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• PV power deviations thresholds investi
gated for pump resilience boundary

• Defined resilient operating windows for 
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creases daily production with no energy 
buffering

• Real-world demonstration ⇒ optimal 
membrane configuration under tran
sient operation
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A B S T R A C T

A photovoltaic-powered membrane filtration (PV-membrane) system desalinates brackish water to produce 
drinkable water using sunlight but is prone to shutdowns – due to solar irradiance fluctuations – that reduce 
permeate quality and daily yield. Shutdowns occur at certain PV power deviation thresholds (D th ) that, when 
identified, can be controlled to operate the system autonomously within certain windows of shutdown resilience 
during transient operation. This study introduces the resilient operating window (ROW) to investigate PV- 
membrane system operation under four different configurations – via two membranes (BW30 & NF90) and 
two pumps (SQFlex 0.6-3 N/20 bar & -2 N/12 bar) – using real-world solar conditions. The BW30/3 N 
configuration, operated at ~11 bar transmembrane pressure (TMP), achieved ~67% shutdown resilience while 
the NF90/3 N configuration at ~9 bar TMP (constrained) achieved 100% resilience & daily production gains of 8 
L and 19 L, respectively, compared to reference uncontrolled operation. The -2 N pump enabled 100% resilience 
for both membranes, with reduced daily yield for NF90. Results highlight how D th influences shutdowns in PV- 
membrane systems, and how these can be mitigated for enhanced resilient operation during transient conditions 
without additional energy buffering support, essential for more robust autonomous PV-membrane water desa
lination systems.
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1. Introduction

To optimally operate a photovoltaic-powered membrane (PV-mem
brane) desalination system, it is essential to fully utilise the available PV 
power at every instance of the day to enhance daily water production 
[1–3], while ensuring the permeate quality is within the palatable limits 
of drinking water. The palatability of water with total dissolved solids 
(TDS) <0.6 g/L is generally considered to be good; drinking water be
comes increasingly unpalatable at TDS levels >1 g/L and beyond this 
limit is not recommended [4].

In prior studies, a “safe operating window” (SOW) concept was 
defined for wind- and PV-powered membrane desalination systems. This 
helped to determine the membrane optimal operating thresholds under 
a steady-state condition using constant power supply [5–8]. In real- 
world scenarios, PV-membrane systems rarely operate under steady- 
state conditions due to continuous solar irradiance (SI) fluctuations 
during clouds movement, which cause power and pressure variations in 
PV-membrane system. In extreme cases, there is intermittency where PV 
power can drop sharply enough to trigger PV-membrane pump 
shutdowns.

This study thus extends the SOW concept and introduced two sig
nificant operating windows of a PV-membrane system under transient 
operation, applicable to real-world operation: The resilient operating 
window (ROW) and resilient safe operating window (R-SOW). These 
resilience-based windows are defined through empirically identified PV 
power deviation thresholds (D th ) where pump shutdowns occur across a 
range of transmembrane pressure (TMP) demands in PV-membrane 
system. The D th are the maximum allowable instantaneous change in 
PV power per second, beyond which the pump-drive system becomes 
electrically unstable, and its internal logic initiates a protective 
shutdown.

The conceptual distinction of these new windows, further definitions 
and motivation of the study are presented in this section.

1.1. Conceptual difference between SOW, ROW and R-SOW for PV- 
membrane system

The SOW concept – originally proposed by Feron in 1985 [5] – has 
been furthermore investigated under steady-state conditions [5–8]. The 
window is determined by plotting the feed flowrate against the trans
membrane pressure (TMP). The region is then mapped out under 

different constraints which combines the hydraulic, electrical, and 
membrane-performance characteristics of the system. These are: ① 
minimum retention to attain drinkable permeate; ② minimum pump 
power, such that the pump can produce a flow at each pressure set-point; 
③ minimum and maximum pressure set-points; ④ maximum recovery 
to reduce the fouling risk, and ⑤ maximum pump power across each 
TMP set-point. An example of a SOW is illustrated in Fig. 1A.

The SOW (the grey shaded area where all the aforementioned con
straints are simultaneously satisfied to produce safe drinking water) 
helps to identify retention, recovery, flux, specific energy consumption 
(SEC), TMP demand, and pump power under steady-state power supply. 
It does not however indicate whether an operating point will survive 
transient PV power fluctuations, or when shutdown mitigation is 
required.

The ROW introduces a PV power deviation resilience limit, which 
helps to determine pump tolerance, enabling the prediction of whether a 
given operating point will trigger pump shutdown under transient 
photovoltaic conditions. The ROW overlays dynamic power variability 
onto the SOW and, unlike the SOW, identifies quantifiable PV power 
deviation thresholds at which pump shutdowns occur during transient 
operation, applicable to real-world PV-membrane applications.

A typical ROW is shown in Fig. 1B, and it is defined under the 
following constraints: ①minimum set-point, ② resilience boundary, 
③maximum set-point, ④ maximum pump power.

The resilience boundary is derived from empirically determined D th . 
Specifically, within the ROW, D th are not sufficient to trigger the pump 
shutdown, meaning that no buffering or shutdown control strategy may 
be required. Below the ROW however, the D th can potentially result in 
pump shutdown depending on the severity of the power variations.

Because the ROW alone does not ensure that the system operates 
strictly within the membrane's safe boundaries defined by the SOW, a 
resilient safe operating window (R-SOW) is defined. R-SOW identifies 
operating regions where both membrane safety and shutdown resilience 
are simultaneously satisfied. It applies the same resilience conditions of 
the ROW in addition to the SOW boundaries. As shown in Fig. 1B, the R- 
SOW represents the intersection between the SOW and the ROW, 
highlighting the region where PV-membrane operation can be both 
“safe” and “resilient” under real-world transient PV conditions.

Typically, for feed brackish water with total dissolved solids (TDS) of 
5 g/L, a minimum retention of 80% is required to attain a 1 g/L 
permeate, and maximum recovery of ~30% is recommended to reduce 

Fig. 1. Different operating windows of a photovoltaic-powered membrane filtration system. A. The original steady-state safe operating window (SOW) with its 
boundary defined by the constraints: ① palatable retention, ② minimum pump power, ③ maximum pump power, ④ maximum pressure set-point ⑤ maximum 
recovery; B. Proposed resilient operating window (ROW) for transient operation along with the resilient-safe operating window (R-SOW), defined as the overlap of 
the SOW and ROW. ROW and R-SOW are bounded by: ① minimum set-point, ② resilience boundary, ③ maximum set-point, and ④ maximum pump power.
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the fouling risk and preserve the membrane integrity. Although mem
brane desalination of brackish water can attain a higher recovery of 
>30%, this is mostly reported for multi-stage operation consisting of an 
additional circulation pump [9–11], or a single-pass system consisting of 
multiple spiral-wound elements (SWEs) up to eight, in series within a 
single pressure vessel. For experimenting with a single SWE, the rec
ommended recovery rate is provided by the membrane manufacturer. 
For example, DuPont recommend operating single SWE (BW30–4040 or 
NF90–4040) at a low recovery of ~25% [12], which helps to minimise 
scaling or fouling rate during continuous operation. This also keeps the 
membrane performance within the “sustainable flux” limit [13] also 
referred to as the threshold flux or sustainable critical flux [14,15] – and 
defined as being the operating limit where flux is high enough for 
permeate production, but low enough to keep fouling at manageable 
levels.

