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A B S T R A C T

Given the temporal variability of wind, the intermittent operation of off-grid wind-powered seawater reverse 
osmosis (SWRO) desalination plants has been proposed. However, it has also been suggested that intermittency 
may damage plant membranes. This paper presents the results and analysis of testing a 100  m3/day rated ca
pacity SWRO plant (two pressure vessels, 1:1 arrangement with 5 and 2 membrane elements [Hydranautics 6- 
SWC4-LD] per pressure vessel). For over 4 months (totaling 3,136 h), the SWRO plant was operated inter
mittently—1  h on and 1  h off—24  h each day, resulting in 1,568 start-stop cycles. The evolution of various 
parameters was analyzed using machine learning techniques, hypothesis testing, and effect size analysis. At the 
end of the test period, membrane autopsies were conducted on the first and last membranes of the system.

The results show that cumulative intermittent operating hours significantly influenced the normalized 
permeate flow (NPF increased slightly by 0.0065  m3/h), normalized salt rejection (NSR increased by 0.12 %), 
normalized salt permeate concentration (NSPC decreased by 4.5  mg/L), and normalized pressure differential 
(NPD showed no significant change). Statistical analysis indicated that the statistically significant differences 
between the means of these normalized parameters at the start and end of the test are primarily the result of 
changes in operating parameters—such as feed water temperature (decreased by 1.2 ◦C) and conductivity 
(decreased by 527  mg/L)—rather than membrane degradation. According to the autopsies, only slight fouling 
was detected and no telescoping effect was observed. The integrity tests were negative, except for the methylene 
blue test, which detected some abrasion marks on the polyamide layer due to displacement of the feed channel 
spacers.

These results provide useful information about the behavior of wind-powered SWRO systems with a high 
number of starts and stops, suggesting that frequent intermittent operation does not significantly damage SWRO 
membranes over the tested period.

Introduction

According to Alawad et al. [1], different problems are being gener
ated by the dramatic increase in the demand for desalinated water, 
including that of a reater need for fossil fuel consumption for power 
production. Thiel et al. [2] estimated that the desalination plants 
currently in operation around the world emit each year around 120 
million tons of CO2. If low-carbon options are not implemented this 
amount could rise to as much as 218 million tons by 2040[3]. In this 
context, Aboelmaaref et al. [4] highlighted that reducing the negative 

effect of global warming requires the urgent implementation of renew
able energies (REs) in desalination processes.

According to Ghaffour et al. [5], only about 1 % of total desalinated 
water is currently based on RE-sourced energy. However, Ghazi et al. [6]
have reported how even countries with their own fossil fuel energy re
sources are planning to incorporate REs in this regard in order to pro
mote a sustainable future for their citizens and at the same time to meet 
the requirements established to combat climate change [7].

Proposals have been made for the deployment of different types of 
RE to power desalination technologies [6,8–10]. According to Yilmaz 
[10], depending on the geographical location, more efficient systems 

* Corresponding author.
E-mail address: pedro.cabrerasantana@ulpgc.es (P. Cabrera). 

Contents lists available at ScienceDirect

Energy Conversion and Management: X

journal homepage: www.sciencedirect.com/journal/energy-conversion-and-management-x

https://doi.org/10.1016/j.ecmx.2024.100848
Received 11 July 2024; Received in revised form 17 December 2024; Accepted 19 December 2024  

Energy Conversion and Management: X 25 (2025) 100848 

Available online 27 December 2024 
2590-1745/© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by- 
nc-nd/4.0/ ). 

https://orcid.org/0000-0003-1379-0075
https://orcid.org/0000-0003-1379-0075
https://orcid.org/0000-0001-9707-6375
https://orcid.org/0000-0001-9707-6375
https://orcid.org/0000-0001-5271-1443
https://orcid.org/0000-0001-5271-1443
mailto:pedro.cabrerasantana@ulpgc.es
www.sciencedirect.com/science/journal/25901745
https://www.sciencedirect.com/journal/energy-conversion-and-management-x
https://doi.org/10.1016/j.ecmx.2024.100848
https://doi.org/10.1016/j.ecmx.2024.100848
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ecmx.2024.100848&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


can be achieved by combining wind, solar, hydropower and other REs. 
However, according to Cherif et al. [11], compared to other RE sources, 
solar and wind energy tend to have much greater availability in 
geographic regions with water scarcity issues and are presently 
considered to be the most suitable options to power desalination pro
cess. Furthermore, according to Abdelkareem et al. [12], these are the 
two RE sources most commonly used for desalination (with hybrid RE 
sources used in just 10 % of cases). Of the desalination technologies that 
can be employed, reverse osmosis (RO) predominates [12,13].

Strategies employing RE that have been used to date to electrically 
power large-scale desalination plants have mainly been based on the use 
of wind energy and connection of the wind farms (WFs) and desalination 
plants to the main grid [14]. Such installations basically employ two 
strategies for wind and conventional energy management when it comes 
to powering the desalination plants [14–16]. With both strategies, the 
desalination plants generally work in continuous mode and without 
frequent interruptions. However, for various reasons, a significant 
number of proposals have been made for employment of the off-grid 
strategy for RE-driven desalination systems, especially small- and 
medium-scale types [14,16]. As pointed out by Alawad et al. [1], one of 
the most challenging problems when using REs is their intermittent 
behaviour. In this context, and with respect to the off-grid strategy for 
RE-driven desalination systems, various proposals have been made to 
deploy massive energy storage systems [16–18] or hybrid energy sys
tems [16,18–20], which would allow RO plants to work under constant 
operating conditions despite the temporal variability of the RE. In this 
case, the frequency of the starts/stops of an RO plant is conditioned by 
the capacity of the energy storage system used [17,21].

According to Alawad et al. [1], no currently available energy storage 
device is ideal. In this context, it should be noted that numerous pro
posals have been made to dispense with the use of backup devices in 
seawater RO (SWRO) plants and instead have the plants adapt their 
operation to the temporal variability of the RE-generated energy 
[22–26]. Cabrera et al.[27], provide detailed information about the 
numerous lessons that have been learnt from the many experiments and 
projects that have been developed in the Canary Archipelago since 1984 
in the field of wind energy-desalination. The results obtained in tests 
undertaken in the islands with SWRO plants working under variable 
pressure and flow conditions showed that they can operate satisfactorily 
with high recovery rates (up to 50 %) without problems arising. 

