step-response test was performed at 28oC feed temperature and 35,195 mg/l 

feed concentration. The permeate recovery varied from 20.7% to 22.9%. 

The model also delivered high accuracy when simulating the feed pressure. As shown in Fig. 

S.4, the measured and predicted data remained within a 3% error margin. The change in feed 

pressure due to a step-change in HPP speed exhibited two characteristic behaviours. Initially, 

the change in pressure was instantaneous in alignment with the change in HPP discharge flow 

and increased flow volume in the brine channel. The second part of the response, exhibiting 

the characteristics of a first-order system, was an osmotic pressure increase due to increased 

concentration and salt accumulation accompanying the increase in permeate flowrate. 
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Fig. S.4. Validation of model accuracy for predicting the feed pressure dynamic response. 
The step-response test was performed at 28oC feed temperature and 35,195 mg/l feed 

concentration. The permeate recovery varied from 20.7% to 22.9%. 

The comparison between the predicted and measured permeate concentration due to a step 

increase in HPP speed is presented in Fig. S.5. The model accurately predicted the decline in 

permeate concentration by approximating its response to a first-order system. The model 

showed high accuracy, such that the predicted and measured data remained within a 5% error 

margin. This confirmed the validity of the concentration conservation equations used in this 

study. 

 

Fig. S.5. Validation of model accuracy for predicting the permeate concentration dynamic 
response. The step-response test was performed at 27oC feed temperature and 35,429 mg/l 

feed concentration. The permeate recovery varied from 20.7% to 22.9%. 
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S.2 Instrumentations and measurements 

This section describes the instrumentations used for data collection. The RO system 

included 16 sensors distributed across the RO test-rig to collect data for flowrate, pressure, 

concentration, temperature, and power consumption. The sensors were compatible for use 

with seawater and were selected to meet the operating range of the physical variable to be 

measured. The voltage required to power the sensors was provided by an external 24V DC 

power supply. The sensors were connected in series with the power supply forming a loop, by 

which, the current signal within the loop ranges from 4 – 20 mA and represents the physical 

reading of the sensor. This configuration is referred to as a “Loop-powered” circuit. All the 

sensors, except the conductivity sensors, were factory calibrated. 

 Flow measurement 

The flowrate for the feed, brine and permeate streams were measured using the FPB151 

flowmeter manufactured by OMEGA (Manchester, United Kingdom), shown in Fig. S.6. It 

consists of a paddlewheel flowmeter mounted on a Tee and connected to a transmitter that 

converts the paddlewheel speed to a current signal representing the flow. The transmitter 

generated a 4 – 20 mA signal for a 0 - 30 m3/h flow range with an accuracy of ± 1% of the 

max flowrate reading [1]. 

 

Fig. S.6. Paddlewheel flowmeter. 
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 Pressure measurement 

The pressure across the RO system was measured using the RS PRO IPS Series pressure 

sensors, shown in Fig. S.7, manufactured by RS components (Northants, United Kingdom). 

They are piezo-resistive ceramic sensors with a stainless-steel housing that generated a 4 - 20 

mA signal with respect to their pressure range with an accuracy of ±0.25% of max value [2].  

The sensors fitted on the LP piping were rated from 0 to 16 bar, while the sensors on the HP 

side were rated from 0 to 100 bar.  

 

Fig. S.7. Pressure transmitter. 

 Concentration measurement 

The feed and permeate concentration were measured using the OMEGA CDTX-2854 

conductivity transmitter, shown in Fig. S.8. It is an integrally mounted conductivity sensor 

and transmitter that delivers an accuracy of ±2% of reading [3]. The sensors provided a 

conductivity reading of 0 to 5000 µS/cm and 0 to 100,000 µS/cm for the feed and permeate 

streams, respectively, in the form of a 4 – 20 mA current signal. The conductivity reading 

was converted to a measurement of TDS using equation (S.1). However, the relationship 

between electrical conductivity and TDS varies with water salinity. The conversion factor, K, 

was considered as 0.64 and 0.55 for feedwater and permeate water, respectively [4]. The feed 

and permeate conductivity sensors were calibrated using a NIST compliant conductivity 

standard solution of 12880 μS/cm. Their calibration data are included in Table S.3 in Section 

S.2.7. 
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𝐶𝐶 (𝑚𝑚𝑚𝑚/𝑙𝑙) = 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 (𝜇𝜇𝜇𝜇/𝑐𝑐𝑐𝑐) × 𝐾𝐾                (S.1) 

 

Fig. S.8. Conductivity transmitter. 

 Temperature measurement 

The feedwater temperature was measured using a temperature transmitter installed on the 

feed line of the RO system.  The transmitter used is the TEAT-LL fluid temperature 

transmitter manufactured by SYXTHSENSE (Exeter, United Kingdom), shown in Fig. S.9. 

The sensor generated a 4 – 20 mA signal for a 0 to 50oC temperature range. The sensor 

accuracy is ± 0.5oC [5].  

 

Fig. S.9. Temperature transmitter. 
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 Power consumption measurement 

The power consumption of each motor was calculated using equation (S.2), such that IPh 

is the current through a single phase, VPh is the phase voltage, and PF is the power factor of 

the respective motor. The phase voltage for each motor was constant at 240V before the 

VFDs and the power factor for each motor was supplied by the manufacturers. The phase 

current for each motor was measured using current sensors installed on single-phase lines 

before the VFDs and used to calculate the power consumption from equation (S.2). The 

current transmitter used are the HOBUT (Walsall, United Kingdom) CT132TRAN, shown in 

Fig. S.10. They generated a 4 – 20 mA signal for a current range of 0 – 10A, 0 – 20A and 0 – 

50A, depending on the motor power, with an accuracy of ± 0.5% of the max current reading 

[6]. 

𝑃𝑃 = 3𝑉𝑉𝑃𝑃ℎ𝐼𝐼𝑃𝑃ℎ𝑃𝑃𝑃𝑃                      (S.2) 

 

Fig. S.10. Current transmitter. 
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 Experimental error 

Table S.2. 

Estimation of experimental error 

Measurement Instrument Error 

Flowrate 
OMEGA - FPB151 paddle 

wheel flowmeter 
± 1% of the max reading 

Pressure 
RS PRO IPS Series pressure 

sensors 
±0.25% of the max reading 

Concentration 
OMEGA - CDTX-2854 

conductivity transmitter 
±2% of reading 

Temperature 
SYXTHSENSE - TEAT-LL 

fluid temperature transmitter  
± 0.5oC 

Electric current  HOBUT CT132TRAN ± 0.5% of the max reading 

 

 Conductivity sensors calibration 

The feed and permeate conductivity sensors were calibrated based on a single-point 

calibration using a 12,880 μS/cm NIST compliant conductivity solution. 

Table S.3.  

Conductivity sensor calibration. 

Sensor 
Target value 

(μS/cm) 

Sensor reading 

(μS/cm) 

Actual Error 

(% of reading) 

Rated accuracy 

(% of reading) 

Feed 

conductivity 
12,880 13078.9 +1.54 ±2% 

Permeate 

conductivity 
12,880 12987.7 +0.84 ±2% 
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