1.2. PV-membrane pump and shutdown dynamics

Positive displacement pumps (PDPs), consisting of progressive cav
ity, are mostly used in PV-membrane desalination systems as they are 
designed to generate high pressure at relatively low flow rate, a 
matching profile for pressure-driven membrane desalination processes 
[16]. The other pump category – dynamic pumps (e.g. centrifugal pump) 
are however more suited to applications requiring high flow rates at low 
pressures (e.g. irrigation) [17]. Progressive cavity PDPs share similar 
helical rotor-stator displacement mechanism, and so they are compa
rable in operation and shutdown dynamics.

The pump shutdown, which mainly result from electrical stress from 
voltage fluctuations or unbalanced currents, can occur under two con
ditions: i) Motor stalling [18] – when the power drops too low and the 
motor torque becomes insufficient to overcome the pump's load (the 
pressure of lifting water); ii) Electronic protection – Modern controllers 
have (built-in) power control unit which protects the pump from rapid 
power fluctuations [19,20]. Once the magnitude of the input power 
fluctuation exceeds the level required for stable motor operation, the 
controller logic triggers a shutdown. The corresponding D th at shut
down therefore defines the pump's resilience boundary which can be 
empirically determined.

Although this study does not aim to characterise or compare the 
intrinsic shutdown thresholds of different pump types or models, it 
recognises that most modern PV-powered pumps incorporate defined, 
and often pump-specific, protection limits that can be empirically 
identified. However, once these thresholds are determined (empiri
cally), the critical question shifts from why or how the shutdowns occur 
to how such thresholds can be strategically utilised in PV-membrane 
systems control, to improve the system operational stability and daily 
production.

Pump shutdowns are undesirable in PV-driven membrane systems 
for three reasons. Firstly, during a shutdown period, the permeate 
quality deteriorates [21] due to the reduction of the hydraulic driving 
force, allowing back-diffusion of salts from the concentrated feed to the 
permeate side. Secondly, frequent shutdowns throughout a solar day can 
significantly increase the SEC, because energy is repeatedly expended 
during non-productive start-up and re-pressurisation phases, while 
permeate production only occurs after sufficient pressure is re- 
established. In addition, due to continuous interruption of permeate 
production during the pump downtime, there is reduction of cumulative 
daily production [22,23].

1.3. Power flow process of PV-powered positive displacement pump

In modern PV-powered pumps with integrated electronics, the 
inbuilt maximum power point tracking (MPPT) controller continuously 
adjusts the operating point of the power converter to maximise energy 
extraction from a fluctuating PV supply. Continuous MPPT (e.g. during 
heavy cloud passage) repeatedly reconfigures the DC converter 

operating states, which can cause transient undervoltage or current 
overshoot [24]. The commutator then converts the DC supply (or 
rectified AC) into time-varying current in each stator winding of the 
motor. A block diagram of this typical power flow process for a (helical 
rotor) progressing cavity PDP [17,25,26] in PV-membrane system is 
shown in Fig. 2. The motor rotational speed is proportional to the 
available electrical power supply, while the torque increases linearly 
with pressure demand and notably almost independent of speed (unlike 
centrifugal pumps, where torque increases with speed).

When the internal controller detects that stable motor commutation 
cannot be guaranteed, the embedded control logic disables the 
commutator, which shuts down the motor at the preprogrammed resil
ience threshold of the pump. A permanent magnet synchronous motor is 
mostly used for helical rotor PDP as it is suitable for constant-torque 
loads with no slip losses. This controlled shutdown, which protects the 
pump from accelerated ageing due to mechanical stress or overcurrent 
conditions [27] is defined using Eq. (1): 

(1) 

where: VPV(t), PPV(t) = instantaneous PV voltage and power supply 
respectively; Vpump,min, Ppump,min = minimum operating thresholds of the 

pump voltage and pump power respectively; 
⃒
⃒
⃒
⃒
dPpv
dt

⃒
⃒
⃒
⃒= absolute magnitude 

of PV power fluctuations, dPpump,max
dt = maximum tolerable pump power 

fluctuations.
Since pump controllers are designed to shut down under fast power 

deviations, system-level strategies that smooth power demand rather 
than modifying internal electronics are essential.

1.4. Shutdowns mitigation strategies for PV-membrane system

To optimise PV-membrane system performance for transient condi
tions (e.g. fluctuations over the timeframe of seconds), it is important to 
mitigate the risk of pump shutdowns. A common approach for achieving 
this is via the addition of energy storage components to the system. This 
was demonstrated for a wind-powered membrane filtration system, 
whereby supercapacitors (SCs) smoothed out power fluctuations for up 
to 5 h, which resulted in the system operating within the SOW for a 
significantly greater fraction of time [28]. Likewise, with the integration 
of power control management system into a PV-membrane system, en
ergy buffering with a high energy density SC extended the operating 
time to multiple days [23]. However, the simplicity of directly-coupled 
PV-membrane systems – i.e. where no energy storage components are 
included – have advantages when it comes to robustness [16], an 
important attribute when such systems being deployed in harsh envi
ronments and remote locations [29].

An alternative approach is to implement a control strategy to directly 
mitigate the pump shutdowns directly without additional energy buff
ering option. This can make the PV-membrane system more robust for 
directly-coupled operation, while avoiding challenges associated with 
energy-storage options, including conversion losses, maintenance re
quirements, and periodic replacement. In a prior study, the present 
authors investigated this approach for PV-membrane system desali
nating brackish water containing 5 g/L NaCl TDS, using a single pump 
operated at a fixed TMP set-point of 12 bar [30]. The system back- 
pressure was controlled using an actuator and integrated ball valves at 
D th of 30%/s where the electrical shutdown of the helical rotor PDP 
occurred. This effectively minimised the pump shutdown occurrences, 
especially on a very cloudy day. Inspired by this result, and the moti
vation to extend this approach to other pump-membrane configurations, 
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the current study seeks to i) explore the temporal dynamics of PV- 
membrane system under transient power supply, ii) identify the 
thresholds of PV power fluctuations that trigger system shutdowns 
across different TMP set-points and PV power supply ranges; and, sub
sequently, iii) define the ROW and R-SOW of the system under such 
transient conditions which can further provide a guide for the control 
similar PV-membrane systems to achieve resilient operation.