However, the drawbacks that have been attributed to RE-driven desa
lination systems operating intermittently include, importantly, potential 
RO membrane damage [28].

1.1. Literature review on the effects of the intermittent operation of RO 
plants

From the ealry 1970 s, when research on desalination with RES 
began, one of the main technical challenges has been the stand-alone 
operation of the system due to their temporal variability [29,30]. In 
this context, in 1981 Petersen et al. [31] and in 1987 McBride et al. [32]
provided information about the operation of an RO unit powered by a 
wind turbine (WT) on the island of Suderoog, the initial configuration of 
which had been described in 1979 by Petersen et al. [33]. According to 
McBride et al. [32], after a series of modifications, the system was in 
operation from August 1982 to July 1983 and the RO plant showed no 
unfavourable effects as a result of the stop/start cycles. In the same 
paper [32], the authors described the performance of a WT-powered RO 
plant on the island of Planier, which had been presented in 1979 by 
Maurel [34] and in 1981 by Libert and Maurel [35]. According to 
McBride et al. [32], the main problem was the frequency of the starts/ 
stops, especially when the wind speed was close to the start-up speed of 
the WT.

Carta et al.[23] provided an operational analysis of a fully autono
mous wind-powered desalination system (called SDAWES) with a rated 
capacity of 200 m3/d (8 SWRO modules with 25 m3/d capacity). Among 
other tasks, the automated operating strategy controlled the number of 
SWRO modules that had to be connected or disconnected at any given 
time to enable, working under practically constant operating conditions, 
adaptation to the variable wind energy supply (Fig. 1). According to the 
authors [23], in the years in which the prototype was tested, no signif
icant variation was found in the level of quality or average volume of the 
product water, nor any physical deterioration to the main components of 
the system as a result of the starts/stops required because of the varia
tions in the wind energy supply. To reduce the start/stop frequency of 
SWRO modules when wind speeds are low, the authors recommended 
programming into the control software the appropriate wind speed 
threshold for system start-up, which would vary according to the wind 
regime at the site in question and the characteristics of the system 
design. Optimization of the moment of start-up initiation should be 

Nomenclature

∧ Symbol assigned to a variable (feature) estimated by an RF 
model

πfb Feed-brine osmotic pressure, bar
πP Permeate osmotic pressure, bar
ΔPfb/2=(Pf − Pb)/2 One half device pressure drop, bar
Δp = Psf − Phpp Filters pressure drop, bar
‘a’ and ‘r’ Refer to the actual and referenced measurement values
ASTM American Society for Testing and Materials
BWRO Brackish water reverse osmosis
Cf Feed concentration, mg/L
Cfb Feed-brine concentration, mg/L
Cp Permeate concentration, mg/L
DI Deionized water
MAE Mean absolute error, in the same units as the parameters it 

compares
ML Machine learning
NPD Normalized pressure differential, bar
NPF Normalized permeate flow, m3/h
NSPC Normalized salt permeate concentration, mg/L
NSR Normalized salt rejection, %

OB Osmotic backwash
Pb Brine pressure, bar
Pf Feed pressure, bar
Phpp Pressure at the inlet of the high pressure pump, bar
Pp Permeate pressure, bar
Psf Pressure at the inlet of the sand filter, bar
PV Photovoltaics
Qf Feed flow, m3/h
R2 Adjusted coefficient of determination, %
RE Renewable energy
RF Random forest
RMSE Root mean square error, in the same units as the 

parameters it compares
RO Reverse osmosis
SP Percent salt passage, %
STCF Salt transport temperature correction factor
SWRO Sea water reverse osmosis
TCF Temperature correction factor
WF Wind farm
WT Wind turbine
Y Conversion
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based on wind speed prediction models. According to the authors[23], 
several more years of tests would be required to establish definitive 
conclusions about the effects of intermittent operation on the useful life 
of the membranes. In this context, it should be noted that, according to 
Byrne [36] and with respect to membrane replacement just 3 years of 
useful life has become a common assumption (with a probable relation 
to the duration of the manufacturer’s guarantee). However, according to 
Voutchkov [37], the useful life of RO membranes is typically between 5 
and 7 years, and, in the case of high-quality source seawater, it may be as 
much as 10 years.

According to Jiang et al. [38], one of the factors affecting bacteria 
attachment to a membrane surface is the operating conditions. In this 
context, in 2016 Lai et al. [28] aimed to describe, based on references, 
the effects of wind intermittence on RO desalination. However, their 
work focused fundamentally on the effects on membranes produced by 
flow and pressure fluctuations and to a lesser extent by intermittent 
operation of the plant. In other words, their study was not centred on the 
potential effects that frequent RO plant starts/stops might have on the 
membranes and, in addition, the references they used were in relation to 
works carried out on very small laboratory prototypes tested over a very 
small time period.

Park et al. [39], to determine the effect of intermittent operation, 
tested a Filmtec BW30-4040 brackish water RO (BWRO) membrane with 
feedwaters of 2,750 mg/L and 5,500 mg/L NaCl with interruptions of 
0.5 to 3 min. To determine the effect of intermittent operation on the 
quality and quantity of the permeate, they performed tests lasting one 

hour with six start/stop cycles and averaged the efficiency parameters 
for this time period. According to the authors [39], the longest periods 
without energy (1 to 3 min) had no significant effect on mean water 
quality.

Freire-Gormaly and Bilton [40,41] performed an experimental test of 
a BWRO plant at laboratory scale. The intermittent operation test was 
carried out for 3 days, with 8 h of operation and 16 h of shutdown each 
day. The aim was to evaluate the effect of intermittent operation 
compared to continuous operation for a lab-mixed brackish water. Ac
cording to the authors [41], the results showed that intermittent oper
ation did not cause a significant decline in membrane permeability 
compared to continuous operation. In the same study [41] they evalu
ated the effects on membrane permeability of intermittent operation, 
antiscalant pre-treatment and membrane rinsing prior to shutdown over 
a longer operating period (3–6 days). The analysis they conducted, 
comparing intermittent and continuous operation, the use of antiscalant 
and membrane rinsing with permeate water, showed that minimizing 
the decline in membrane permeability depended most on membrane 
rinsing with permeate water.

Sarker and Bilton [42], in a heavy mineral scaling (CaSO4) scenario, 
undertook continuous (24 h) and intermittent (8 h/d x 3 d) tests with a 
plate-and-frame RO module that they expressly designed and manu
factured to understand the impacts of intermittency typically seen in 
small-scale plants. They detected no negative effect of periodic shut
downs on flux decline, which is contrary to the perception that inter
mittent operation decreases membrane permeability.

Kim et al.[43] investigated the biofouling phenomenon in a pilot- 
scale BWRO plant under different artificial saline groundwater condi
tions (oxic and anoxic) and operating modes (continuous and intermit
tent). To simulate the intermittent mode, the BWRO plant was in 
operation for 5 h and stopped for 19 h each day for 7 days. In continuous 
mode, the BWRO system was in operation for 35 h. According to the 
authors [43], the results suggest that intermittent operation and chem
ical cleaning could be effective strategies to mitigate biofouling in 
BWRO plants treating saline waters.

Lee et al. [44] investigated, at laboratory scale, the fouling of pres
surized RO membranes (RE4040-BE, Toray) under intermittent opera
tion using an approach based on optical coherence tomography. The RO 
tests were performed in continuous and intermittent mode. To simulate 
the intermittent operating cycles for RE-powered RO systems, 8 h of 
operation and 16 h of shutdown were repeated each day for five days. In 
the case of intermittent operation, two strategies were evaluated. In one, 
the membrane was stored in the feedwater during the shutdown, and in 
the other the membrane was rinsed with distilled water for 5 min and 
then stored in distilled water for the rest of the shutdown period. Ac
cording to the authors [44], the analysis undertaken showed that foulant 
thickness was significantly reduced with the intermittent operation.

Yang et al. [45] examined the effect of intermittent operation on 
membrane fouling using a laboratory scale desalination plant, The RO 
plant comprised 4 flat membrane modules. The feed solutions were 
prepared using NaCl, CaSO4 and colloidal silica. They used NaCl to 
prepare the synthetic seawater and set its concentration at 32,000 mg/L. 
Feed flow and pressure were constant during the RO operation. Four 
intermittent operation modes were compared: feed solution recircula
tion, membrane storage in the feed solution, deionized water (DI) 
recirculation, and membrane storage in DI water. They considered 
minimum (4 h) and maximum (14 h) operating times. Three stops of 3 h 
duration were made during the tests. The results showed that intermit
tent operation reduced fouling. However, the extent of fouling mitiga
tion differed depending on the feed conditions, foulant type and the 
membrane lay-up (storage) method employed.

Ruiz-García and Nuez [46] analysed the operating data over 14 years 
(~9h d− 1), without membrane replacement, of an intermittently oper
ated BWRO desalination plant designed to desalinate underground wa
ters for crop irrigation (mainly tomatoes). They concluded that daily 
shutdowns and start-ups did not cause the plant additional problems, 

Fig. 1. SDAWES project: Sequential connection process of seven SWRO mod
ules (13/10/2000, from 12:46:14 to 13:20:09. A) Power, B) Product flow and 
specific energy consumption.
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indicating that the intermittent operation of desalination plants is 
feasible over the long term. In this context, it should be noted that 
intermittent operation with overnight shutdowns is usually associated 
with desalination plants powered with solar photovoltaic (PV) energy. 
However, considerably longer shutdown periods have been associated 
with wind-powered desalination plants [19,20].

Cai et al. [47], used a bench-scale nanofiltration-RO (flat sheet 
membranes) crossflow system powered by a solar array simulator to test 
the effect of intermittency caused by periodic irradiance fluctuations on 
membrane performance. Synthetic brackish feedwater solutions were 
used. For 10 days, 100 daily cycles of shutdown events were carried out 
along with additional permeate backpressure of up to 4 bar to improve 
the osmotic backwash (OB) cleaning. Each cycle consisted of 5 min 
filtration at 10 bar and 3 min pump-off (shutdown event). After the 100 
cycles during the day, which was selected as a worst-case scenario and as 
an accelerated test of membrane damage due to shutdown events, the 
system was not in operation overnight (intermittent operation). Ac
cording to the authors [47], the results showed no significant membrane 
performance deterioration after the 1000 starts/stops, indicating the 
robustness and reliability of the membranes and the spontaneous OB 
cleaning process.

It can be seen from the above bibliographic analysis, which is sum
marized in Table 1, that most of the experimental tests performed to date 
have considered the performance of BWRO desalination plants at labo
ratory scale. In addition, testing is generally carried out with a high 
percentage of the 24 h of a day in shutdown mode, trying to imitate plant 
performance when powered by a PV system with no operation between 
dusk and dawn. Except for [46], the tests have been limited to a few 
days. In addition, it should be noted that the very few tests performed to 
date with SWRO plants have been at laboratory scale, with the limita
tions that this implies, and, given their use of synthetic feedwater, have 
not considered the impact of actual raw water.

1.2. Aim, novelty and key contributions of this paper

The aim of this paper is to present the results of tests performed on an 
intermittently operating industrial SWRO desalination plant. The novel 
contribution of this work is that, for the first time, following a scientific 
method, a study is undertaken of the effects of intermittency on the 
membranes of a SWRO plant (with a 100 m3/d capacity, fed with 
seawater pretreated with antiscalant, equipped with various sensors and 
an energy recovery system, and with forward flushing), using the 
baseline values of various parameters taken after a lengthy period of 
continuous plant operation and comparing them with the values 

obtained after intermittent plant operation with frequent starts/stops. In 
the experiments conducted, the operation of the various components 
comprising the desalination system was carried out using electrical en
ergy from the conventional power grid. It should be noted that, 
regarding the energy source used for these experiments, our work does 
not differ from any of the studies previously conducted to analyze the 
effects of intermittent operation on membranes.