Thus, explore these, the following research questions were investi
gated: 

i. How do PV power D th vary across different TMP and PV power 
levels in a directly-coupled PV-membrane system, and how do 
these affect the shutdown and resilience dynamics in different 
pump-membrane configurations?

ii. How can the D th be mapped onto a SOW to identify the region of 
ROW where the system can be resilient to shutdowns across 
different TMP set-points during transient operation?

iii. How can R-SOW of PV-membrane be determined, such that the 
system operate within the SOW boundary conditions, while 
maintaining the shutdown resilience, applicable for real-world 
application?

2. Materials and methods

2.1. Clarifications of key terms and concepts

2.1.1. PV power ramp rate versus PV power deviation thresholds
When a system operates under transient SI conditions, it is subjected 

to PV power fluctuations, often quantified in terms of PV power ramp 
rates (RR) – defined as the (absolute) rate of change of PV power supply 
with time (units: W/s) [31,32]. System shutdowns in a PV-membrane 
system can occur when the PV power RR exceeds a certain magnitude 
[21], however, the impact of RR magnitude under different PV power 
levels is not uniform on such system. For instance, a 100 W/s ramp down 
magnitude can cause a pump shutdown at low power (e.g. from 300 W to 
200 W in 1 s) may be tolerated by the same system under high power 
supply (e.g. 600 W to 500 W in 1 s). Although the RR magnitude is the 
same, the occurrence under low PV power condition could bring the 
pump below its “shut-off” limit, while this may be tolerated under the 
higher PV power condition.

PV power D th are relevant for enabling a consistent threshold across 
different SI conditions,. This is defined in terms of the rate of change of 
PV power supply, referenced to the previous output value (units: %/s). It 
indicates the percentage disturbance relative to instantaneous system 
conditions, which can be applicable to different operating TMP set- 
points or PV power levels. Although several studies have reported the 
behavior of PV-membrane under PV-power fluctuations [3,21,33–37], 
the quantitative D th at which pump shutdowns occur have not been 
much reported, as these depend on different factors, such as the pump's 

dynamic response, operating pressure, available PV power, and mem
brane type.

2.1.2. Membrane resilience versus pump resilience to shutdowns
In previous studies, membrane resilience is defined as the time 

required for the key performance indicators (e.g. flux, permeate con
ductivity) to recover to their pre-disturbance levels following a disrup
tion such as a system shutdown [21,38]. This time-based definition 
assumes that the PV power supply remains relatively unchanged before 
and after the disruption, and that system performance is capable of fully 
returning to its initial state. Classical definitions of resilience are often 
based on a normal operating state, a disrupted state, and then recovery 
to the initial state after a period of time [39]. The time-based resilience 
definition is however difficult to apply to a solar day that is charac
terised with high SI fluctuations, since the system performance may not 
always fully recover to the initial level post disruption. In PV-membrane 
system, however, the pump supplies the needed hydraulic pressure to 
the membrane, thus the pump resilience to shutdown is more applicable 
for system investigation under transient operation.

Pump resilience is defined in this study as the pump's ability to 
withstand PV power fluctuations without shutting down under PV 
power transient condition. For a fixed PV array size, membrane type, 
back-pressure setting and the membrane TMP set-point, this is expressed 
as the maximum tolerable PV power D th that the pump can absorb while 
continuing stable operation for a fixed system design. Low resilience 
indicates that the pump is prone to shutdowns under relatively small 
fluctuations in PV power supply, while high resilience is the ability of 
the pump to withstand larger degrees of fluctuation without shutdown.

2.2. PV-membrane system set up and descriptions

The resilient operation of PV-membrane system under transient PV 
power supply was investigated using two helical rotary pumps with 
different maximum operating pressure limits: 12 bar and 20 bar. The 
effects of membrane performance during this transient operation on a 
cloudy day was assessed using two membrane types, one nanofiltration 
(NF) membrane and one brackish water RO membrane. The schematic 
representation of the system set up is shown in Fig. 3, while the complete 
system setup and description are summarised below.

2.2.1. PV panel / solar array simulator
The system utilised six silicon PV modules (OffgridTec) with the 

following specifications: Maximum power on load (Pmp) = 100 W, 
voltage at maximum power (Vmp) = 39.6 V, current at maximum power 
(Imp) = 2.53 A, temperature coefficient β = − 0.45%/◦C and surface area 
= 0.575 m2). These are conFig.d in a 3-series × 2-parallel arrangement, 
to produce a maximum power of Pmp = 600 W (Vmp = 118.8 V Imp = and 
5.06 A) at standard test conditions of 1000 W/m2 SI and 25 ◦C. The 
configuration was selected to match the DC power requirements of the 

Fig. 2. Block diagram of power flow process for PV-powered pump for membrane desalination system. NF = Nanofiltration, PMSM = Permanent magnet syn
chronous motor; RO Reverse Osmosis.
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chosen pumps (detailed in next subsection). To ensure reproducibility of 
a solar day for different experimental testing in the laboratory, the PV 
array was emulated using a solar array simulator (SAS, Chroma 
62050H–600S, 5 kW DC supply), programmed with specific SI and 
temperature profiles. The SI dataset obtained from 2016 measurements 
at the KIT Solar Park, Germany was programmed into the SAS. A very 
cloudy day (13 October 2016) – plotted on the left in Fig. 3 – was used in 
the study to investigate system resilience. This day is particularly 
applicable as it represents a near worst-case scenario of multiple levels 
SI fluctuations. In addition to transient power supply, the SAS can be 
programmed to supply constant DC power, which is needed for steady- 
state experiments.

2.2.2. Feed pump and control unit
Two submersible DC-powered helical rotor pumps with different 

maximum pressure limits were used interchangeably. These are 
Grundfos: SQFlex 0.6-2 N (maximum pressure 12 bar, ~420 W) and 
SQFlex 0.6-3 N (maximum pressure 20 bar, ~600 W) and both pumps 
are capable of a maximum feed flow rate of 600 L/h [25,26]. Although 
both pumps can be operated to supply the same feed pressure under 
identical power supply, their resilience to PV power fluctuations may 
differ due to variations in their maximum power demand, which can 
influence their effective operating range before shutdown. Due to these 
differences, the pumps were selected to investigate how their maximum 
pressure limit affects the system shutdowns and resilience. These pumps 
are connected to the power source via the control and communication 
unit (CCU) CU200 by Grundfos.