In wind-powered desalination systems that lack backup systems, the 
frequency of starts and stops primarily depends on the wind speed at the 
site, as well as the system configuration and the control strategy 
implemented. In this regard, to ensure that the start/stop frequencies are 
not influenced by the wind regime characteristics of the wind turbine 
installation site—which would result in outcomes heavily dependent on 
the specific wind regime and therefore not provide standardized refer
ence results—this study, similar to the aforementioned prior works, 
establishes fixed start/stop frequencies. This approach avoids reliance 
on the stochastic nature of the energy source at a specific renewable 
energy installation site.

The key contributions of this paper are that it seeks to simulate an 
extreme operating situation of a wind-powered desalination system and 
proposes to model, using machine learning (ML) techniques, the 
importance of diverse input parameters of an SWRO plant and of its 
cumulative operating hours when estimating the target variables of 
normalized permeate flow (NPF), normalized salt rejection (NSR), 
normalized salt permeate concentration (NSPC) and normalized pres
sure differential (NPD). To analyse the difference between the values of 
the above parameters at the start and end of the test, use is made of 
statistical significance, denoted by p-values, and the effect size is esti
mated. Autopsies are also carried, through both external and internal 
inspections, to identify potential membrane damage. For the internal 
inspections, characterization and integrity tests are performed, as well 
as a membrane fouling analysis [48,49].

2. Materials

Fig. 2 shows a picture of the SWRO plant used in the tests. The pic
ture is also available on the DESAL + LIVING LAB platform [50] which 
arose as an initiative of the DESAL + project (Interreg 2014–2020 MAC 
Programme), a fully-equipped public–private ecosystem located in the 
Canary Islands where, researchers, managers, technicians, businesses, 
water bodies and knowledge institutions can cooperate and investigate, 
develop, test and validate water desalination solutions based on the 
water-energy nexus and an RE approach.

The plant is installed inside a standard container measuring 2.35 x 

Table 1 
Summary of previous research work.

Paper Aim Technology Scale Feed water Test 
duration

Operating pattern

Park et al. [39], To investigate the impact of intermittent 
operation on permeate quality and quantity

BWRO Laboratory Prepared feed solutions 1 h Six start/stop cycles

Freire-Gormaly 
and Bilton 
[40,41]

To compare the effects of intermittent vs. 
continuous operation

BWRO Laboratory Prepared feed solutions 3 days 8 h on, 16 h off per day

Sarker and Bilton 
[42]

To assess intermittent operation under high 
mineral scaling conditions (CaSO4)

BWRO Laboratory Prepared feed solutions 3 days 8 h per day

Kim et al.[43] To examine biofouling under various synthetic 
saline groundwater conditions

BWRO Laboratory Prepared feed solutions 7 days 5 h on, 19 h off per day

Lee et al. [44] To study fouling behaviour in pressurized RO 
membranes under intermittent conditions

BWRO Laboratory Prepared feed solutions 5 days 8 h on, 16 h off per day

Yang et al. [45] To determine the impact of intermittent 
operation on membrane fouling

SWRO Laboratory Prepared feed solutions 2 days Operating times varied from 4 to 
14 h; three 3-hour shutdowns 
during testing

Ruiz-García and 
Nuez [46]

To analyse operating parameters and SEC 
evolution over long-term intermittent operation 
with consistent water production

BWRO Full-scale Brackish feedwater 
from an underground 
well

14 years 9 h/day continuous operation 
with nightly shutdowns

Cai et al. [47] To evaluate membrane performance 
deterioration

BWRO Laboratory Synthetic brackish 
feedwater solutions

10 days 100 daily shutdown cycles; not 
operating overnight
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5.90 x 2.39 m (W x L x H) located on the premises of the Canary Islands 
Institute of Technology (ITC by its initials in Spanish) on the island of 
Gran Canaria (Canary Islands-Spain). All seawater inlet and product and 
brine outlet connections are located on one side of the container and are 
duly marked. The seawater is collected by pumping the water from an 
intake well to the container (Fig. 2C). The pre-treatment of the SWRO 
plant feedwater comprises: a) a sand filter unit (with a flint bed of 
various grain sizes, with 0.6 m2 of filter surface, a filtration flow rate of 
10–12 m3/h, and a filtration speed of 18 m/h); b) an antiscalant dosing 
unit (Vitec 3000® liquid antiscalant [51]) with a maximum flow rate of 
3 L/h to prevent the incrustation of sulphate and carbonate salts on the 
membrane surfaces (dosage, dependent on the ionic components of the 
seawater and the SWRO reject, set at 2 ppm); and c) two filter housings, 
each with a cartridge filter unit (10 µm absolute and 508 mm long) made 
of polypropylene and with a 100 mbar cartridge pressure drop (Fig. 3).

The tank volume of the cleaning and flushing equipment is 500 L. 
When the forward flushing equipment is operated, the seawater content 
remaining on the membranes is displaced with water produced by the 
SWRO in order to remove the layer of contaminants built up on the 
membrane by creating turbulence.

The 22 kW electric motor that drives the high-pressure pump and 
energy recovery device (SALINO 120 [52]), although it has a variable 
frequency drive, is set to a constant speed of 750 rpm. The nominal flow 
rate of the high-pressure pump is 10.42 m3/h, and the maximum oper
ating pressure is 53 bar. The SWRO plant consists of two pressure vessels 
in series (Fig. 3). The first has 5 membranes and the second 2. The spiral- 
wound composite polymer membranes (Hydranautics model SWC4-LD 
for seawater [53]) have a maximum operating temperature of 45 ◦C, a 
pH range of 4–11, a diameter of 200 mm and length of 1,016 mm, a 
membrane active area of 37.1 m2, and a 99.8 % salt rejection rate.

3. Experimental method

Fig. 4 shows a block diagram synthesizing the method used and the 
tasks associated with the test.