2.2.3. Membranes
Three membranes were used in the system: i) an ultrafiltration (UF) 

membrane (Inge Dizzer P4040, 6.0 m2) was always employed for feed
water pre-treatment. Then for for brackish water desalination, a choice 
of two membranes could be used, either ii) a RO membrane (DuPont 
FilmTec BW30–4040, 7.2 m2) [40]. The BW30 membrane in the system 
is relatively old (in use for about 3 years), offering a maximum salt 
rejection of about 93%; or iii) a NF membrane (DuPont FilmTec 
NF90–4040, 7.6 m2), which selectively removes multivalent ions and 
organics while allowing monovalent ions to pass, achieving up to 95% 
rejection. The NF90 membrane provides higher flux and serves as an 
alternative to BW30 for evaluating system performance and effects on 
the pump's resilience to system shutdown.

2.2.4. The Transmembrane pressure (TMP)
The TMP is the study is the effective feed pressure measured at the 

inlet of the desalination membranes (NF90 or BW30), following pre- 
treatment via the UF membrane. This TMP is slightly lower (~0.8 bar 
drop) than the feed pressure due to the pressure drop in the UF 
membrane.

2.2.5. Feed water, quality and temperature
The feed water is a synthetic brackish water consisting of a de- 

ionised water and 5 g/L NaCl (> 99%, Sigma-Aldrich, general-purpose 
grade). The feedwater temperature was regulated using a water circu
lation chiller (Julabo FC-600, Germany) connected to the interlayer of 
the 270 L custom-built, double-walled feed tank used in the setup. The 
chiller allowed feedwater temperature to be controlled to about 20.5 ±
0.5 ◦C for all the experiments.

2.2.6. Control, valves and sensors
A programmable logic controller (PLC, Unistream 10.4″, Unitronics) 

was employed to regulate the power supply and overall performance of 
the PV-membrane system. The PLC can process up to 40 analogue signals 
(4–20 mA) from sensors. The sensors in the system include pressure 
transmitters, electrical conductivity sensors, flow sensors, DC current 
transducers, and uni− /bipolar DC voltage transmitters. The analogue 
and digital outputs of the PLC were respectively used to control the 
electrical actuator valve (Hanbay MCL-S50 AB 24 V SS) and solid-state 
relays (TRU-components TC-GSR-1-40DD) used for switching opera
tions within the system. Detailed descriptions and types of the sensors 
and valves have been presented in previous work [30], as the present 
system builds on similar configuration with modifications in pumps and 
control methods.

2.3. Determining the operating windows of PV-membrane system

The operating windows of a PV-membrane system define the ranges 
of conditions under which the system can function effectively, both in 
terms of safety and resilience. The operating windows considered are 
the: SOW, ROW and R-SOW. The methods of determining these oper
ating windows are described in this section.

2.3.1. Steady-state test and SOW
The SOW is determined through a series of performance tests con

ducted under steady-state conditions (that is, constant power supply and 
fixed operating setpoints). The steady-state results are subsequently 

Fig. 3. PV-membrane system set-up for resilience investigation during transient PV power supply, showing: a very cloudy day used as the solar irradiance input to 
the solar array simulator (SAS); the choice of two pumps submerged in the feed tank (containing 5 g/L NaCl)– SQFlex 0.6-2 N, SQFlex 0.6-3 N; and the choice of two 
membranes for desalination – BW30 and NF90. AV = Actuator valve, BV = Ball valve, CCU = Control and communication unit, CV = Check valve, EC = Electrical 
conductivity sensor, F=Flow sensor, NC=Normally closed solenoid valve, P=Pressure sensor, PLC = Programmable logic controller, SAS=Solar array simulator, 
SV=Safety valve.
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used to map out the SOW, which is realised by first plotting the feed flow 
rates against the corresponding effective feed pressure. In the study, the 
SOW investigation is carried out as follows: 

i. A TMP value (e.g., 12 bar) is set using the maximum PV power 
supply of Pmp = 550 W.

ii. The back-pressure valve position is fixed to maintain the TMP, 
and the constant power supply is varied from 200 W to 550 W in 
50 W increments. For each power level, the system operates for 
10–20 min under steady power supply until the system perfor
mance is stabilised.

iii. After completing the power variation, the next TMP value (e.g., 
11 bar) is set using the maximum power of 550 W. The power is 
then likewise varied from 200 W to 550 W in 50 W increments, 
following the same steady-state procedure.

iv. PV power supply limits of 200–550 W were chosen because 550 
W is the practical maximum power supply from the PV panel 
configuration, while below 200 W the pump a) can no longer 
generate sufficient TMP for the PV-membrane system to produce 
permeate and b) is prone to inevitable shutdown, the exact limit 
depends on the pump type.

v. The steps above are repeated until all operating pressure set- 
points from 12 bar down to 5 bar are investigated (in 1 bar 
intervals).

vi. The performance graphs of the parameters are then plotted to see 
how the individual parameter (flux, retention, feed flow, recov
ery, SEC) changes with the changing power levels and the oper
ating pressure.

vii. These results are then merged and mapped out into a SOW, which 
is derived by plotting the feed flow rate against the TMP in the 
system (as described earlier in Fig. 1A). The SOW is constrained 
by the desired thresholds (maximum and minimum power limits, 
pressure set-points, maximum recovery, minimum retention) and 
plotted.

2.3.2. Transient-state test, ROW and R-SOW
Transient-state tests were used to determine the ROW while the 

overlap of the ROW and the corresponding SOW of the same setup are 
mapped out to determine the R-SOW (as previously illustrated in 
Fig. 1B). The transient tests involve investigating different magnitudes 
of D th that can either trigger pump shutdown or be tolerated by PV- 
membra ne system under various operating TMP set-points. PV power 
fluctuations was investigated in terms of D th, instead of ramp rates in 
W/s, since the units of %/s provides more consistent comparison across 
different PV power levels or set-points. Since real time PV power fluc
tuation magnitudes are mostly challenging to predict perfectly due to 
inherent fast-changing cloud conditions, the D th are simulated using 
SAS to generate controlled magnitudes of SI fluctuations in %/s. The 
method of the D th identification is carried out as follows: 

i. An operating TMP (e.g. 12 bar) is set using the maximum power 
of 550 W. At this set-point, PV power supply levels simulated with 
different magnitudes of D th, are applied.

ii. The PV power levels are varied from 200 W to 550 W at 50 W 
increment similar to SOW investigation for better comparison. 
For each power level, the D th are varied from 0%/s to 80%/s in 
steps of 5%/s. An illustration of PV power supply data (at 200 W 
and 500 W) with simulated fluctuations shown in Supplementary 
Information Fig. S1.

iii. The pressure set-point is then adjusted (e.g., to 11 bar) using the 
same maximum power (550 W), and the D th investigation is 
repeated. This is done for all operating TMPs from 5 to 12 bar.

iv. As the PV power deviation magnitudes change, the maximum 
thresholds at which the pump shuts down at different TMP is 
determined as the pump resilience threshold (%/s).

v. Since the pump power and pressure are linearly correlated, the 
PV power fluctuations per second produce an approximately 
equal magnitude of pressure fluctuations per second in the sys
tem, as previously investigated [30].

vi. The magnitudes of D th where the pump shuts down, are thus 
applied to the pressure set-points of the SOW. This helps to 
identify the boundary of the ROW across the investigated oper
ating set-points.

2.4. Real-world demonstration of R-SOW

The real-world demonstration of R-SOW was conducted in two steps: 
i) operating the PV-membrane system in a directly-coupled configura
tion using the SOW boundary condition (30% recovery) and ii) subse
quently implementing the back-pressure control strategy to mitigate the 
pump shutdowns when the D th exceeds the boundary identified in the 
ROW of the same system. The investigation used real-world SI condi
tions of a very cloudy day.

Four configurations were investigated using: Two membranes 
(BW30 and NF90), and two pumps with different maximum pressure 
ratings – SQFlex 0.6-2 N (12 bar) and SQFlex 0.6-3 N (20 bar) – to assess 
how variations in pump pressure tolerance affect system resilience 
within the same operational modes. For these configurations, two 
operational modes were examined: i) operation under SOW boundary 
conditions without shutdown control strategy, and ii) operation within 
the R-SOW limit with shutdown control strategy. The first mode served 
as a reference case to evaluate system performance under real-world 
transient conditions, while the second mode demonstrated the sys
tem's ability to maintain resilient operation within the SOW boundaries.

2.5. Control strategy for demonstration of R-SOW for PV-membrane 
system

The actuator valve and bypass ball valve (shown earlier in the system 
schematic in Fig. 3) are the primary control components of the PV- 
membrane system, regulating both system performance and the oper
ating windows. The control strategy enables the setting of the membrane 
operating set-point within the desired threshold, and it prevents pump 
shutdown during rapid PV power fluctuations. The closed-loop feedback 
control strategy for these operations is illustrated in Fig. 4.

As shown in Fig. 4, a recovery threshold set for the operating win
dows was realised by electrically controlling the closure of the AV via 
the PLC. The recovery, defined as the desired ratio of the permeate to the 
feed flow rate e.g. at ~30%, was determined using the maximum power 
supply to the pump. Recovery can also be set by controlling the TMP 
until the desired set-point is attained. The AV enables precise flow and 
pressure regulation and maintains a fixed valve position throughout the 
experiment, offering greater stability and reliability than manual valves. 
For shutdown control, a pre-determined D th (%/s) was programmed 
into the PLC as a reference limit. When PV power fluctuations exceeded 
this threshold, the bypass valve – installed in parallel with the AV – was 
momentarily opened through an integrated solenoid valve. This tem
porary pressure release reduced the back pressure buildup, thereby 
lowering the load on the pump during ramp-down events at low power 
supply and preventing pump shutdown.

This shutdown mitigation strategy is implemented as an event- 
triggered supervisory control using closed-loop feedback of the PV 
power rate-of-change. The PV power D th act as the sole tuning param
eter and is selected based on the experimentally observed onset of pump 
shutdown. This design choice ensures reproducibility and straightfor
ward implementation in PLC-based systems without reliance on plant- 
specific dynamic models.

3. Results and discussion

In this section, the following experimental results are presented: i) 
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Determination of SOW, ii) Determination of resilience boundary and 
ROW; iii) determination of the R-SOW and iv) real-world demonstration 
of R-SOW. Since the two membranes in the study (BW30 and NF90) have 
different permeabilities, performance variations are possible and ex
pected. Thus, the analysis and description of the two membranes are 
presented in this section. For the pump choice, the experimental results 
with the high-pressure pump (SQFlex 0.6-3 N) are reported in this sec
tion while the results with the other pump are provided in the Supple
mentary Information. This is because both pumps can exhibit 
comparable performance with the same membrane when operated at 
identical pressure set-points. In term shutdown resilience, the SQFlex 
0.6-3 N is more prone to shutdowns under low power conditions because 
it demands higher power at low pressure. This makes it particularly 

suitable for evaluating pump resilience against shutdowns.

3.1. Determination of SOW

This section presents the steady-state results of the experimental 
investigation of BW30 and NF90 membranes using the SQFlex 0.6-3 N 
pump. The results were used to map out the SOW boundaries of the 
corresponding membranes

3.1.1. Steady-state test of BW30 membrane with SQFlex 0.6-3 N pump
The steady-state results of BW30 membrane using SQFlex 0.6-2 N 

pump are presented in Fig. 5. The relationship between pump power 
consumption and TMP set-point is presented in Fig. 5A. For each set- 

Fig. 4. Closed loop feedback control strategy for real-world application of SOW and R-SOW showing the control strategies for set-point determination and shutdown 
control during transient PV-membrane system operation.

Fig. 5. Performance of the PV-membrane system under steady-state conditions evaluated across 5–12 bar TMP (using BW30 membrane and pump 0.6-3N): A. pump 
power, B. feed flowrate, C permeate flux, D. recovery rate, E. salt retention, and F. SEC.
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point, the pump maximum power consumption increases as the power 
supply increased until it reached specific thresholds which correspond to 
the operating TMP: for example, ~380 W at 5 bar and ~490 W at the 12 
bar. The feed flowrates of the pump at different power demand are 
shown in Fig. 5B. The minimum feed flowrate corresponding to the 
minimum power consumption of 200 W, decreased gradually with 
increasing TMP. The flowrates changed approximately linearly with 
power consumption, reaching a maximum flow of ~600 L/h at the 
maximum power consumption for each TMP set-point. The rate of 
permeate (drinkable water) production is evaluated in terms of flux and 
recovery rate: with the BW30 membrane, both parameters recorded 
their peak supply at the maximum TMP of 12 bar, yielding about 24 L/ 
h⋅m2 flux (Fig. 5C) and ~ 30% recovery respectively (Fig. 5D). Since the 
recovery remains below the 30% threshold, this membrane can be safely 
operated at a TMP of 12 bar. A maximum retention of ~93% is realised 
at the maximum set-point of 12 bar (Fig. 5E), likely due to the age of the 
BW30 membrane as mentioned earlier in Section 2.2.3 (Membranes). 
Nevertheless, all investigated set-points (5–12 bar) produce drinkable 
permeate (>80% retention). The lowest SEC of ~3.6 Wh/L is realised at 
the maximum TMP set-point of 12 bar (Fig. 5F).