Among the various schedules carried out in Task-1 is the definition of 
the intermittency cycle in the operation of the SWRO plant. In this 
context, the SWRO is first programmed to operate continuously for a 
period of slightly over 7 days (174 h). The parameter values obtained are 
then used as baseline values when estimating the NPF, NSR, NSPC and 
NPD values of the intermittency test. Baseline system performance 
values are useful for showing any performance changes between 
continuous operation and a given time of intermittent operation. That is, 
it is only possible to determine whether the change in performance is 
apparent or real by comparing the “normalized” intermittent operation 
performance data with baseline reference performance data.

In wind-powered desalination systems that do not employ backup 
systems, the frequency of starts/stops depends on the wind regime at the 
site, the system configuration and the control strategy employed. Carta 
and Cabrera [21], when simulating the long-term (19 years) operation of 
8 SWRO modules with a 1,000 m3/d capacity and following the strategy 
used in the SDAWES project [22], obtained an annual maximum number 
of starts/stops of the SWRO modules ranging between 550 and 600 
(Fig. 5). This corresponds to a mean number of daily starts/stops ranging 
between 1.5 and 1.6. In this work, it was decided to substantially in
crease the number of starts/stops in order to simulate an extreme situ
ation. In this context, it was determined that the plant would operate for 
1 h followed by 1 h of shutdown. In other words, each day the plant 
would be in operation for 12 h and be shut down for the other 12.

The variable frequency drive is programmed so that the rotational 
speed (and consequently the seawater flow rate feeding the high- 
pressure pump) increases over time following three ramp functions, 
with two constant steps (at speeds of 100 rpm and 200 rpm), until 
reaching the nominal operating speed of 750 rpm (Fig. 6).

Fig. 2. A) Container housing the plant, B) Inside view of the container, C) Location of product water storage tank, seawater intake well and desalination plant 
container at the ITC premises.
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Based on the assumption that a one-hour shutdown of the SWRO 
plant is short, that the water comes from an intake well, that the system 
has a sand filter and cartridge filters and that the water is pre-treated 
with antiscalant before being fed to the membranes, it was decided 
that the washing equipment would not be activated during the one-hour 
shutdown period and would only be activated if, for any reason, the 
shutdown period were longer than 1 h.

The frequency of data collection was set in Task-1 at 1 s− 1. In Task-4, 
the SWRO plant test is started. If feed pressure or feed flow rate ramps up 
too fast, the elements can be damaged by excessive forces in the flow or 
radial direction − especially if there is air in the system − which would 
cause a telescoping effect and/or breakage of the fibreglass wrap. To 
avoid the effects of rough start-ups on the membranes, instead of using a 
motorised solenoid valve at the outlet of the high-pressure pump that 
would allow a gradual increase in the pressure on the membranes, as 

was done in the SDAWES project [23], in the prototype tested in the 
present study the input flow is controlled through the variable frequency 
drive.

This procedure ensures that the SWRO system is pressurized at no 
more than 0.69 bar per second, as recommended by the manufacturers 
[54,55], and that therefore no damage is done to the membrane 
element. The recorded parameters are the cumulative operating time of 
the test (to) and the measures taken by the sensors shown in Fig. 3. For 
the entire system, the NPF, Eq.(1), and the NSR, Eq.(2), are calculated 
following ASTM Standard D4516[56,57], but taking salt passage, SPa, as 
the ratio between permeate concentration and average feedwater con
centration, as usually considered by membrane manufacturers in their 
manuals [58–60].

Although there is no specification for NSPC and NPD in ASTM 
D4516, some membrane manufacturers implement a version based on 

Fig. 3. Schematic outline of the general configuration of the used system.
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element-specific conditions. In this context, Eq.(3) [61,62] and Eq.(4)
[62,63] were used, respectively, previously employed by Farhat et al.
[62], in a two-stage RO plant. 

NPF = Qpa
Pfr −

ΔPfbr
2 − Ppr − πfbr + πPr TCFr

Pfa −
ΔPfba

2 − Ppa − πfba + πPa TCFa
(1) 

NSRN = 100 −
Qpa

Qpr

⋅
STCFr

STCFa
⋅
Cfbr

Cʹ
fba

⋅
Cfa

Cfr
⋅(100⋅SPa) (2) 

NSPC = ⋅Cpa⋅
Pfa −

ΔPfba
2 − Pʹ

pa
− πfba + πpa

Pfr −
ΔPfbr

2 − Ppr − πfbr + πpr

⋅
Cfbr

Cfba

(3) 

Fig. 4. Block diagram of the tasks performed.

Fig. 5. Annual number of start-ups/shutdowns of the 8 SWRO modules [22].

Fig. 6. Gradual increase of membrane pressure during the start-up periods.
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NPD = ΔPa⋅
(
2⋅Qfr − Qpr

)1.5

(
2⋅Qfa − Qpa

)1.5 (4) 

In the above equations, the subscripts ‘a’ and ‘r’ refer to the actual and 
reference (baseline) measurement values. The variables of the equations 
are described in the nomenclature and the expressions employed to es
timate some of them are shown in the Supplementary Material.

In Task-5, once the test has been completed, the training, validation 
and testing of the four ML models (for NPF, NSR, NSPC and NPD) is 
carried out (Fig. 7). The models are expected to learn, in a supervised 
way, the relationship between the operating time (to) and certain 
operating variables of the SWRO plant (Phpp, Pf, Qf, Tf, Cf, Pp, Pp = Psf- 
Phpp, Y = Qp/Qf ), used as input variables to the model, and the defined 
target variables (NPF, NSR, NSPC and NPD).

In this work, the regression function given in Eq.(5) is estimated 
using the random forest (RF) technique, proposed by Breiman [64]. In 
previous studies, it has been found to provide appropriate metrics 
against other ML techniques [21,65]. It was selected for the present 
study in view of its robustness against overfitting. 

NPF
NSR
NPD
NSPC

⎫
⎪⎪⎬

⎪⎪⎭

= f
{(

Phpp
)

t ,
(
Pf
)

t ,
(
Qf

)

t ,
(
Tf
)

t ,
(
Cf
)

t ,
(
Pp
)

t ,
(
Δp

)

t , (Y)t , (to)t

}

(5) 

The randomForest package [66] of the open-source multi-platform R 
Statistics software [67] was used to programme the proposed model.

The procedure followed (Fig. 7) is similar to that used in [17]. After 
concluding the training and validation of the RF model with the best 
hyperparameters, the permutation feature importance measurement 
introduced by Breiman [68] for RFs is used to determine the variables 
most important to the model.

After the RF model has been defined, its testing is undertaken using 
the predict() function, available in the randomForest package [66] of the 
R Statistics software, and the test subset as its input data. The proposed 
metrics for the subsequent analysis are the root mean square error 
(RMSE)[69], the mean absolute error (MAE) [22,69] and the adjusted 
coefficient of determination (R2) [21] (see Supplementary Material).

Membrane autopsy is performed in Task-6, as this is one of the most 
useful tools for the identification of potential membrane damage 
[46,47]. Fig. 8 schematically represents the proposed analyses and tests 
to be undertaken in the autopsies of the first and last membranes of the 
system.

4. Results

Shown in Fig. 9 is the evolution of various operating parameters of 
the SWRO desalination plant over the 174 h that comprised the 
continuous operation test period. The mean values of these parameters 
are also shown. The values recorded in the last hours of operation of this 
test were used as baseline values in the analysis of the evolution of these 
parameters in the intermittent operation test.

Fig. 10 shows the evolution of the values of the target parameters 
(NPF, NSR, NPSC and NPD) obtained over the 3,136 h (1,568 h of 
operation and 1,568 h of shutdown) of intermittent operation. The x- 
axes represent the cumulative hours of operation, to. Also shown are the 
results of the inferential statistical analysis (hypothesis testing) made 
with the 36-h data samples (equivalent to 3 days of intermittent oper
ation) collected at the beginning and end of the intermittent operation 

Fig. 7. Schematic representation of the fifth task of the method employed.
Fig. 8. Schematic representation of the proposed membrane autopsy analyses 
and tests.
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test. The sample size of 36 h was chosen as 30 is often used as a general 
rule for a minimum sample size as it is the point at which the central 
limit theorem begins to be applied [70]. The paired hypothesis tests 
aimed to test for the existence or otherwise of statistically significant 
differences before and after the intermittency test. Prior to choosing the 
way to carry out these hypothesis tests, the Shapiro-Wilk test [71] was 
used to check whether the sample differences used could be accepted as 

coming from a population with a normal probability distribution.
The p-values were above 0.05 (previously established significance 

level) for all mean differences, indicating insufficient evidence to reject 
the null hypothesis of normality.

The Student’s t-test [72] and, in the case of the presence of outliers, 
the robust Yuen test [73] were used to carry out the hypothesis tests. 
Fig. 10 also shows the effect size[74,75] of the intermittent test using the 

Fig. 9. Evaluation of SWRO plant parameters vs. operating time in the continuous test.
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Fig. 10. Evolution of the normalized parameters of the SWRO plant vs. cumulative operating time (to) in the intermittent test. Boxplots of 36 h of operation at the 
start and end of the intermittency test. Statistical tests and effect size.
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sample data, which is intended to assess the magnitude of the observed 
differences between the variables and thus complement the statistical 
inference analysis, which only assesses the direction of the effect [73] (i. 
e. it does not clearly indicate how much the groups differ [75]). 
Standardised measures were used to interpret effect sizes. The conven
tional effect sizes proposed by Cohen [76] are 0.2 (small effect), 0.5 
(medium effect) and 0.8 (large effect).

Fig. 10 shows the results of the four RF models used to estimate the 
normalized parameters. The first column (Fig. 10 A-D) shows the 
optimal hyperparameters of the models and the values of the metrics 

used in their evaluation. The second column (Fig. 11 E-H) shows what in 
machine learning terminology is known as variable importance[77]. 
Importance was measured with the factor %IncMSE. This factor repre
sents the mean decrease of the accuracy of the predictions about the 
samples not used to fit each tree of the forest when the given variable is 
excluded from the model. The predictors that are more important will 
correspond to those with higher %IncMSE. Fig. 11 shows the values of 
the parameters Cf, Tf, Phpp and Pf during the 3,136 h of intermittent 
operation. As in Fig. 10, the x-axes represent the cumulative hours of 
operation, to. Also shown are the results of the inferential statistical 

Fig. 11. Results obtained with the RF models. From A) to D) hyperparameters and metrics. From E) to H) importance of variables used in RF modelling.
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analysis made with the 36-h samples of data collected at the beginning 
and end of the intermittency test, and the effect size [74,75].

Table 2 provides a summary of the results obtained with the au
topsies performed on the two membranes (see Supplementary Material).

Fig. 13 shows a summary of the statistical results and their rela
tionship with the biophysical results. This figure illustrates the existence 
of a cause-and-effect relationship between the statistical results and the 
physical results.

5. Discussion

This study investigates the effects of continuous and intermittent 
operation with frequent start-stop cycles on the performance and 
integrity of SWRO membranes. The discussion is structured to first 
present the findings from continuous operation, followed by an analysis 
of intermittent operation, emphasizing technical and scientific insights.

5.1. Continuous mode operation

The continuous operation test provided a stable baseline for assess
ing the performance of the SWRO plant under steady-state conditions. 
As depicted in Fig. 9, key operational parameters—including feed flow, 
conductivity, pressure, temperature, pH, pressure drop across filters, 
specific energy consumption, and conversion rate—exhibited consistent 
trends throughout the 174-hour test.

The feed flow averaged 9.97 m3/h, reflecting reliable operation of 
the high-pressure pump and energy recovery device. Similarly, the feed 
and brine pressures remained stable, averaging 63.6 bar and 50.82 bar, 
respectively, indicating efficient hydraulic stability. Feedwater quality 
showed minimal variability, with conductivity averaging 52.55 mS/cm 

and temperature at 22.05 ◦C. The stable feedwater pH of 7.2 and low 
pressure drop across the filters, which averaged 0.45 bar, ensured 
consistent osmotic pressure and optimal membrane operation. The 
system’s specific energy consumption averaged 2.18 kWh/m3, high
lighting its energy efficiency, while the average conversion rate of 39.16 
% reflected steady and predictable permeate production. The consistent 
performance across these parameters validates the robustness of the 
SWRO plant under continuous operation.