The same set of results using the SQFlex 0.6-2 N pump are presented 
in Fig. S2. One notable difference is in the flow characteristics of the 
pumps. While the feed flowrates are generally higher with 0.6-3 N pump 
reaching about 600 L/h, the 0.6-2 N pump peaks around ~540 L/h 
especially at the maximum operating pressure of 12 bar. The pumps 
experience pressure-induced flow reduction while on load resistance (e. 
g the membrane TMP demand). The 0.6-2 N however is more affected 
because it's designed for lower throughput, so at high pressure, the flow 

drop is more noticeable.

3.1.2. Steady-state test of NF90 membrane with SQFlex 0.6-3 N pump
The steady-state performance test results of NF90 with SQFlex 0.6-3 

N pump are shown in Fig. 6, while the results with SQFlex 0.6-2 N pump 
are presented in Fig. S3. In Fig. 6A the pump power consumption and 
TMP follow similar trends of correlation as BW30 membrane, while the 
power supply was varied from 200 to 550 W. This because power con
sumption is dependent on the operating pressure. Of course, the back- 
pressure valve needs to be closed further to enable NF90 membrane 
(due to higher permeability) attain the same TMP set-point. At identical 
pressure set-points, the pump performance becomes comparable for 
both membrane systems. The corresponding feed flow rates of the pump 
are shown in Fig. 6B, where the minimum flow rates at 200 W decrease 
gradually with increasing TMP. The flow rates change approximately 
linearly with power consumption, reaching a maximum of about 600 L/ 
h at the highest power consumption for each TMP (Fig. 6B).

The peak outputs of the flux and recovery rate at the maximum TMP 
of 12 bar, yielded about 40 L/h⋅m2 flux (Fig. 6C) and ~ 48% recovery 
respectively (Fig. 6D). The recovery at 12 bar is far greater than the 30% 
limit desired for the SOW. Thus, for SOW analysis, the PV-membrane 
system with this pump is operated at a TMP ~ 8 bar to attain the 
desired 30% recovery. A maximum retention of ~95% is realised at the 
maximum set-point of 12 bar (Fig. 6E). while the lowest SEC of ~1.7 
Wh/L is realised at the maximum operating pressure of 12 bar (Fig. 6F). 
Similarly to the performance observed with the BW30 membrane, the 
SQFlex-0.6-2 N pump investigation with NF90 membrane also experi
enced greater pressure-induced flow reduction, as shown in Fig. S3. This 

Fig. 6. Performance of the PV-membrane system under steady-state conditions evaluated across 5–12 bar TMP (using NF90 membrane and pump 0.6-3N): (A) 
pump power, (B) feed flowrate, (C) permeate flux, (D) recovery rate, (E) salt retention, and (F) specific energy.

E.O. Ogunniyi and B.S. Richards                                                                                                                                                                                                            Desalination 625 (2026) 119942 

8 



directly affected the calculated recovery, meanwhile, the other system 
performance parameters remained comparable at the same TMP set- 
points.

3.1.3. SOWs of BW30 and NF90 membranes with SQFlex 0.6-3 N pump
The SOW is determined by plotting the feed flowrate against the 

TMP. The SOWs of BW30 and NF90 membranes (both with SQFlex 0.6-3 
N pump) are shown in Fig. 7A and B, respectively, while the corre
sponding SOW plots for SQFlex 0.6-2 N pump are provided in Fig. S4. In 
Fig. 7A, 80% retention was realised at about 5 bar across the set-points 
(noting the old BW30 membrane could still reach about 92% retention at 
12 bar), while the maximum recovery of ~30% was realised within the 
SOW at 12 bar. This implies that, although a maximum recovery of 30% 
is desired, this value must occur at least across two to three adjacent set- 
points (indicated by dashed lines) to form the boundary condition. In the 
case of the BW30 membrane, a recovery of ~28% was achieved only at 
the 12-bar set-point, however the maximum recovery that extended 
across the last three set-points was ~22%, which was therefore used to 
define the upper boundary. Likewise, the SEC and flux values corre
sponding to the set-points within the SOW were approximately 4 Wh/L 
and 10 L/m2⋅h, respectively.

The SOW with NF90 membrane is shown in Fig. 7B. This is capped by 
80% retention and 30% recovery within the membrane's operating 
range. Due to higher permeability of this membrane, higher fluxes can 
be realised at higher operating pressure, however operating in these 
regions would increase the recovery beyond the desired limit. Within the 
SOW, a SEC and flux of 2 Wh/L and ~ 20 L/m2.h were realised, 
respectively.

The SOW indicates the possibility of safe operation of the membrane 
within the investigated TMP range, however it does not account for the 
influence of PV power fluctuations on the pump shutdowns during 
transient SI conditions, which will be investigated in the next section.

3.2. Determination of resilience thresholds and ROW

The resilience thresholds of ROW were determined through empir
ical investigation of PV power D th across different operating TMPs: The 
magnitudes of D th at which shutdowns occur define the resilience 
boundary of the ROW (see Fig. 1b).

3.2.1. Resilience test at minimum and maximum operating TMP
Following the method described in Section 2.3.2, sixteen magnitude 

variations of D th (ranging from 5 to 80%/s in steps of 5%/s) were 

simulated and applied to each PV power level (200 W - 550 W). Each D th 
magnitude applied lasted for 10 s followed by a recovery period of 10 s 
before the next magnitude was introduced. The entire sequence of 
fluctuations lasted ~6 min. The resilience test of SQFlex 0.6-3 N pump 
with BW30 and NF90 membranes were determined across different TMP 
set-points (5–12 bar). The resilience test results at the minimum (5 bar) 
and maximum (12 bar) TMPs for both membranes are presented in 
Fig. 8A-D, while the complete test results are presented in the supple
mentary information Figs. S5 – S8.

The results of BW30 (Fig. 8A and Fig. 8B) highlight two distinct 
behaviors of pump resilience: First, a direct relation between the pump 
resilience and operating power: The pump shut down at D th = 25%/s 
when the PV power supply was 200 W, reaching a maximum of 75%/s at 
550 W. Second, an inverse relation between the pump resilience and the 
operating TMP. At the same power supply of 550 W, the maximum 
resilience 75%/s was observed at 5 bar, compared to 60%/s at 12 bar 
under the same conditions.

Likewise, for NF90 membrane as shown in Fig. 8C and D, the two 
pump behaviors highlighted above applies. The performance difference 
compared to BW30 however is that NF90 displayed a slightly higher 
initial resilience at 5 bar set-point: 30%/s vs. 25%/s, suggesting that the 
higher permeability of the NF90 membrane may enhance pump resil
ience at lower operating pressures. The power demands of both mem
branes were comparable with respect to the TMP set-point, indicating 
that the electrical power characteristic of the pump primarily depends 
on the operating pressure demand (TMP set-point) irrespective of 
membrane types.