Graphical annotations in Fig. 9 illustrate how stable feedwater 
properties, such as conductivity and temperature, directly supported 
optimal system performance and energy efficiency. These findings pro
vide a reliable baseline for evaluating the impacts of intermittent 
operation, discussed below.

5.2. Intermittent mode operation

The intermittent operation test subjected the SWRO plant to 1,568 
start-stop cycles over a total duration of 3,136 h, with alternating 1-hour 
operating and shutdown periods. This test was designed to simulate 
extreme operational scenarios associated with the variability of renew
able energy sources such as wind power.

Throughout the test, the NPF exhibited a slight, statistically insig
nificant increase of 0.0065 m3/h (p-value = 0.1781; effect size = small), 
indicating that the system maintained permeability without significant 
fouling or scaling. Similarly, the NPD showed no significant changes (p- 
value = 0.8175; effect size = small), confirming that frequent start-stop 
cycles did not result in increased flow resistance or clogging, Fig. 13.

Conversely, the NSR demonstrated a statistically significant 
improvement (p-value < 0.001; effect size = large), reflecting enhanced 
salt rejection and higher permeate quality. This improvement is likely 
due to biofouling material sealing minor membrane imperfections, as 
corroborated by the minimal fouling observed during membrane au
topsies, Fig. 13. Additionally, the NSPC decreased significantly (p-value 
< 0.001; effect size = medium), indicating reduced salt diffusion into 
the permeate water, Fig. 13. These changes, as indicated by the warning 
symbol in Fig. 13, were influenced by reductions in feedwater conduc
tivity (527 mg/L) and temperature (1.2 ◦C), as shown in Fig. 12A, B, 
which lowered osmotic pressure and enhanced salt rejection efficiency.

According to Kim et al. [43], intermittent operation could compen
sate for physical cleaning. However, in this work, without discarding the 
conclusion of these authors [43], it is considered that justification for the 
decrease in NSPC can be supported by two reasons: a) that there is a 
slight increase in NPF; and b) that less salt diffuses and dissolves in the 
same or more product water. The rate of salt passage is independent of 
pressure [37]. However, because the same or more permeated water is 
produced, the NSPC decreases. It is estimated that this occurs because 
less salt diffuses across the membrane, but dissolves in the same or more 
permeated water.

The machine learning RF models constructed to estimate NSR and 
NSPC achieved R2 values of 71.6 % and 70.2 %, respectively, indicating 
good predictive accuracy. The primary predictors for NSR were feed
water conductivity Cf, temperature Tf, operating time to and and inlet 
pressure to the high-pressure pump Phpp. Similarly, NSPC predictions 
predictions were influenced by feed pressure Pf, and inlet pressure to the 
high-pressure pump Phpp. The models confirm that changes in these 
parameters directly impacted membrane performance during intermit
tent operation. The variable to occupies second position among all the 
predictors used in the model.

The stability of NPF and NPD, combined with the improvements in 
NSR and NSPC, highlights the system’s resilience under frequent start- 
stop cycles.

The membrane autopsies, presented in Table 1 (and Supplementary 
Material section 4), further support these findings, revealing only minor 
physical wear and isolated fouling deposits, which did not significantly 
impact performance. It should be noted that three samples were taken 
from each of the two autopsied membranes and the permeate flow rate 

Table 2 
Results of the analysis carried out in the membrane autopsies.

Analysis First membrane Last membrane

External 
inspection

No detection of vexar feed 
spacer displacement or 
telescoping effect.

No detection of vexar feed 
spacer displacement or 
telescoping effect.

Internal 
inspection

Visual inspection
Marks were detected from the 
spacing material in the area 
furthest from the permeate 
tube. Presence of particles at 
the feed end of the spacer 
material.

As in the first membrane, 
marks were detected on the 
membrane surface caused by 
the spacing material.

Microscopy inspection
Scant presence of membrane 
surface fouling. Abrasion 
marks detected at high 
magnification.

Abrasion marks detected at 
high magnification.

Fouling 
identification

No significant fouling on the 
membrane surface. Sodium 
chloride (0.05 mg/cm2). 
Aluminosilicate, potassium 
and magnesium particles.

No significant fouling. 
Sodium chloride (0.06 mg/ 
cm2). Aluminosilicate, 
potassium and magnesium 
particles.

Integrity and 
oxidizations 
tests

Vacuum test negative. 
Damage detected to the 
polyamide layer (methylene 
blue test positive).Fujiwara 
test negative and the presence 
of halogens not detected by  
XPS. 
No changes detected in the 
polyamide bands by internal 
reflection spectrometry (IRS).

Occasional damage detected 
to the polyamide layer 
(methylene blue test 
positive). 
Fujiwara test negative and 
the presence of halogens not 
detected by XPS. 
No changes detected in the 
polyamide bands by IRS.

Operating 
parameters

Permeate flow: above the 
benchmark value established 
by the manufacturer.Salt 
retention: Slightly lower than 
the minimum value 
determined by the 
manufacturer.

Permeate flow: above the 
benchmark value established 
by the manufacturer. 
Salt retention: within the 
minimum interval 
determined by the 
manufacturer.
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Fig. 12. Evolution of certain parameters vs. cumulative operating time (to) in the intermittent operating period of the test. Boxplots of 36-h of operation at the start 
and end of the intermittency test. Statistical tests and effect size.
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and salt retention in the flow cell were characterised. For the charac
terisation of the operating parameters of the samples, the standard 
conditions established by the manufacturer of the autopsied membranes 
were taken into account. As can be seen in Table 1, the mean permeate 
flow rate value at 25 ◦C of both membranes was above the design value 
established by the manufacturer, which is usually characteristic of 
damaged membranes. Despite this, salt retention did not appear to be 
greatly affected in the operating parameter tests (Table 1) or in the 
recorded NSR evolution (Fig. 10C)), as the value is within the range 
established by the manufacturer (99.7 %-99.8 %).

It should be noted that a membrane is generally considered ‘bad’ 
when salt rejection drops to 90 % or less [78]. As reported in Table 2, no 
telescoping effects were detected in the membranes, but vexar 
displacement was detected at the rejection end. That is, displacement of 
the netting material placed between the flat sheets of a SWRO mem
brane was found to promote turbulence in the feed/concentrate stream. 
In fact, internal inspection revealed marks on the membrane surface 
caused by the spacer material in the area furthest from the permeate 
tube and the methylene blue test indicated damage to the polyamide 
layer (see Supplementary Material). However, this damage was not re
flected in the evaluation of the parameters measured in the system.

As shown in Table 2, the microscopy inspection concluded that the 
surface of the membranes showed hardly any fouling, just a few isolated 

deposits/particles in certain areas. These particles/fouling had an 
amorphous morphology/structure. However, at high magnification, 
abrasion marks were detected. Although no oxidation processes were 
confirmed on the membranes, traces of chlorine in the form of C-Cl were 
found on the membrane in the first position. Graphical annotations in 
Figs. 10 and 12 provide a clear visualization of the relationships between 
operating parameters and system performance, illustrating how changes 
in feedwater properties and pressure directly influenced permeate 
quality and salt rejection.

In should be noted that, in the configuration of the systems used 
(Fig. 3), it would have been appropriate to install monitoring devices 
between the two pressure vessels to carry out a more detailed normal
ization. In particular, it would have been advisable to install flow, 
pressure and conductivity sensors at the permeate outlet of the 1st 
pressure vessel and the water inlet of the 2nd pressure vessel. For 
example, if NPD had been measured at each pressure vessel, differenti
ation between fouling and scaling could probably have been made based 
on the location of an increase in the pressure drop. An increase in NPD in 
the first pressure vessel would indicate fouling issues and an increase in 
NPD in the second pressure vessel would indicate scaling issues.

According to the normalised data analysis performed, the results 
seem to reflect the resilience of the process after 1,568 starts/stops, 
using pretreatment, but not osmotic backwash (OB) cleaning. Graphical 

Fig. 13. Cause-and-effect relationship between the statistical results and the biophysical results.
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annotations in Figs. 10 and 12 highlight the relationships between 
operating parameters and system performance. For instance, the im
provements in NSR and NSPC are closely linked to stable feedwater 
conditions and slight reductions in conductivity and temperature. These 
results confirm the system’s ability to adapt to intermittent operation 
without significant performance degradation. With respect to the latter, 
it should be noted that Cai et al. [47] pointed out that a periodic cleaning 
strategy is effective in mitigating contamination in RO spiral wound 
modules. However, they also reported that very frequent OB cleaning, 
combined with chemical cleaning, could accelerate membrane 
deterioration.

The findings discussed underscore the resilience of the SWRO system 
under intermittent operation, providing valuable insights into the 
feasibility of wind-powered desalination systems. However, further 
optimization is needed to mitigate long-term wear, particularly through 
improved cleaning protocols and enhanced monitoring systems. 
Installing additional sensors for flow, pressure, and conductivity be
tween pressure vessels could facilitate more detailed diagnostics, dis
tinguishing between fouling and scaling more effectively.

To build upon these findings, future research should explore longer 
test durations and varied intermittent patterns to better understand 
cumulative effects on membrane integrity and develop strategies to 
enhance system longevity.

6. Conclusions

In this work, a study was carried out on the effects on the membranes 
of a SWRO desalination plant with a capacity of 100 m3/d operating 
firstly in continuous mode for 174 h and then in intermittent mode with 
frequent starts/stops. The aim with the latter mode was to simulate an 
extreme case of the operation of a wind-powered SWRO desalination 
plant.

The main findings can be summarized as follows: 

• According to the analysis of the normalised data, the results seem to 
reflect the resilience of the process after 1,568 starts/stops, using 
pre-treatment, but not osmotic backwash cleaning.

• No statistically significant differences were found between the mean 
values at the beginning and at the end of the test for the NPF and NPD 
parameters. Therefore, it was considered that no fouling or scaling 
was present on the membranes. The NPF increased slightly 
(0.006465 m3/h), and so it could be conjectured that damage to the 
membranes had occurred. However, this was not evident in the 
statistical analysis.

• It was observed that NSR increased and NSPC improved at the end of 
the intermittency test. It is considered that the increase in NSR is not 
a consequence of biological contamination, as no decrease in NPF 
was detected. It is considered that the justification for the increase in 
NSR can be supported by the decrease in operating parameters such 
as feedwater temperature and conductivity.

• The to variable was in the top variable importance positions of all the 
predictors used in the RF models to estimate NSR and NSPC. 
Although it has been pointed out in the literature that intermittent 
operation, captured by to, could compensate for physical cleaning, in 
this work it is considered that the decrease in NSPC can be justified 
by the slight increase in NPF and the lower diffusion of salt that 
dissolves in more product water.

• With respect to the results obtained with the autopsies, it should be 
noted that both membranes presented a permeate flow rate above 
the design value, which is usually characteristic of damaged mem
branes. Despite this, salt retention did not appear to be greatly 
affected in the operating parameter tests, as the value was within the 
range established by the manufacturer.

• No telescoping effects were detected on the membranes, but marks 
on the membrane surface caused by the spacer material were 
detected in the area furthest from the permeate tube and the 

methylene blue test indicated damage to the polyamide layer. 
However, this damage was not clearly reflected in the evaluation of 
the parameters measured in the system.

• The microscopy inspection concluded that the surface of the mem
branes showed hardly any fouling, only isolated deposits/particles in 
certain areas. Although no oxidation processes were confirmed on 
the membranes, traces of chlorine in the form of C-Cl were found on 
the membrane in the first position.

• It would be advisable to install flow, pressure and conductivity 
sensors at the permeate outlet of the 1st pressure vessel and at the 
water inlet of the 2nd pressure vessel in order to carry out a more 
detailed normalisation. It is also considered that, to obtain more 
conclusive results, it would be advisable to carry out tests over a 
longer period.
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