These pump resilience behaviors are explained by the electrome
chanical characteristics of a helical rotor PDP, following the power-flow 
process in Fig. 2. At high PV power, the MPPT controller shifts to a 
higher operating point, increasing array voltage and available current, 
which raises motor torque and widens the torque reserve relative to the 
hydraulic load. This allows the motor to tolerate short-term D th of small 
magnitude without shutdown, improving resilience. At constant power 
supply, increasing TMP raises the hydraulic head and torque demand. If 
the motor cannot meet this demand, pump speed collapses, leading to 
stalling or shutdown. For example, Grundfos 0.6-2 N and 0.6-3 N pumps 
automatically cut out below 500 rpm and attempt restart after ~30 s 
[25,26]. Consequently, high TMP operation reduces pump resilience and 
increases shutdown likelihood

3.2.2. Extended resilience test across all investigated TMP set-points
Extended resilience tests across TMP set-points of 5–12 bar and PV 

Fig. 7. SOW of PV-membrane system equipped with the SQFlex 0.6-3 N pump, indicating the boundary conditions: Retention ≥80%, tolerable recovery of ≤30%, 
minimum and maximum power limits, and TMP set-points for (A) BW30 membrane, (B) NF90 membrane.
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power levels of 200–550 W for BW30 and NF90 membranes using the 
SQFlex 0.6-3 N pump are shown as contour maps in Fig. 9A and B, 
respectively. Corresponding results for the SQFlex 0.6-2 N pump are 
provided in Fig. S9. The contour plots show the D th magnitudes at which 
pump shutdowns occurred, with green indicating high resilience and 
dark brown low resilience.

For BW30 (Fig. 9A), a minimum shutdown threshold of ~30%/s was 

observed at 200 W across all pressures. As power increased to 500 W, 
resilience rose to ~70%/s at 5 bar and decreased to ~55%/s at 12 bar. 
For NF90 (Fig. 9B), minimum thresholds of 30%/s and 25%/s at 200 W 
were observed at 5 bar and 12 bar, respectively, indicating reduced 
resilience at higher TMP, more pronounced than for BW30. At 500 W, 
resilience similarly decreased from ~70%/s to ~55%/s with increasing 
pressure, consistent with the BW30 results.

Fig. 8. Shutdown resilience test with SQFlex 0.6-3 N pump, showing D th = 0%/s – 80%/s investigated for different PV power supply from 200 to 550 W and 
different membranes and TMP set-points. (A) BW30 membrane, 5 bar (B) BW30 membrane, 12 bar, (C) NF90 membrane, 5 bar (D) NF90 membrane, 12 bar.

Fig. 9. Contour plots showing the resilience thresholds (quantified in D th , %/s) of PV-membrane pump (SQFlex 0.6-3 N) across different PV power levels (200–550 
W) and TMP (5–12 bar) for (A) BW30 membrane (B) NF90 membrane.
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3.2.3. Transferability of resilience thresholds concept to other PV- 
membrane systems

The resilience threshold concept can be transferred to other PV- 
membrane systems empirically by i) defining system-specific critical 
rates of change in available power beyond which pump shutdowns 
occur, and ii) expressing these critical values in normalised terms (e.g. 
%/s of PV power) to determine the D th which maps out the resilience 
boundary. The D th are inherently sensitive to system design and 
component conditions. Pump controller characteristics (e.g. protection 
logic, sampling frequency) directly influence how power fluctuations 
are detected and mitigated, thereby affecting the magnitude tolerable 
D th before shutdown. Pump ageing (associated with increased me
chanical wear and internal friction), raises start-up torque requirements 
and reduces hydraulic and electrical efficiency, leading to lower shut
down resilience and reduced tolerable D th . Conversely, PV array over
sizing increases the available power margin and provides additional 
damping against irradiance fluctuations, enabling larger D th values to 
be accommodated.

As these and various other factors including membrane type, oper
ating TMP set-points, and feed salinity, further contribute to system- 
specific variations in tolerable D th , an empirical approach is adopted 
to identify D th under representative operating conditions. Conse
quently, resilience thresholds should be treated as transferable meth
odological metrics rather than fixed values, requiring recalibration for 
each system architecture, component condition, and control strategy.

3.2.4. ROW of BW30 and NF90 membranes
The identified D th at minimum power (200 W) in Fig. 8 were used to 

determine the pump resilience thresholds for the membranes across the 
TMP set-points (5–12 bars). This is summarised in Table 1.

For each TMP set-point, the minimum and maximum pump powers 
were first identified, and their difference was defined as the power 
magnitude. The empirically determined Dth were then applied to this 
power magnitude to obtain the shutdown power threshold. This was 
referenced from the lower bound of the SOW to defines the power de
viation magnitude from the minimum boundary. The TMP and flow that 
correspond to the power deviation magnitude, traced from the experi
mental data, were subsequently used to determine the resilience 
thresholds points. The determined TMP and flow data is plotted on the 
SOW and mapped together to define the resilience threshold of the 
ROW.

The determined ROWs for BW30 and NF90 with SQFlex 0.6-2 N are 

presented in Fig. 10. The corresponding ROW results with SQFlex 0.6-2 
N pump are provided in Fig. S10.

Within the ROW (shaded region) of BW30 membrane (Fig. 10A), the 
system can sustain the identified deviations within the pump operating 
power consumption (200–500 W). Outside the resilience thresholds, the 
pump is prone to shutdowns. The shutdown is controllable (via back- 
pressure reduction) during SI fluctuations when the minimum PV 
power after a ramp down is still sufficient to run the pump (≥ 200 W). 
Below this power level, the pump is prone to uncontrollable shutdown. 
For the ROW region of NF90 membrane (Fig. 10B) is similar to BW30 
since both membranes are controlled to operate at the same demand 
TMP, albeit NF90 is more loose with higher permeability and lower TMP 
demand to attain the same recovery as BW30. The lower TMP demand of 
NF90 could enhance the pump resilience to shutdown. Due to this, the 
sensitivity analysis of the ROW with TMP variation is subsequently 
investigated.

3.2.5. Sensitivity analysis of ROW boundary and D th with TMP variation
The empirically determined pump power variation curves across 

different TMP set-points were analysed using regression analysis to 
identify the best-fitting models for each relationship. Since the pump 
power curves vary exponentially with TMP, a nonlinear least-squares 
fitting method was used to determine the best fits. This was imple
mented in Excel, with the derived models exhibiting a high degree of 
agreement with the empirical data, achieving a goodness-of-fit (R2) 
≥99% for all TMP set-points. The experimental and corresponding fitted 
model curves, determined for NF90 membrane with SQFlex 0.6-3 N 
pump, are presented in Fig. S11.

The corresponding models from the analysis were subsequently used 
to perform sensitivity analysis, quantifying the effect of TMP variations 
on the ROW and its boundaries. This was achieved by first integrating 
the performance curves in Fig. S11 into a window highlighting the 
minimum and maximum pump power consumption across all TMP set- 
points, as shown in Fig. 11A. The resulting model curves exhibited a 
high degree of agreement (≥99%) with the empirical curves, as illus
trated in Fig. 11B. Using these model curves, the effects of pressure 
variations of ±10% TMP on the system performance were then 
investigated.

The need for TMP variation investigation is that most operational 
changes in PV-membrane systems – such as increases in feed tempera
ture, variations in feed salinity, or changes in membrane permeability 
due to ageing etc. – directly affect the system's TMP demand.

Table 1 
Resilience thresholds identification of BW30 and NF90 membrane with SQFlex 0.6-3 N pump.

Membrane TMP Set- 
point (bar)

Min. pump 
power (W)

Max. pump 
power (W)

Power 
magnitude (W)

Min D th 

(%/s)
Shutdown power 
threshold (W)

Power deviation 
Magnitude (W)

Resilience thres.

Corr. TMP 
(bar)

Corr. Flow 
(L/h)

BW30, 0.6-3 N resilience parameters
5 201 362 161 25 40 241 3.0 439
6 199 380 181 25 45 244 3.7 448
7 199 400 202 30 61 259 4.5 454
8 199 421 222 25 55 255 5.0 424
9 199 438 239 25 60 258 5.8 423
10 200 457 257 30 77 277 6.7 428
11 200 472 272 30 82 282 7.2 417
12 196 485 289 25 72 268 7.4 401

NF90, 0.6-3 N resilience parameters
5 199 332 133 30 40 239 3.3 470
6 199 351 152 30 46 244 4.3 453
7 199 367 168 30 50 250 5.0 442
8 199 384 185 25 46 245 5.6 421
9 199 405 206 25 51 250 6.2 410
10 199 426 227 25 57 256 6.8 406
11 199 440 241 25 60 260 7.5 392
12 199 461 262 25 65 264 7.8 378
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At − 10% TMP drop, the analysis shows a reduction in pump peak 
power demand relative to the empirical peak values by ~9% at 5 bar and 
up to ~16% at 12 bar. This is determined from the data reported in Table 
S1. Likewise, the deviation sensitivity of the resilience thresholds was 
reduced from 19% at 5 bar and up to 24% at 12 bar (Fig. 11C). At +10% 
TMP increase, the pump peak power demand increased relative to the 
empirical values by ~16% at 5 bar and 23% at 12 bar (Fig. 11D). This 
also shifts the empirical resilience thresholds upward by 22% at 5 bar 
and 28% at 12 bar. These thresholds and the sensitivity to TMP varia
tions are summarised in Table S2.

The boundary shifts in Fig. 11D indicate that an increase in TMP in a 
PV-membrane system (e.g due to increased feed salinity, elevated feed 
temperature, membrane ageing, fouling, etc) necessitates additional 
pump power to maintain operation. However, as the resilience thresh
olds shift upward concurrently, the available resilience margin relative 
to the reference peak pump power is reduced. In the absence of addi
tional available PV power to meet this increased demand, the system 
becomes more susceptible to shutdowns, with the likelihood of shut
down increasing as TMP demand rises. In contrast, lower TMP re
quirements reduce pump power demand and increase the available 
resilience margin relative to the peak pump power, thereby enhancing 
the system's resilience to shutdowns.

The resilience sensitivity analysis presented above was conducted 
using pump power versus TMP, as pump power directly represents the 
dynamic load experienced by the pump and therefore provides a more 
sensitive and immediate indicator of conditions leading to pump shut
down. This approach does not invalidate the ROW and R-SOW previ
ously determined from feed flow versus TMP, which remains suitable for 
evaluating membrane performance under steady-state and controlled 
operating conditions. Also, since pump power is directly proportional to 
flow, the resilience thresholds from the power-TMP curves (as in the case 
of NF90–0.6-3 N demonstrated here) follow a similar pattern to those 
obtained from the flow-TMP curves.

3.2.6. Membrane ageing effect on ROW
Membrane ageing in pressure-driven desalination systems primarily 

leads to reduced water permeability (or flux) due to compaction or 
fouling, which manifests as increased TMP demand for a given operating 
set-point. A sensitivity analysis conducted and shown in Fig. 11 exam
ines the system response to TMP shifts, which indicates that, increased 
TMP demand, e.g. due ageing, leads to reduced resilience, as reflected by 
a contraction of the resilience region of the ROW shown in Fig. 11D. This 
demonstrates that membrane ageing does not alter the shutdown 

mechanism but shifts the operating point towards higher pump power 
demand, thereby reducing tolerance to PV power deviations.

3.3. R-SOW of BW30 and NF90 membranes with high-head positive 
displacement pump SQFlex 0.6-3 N

One of the primary objectives of this study is to establish the R-SOW, 
which, when demonstrated for real-world operation of a PV-membrane 
system, ensures not only that the system operates within the SOW 
conditions, but also that it remains resilient (preventing pump shut
downs) during transient PV power fluctuations. The R-SOWs of the 
BW30 and NF90 membranes operated with the SQFlex 0.6-3 N pump are 
presented in Fig. 12. These were derived by merging the respective 
SOWs (Fig. 7) with the corresponding ROWs (Fig. 10) for each mem
brane. The corresponding R-SOW results obtained with SQFlex 0.6-2 N 
are presented in Fig. S12.

In Fig. 12A, the R-SOW of the BW30 membrane is bounded by its 
corresponding SOW conditions. The selection of a 22% recovery for this 
membrane has been justified in Section 3.1.3. The implication of this R- 
SOW is that, at system operates of ≥22% and corresponding TMP (~10 
bar), the permeate quality remains within the acceptable range for 
drinking water. If the recovery drops below this value, the SOW shifts 
leftward, leading to reduced permeate quality, which may drop below 
the desired drinking-water threshold (<80% retention).

In this R-SOW, a rapid power drop (D th > 25%/s – which is 
approximately the same percentage drop in pressure), results in system 
shutdown like in SOW. However, within the R-SOW region, the system 
remains resilient to this D th . To maintain operation within this R-SOW 
region, a control algorithm is implemented to mitigate the effects of such 
deviations by promptly reducing the back pressure when the fluctua
tions approach the identified threshold. The indicated SEC of 4 Wh/L is 
the SEC that intersects multiple set-points within the operating window, 
notwithstanding, if the system is operated specifically at 12 bar set- 
point, a SEC of ~3.5 Wh/L can be achieved as previously shown in 
Fig. 5 steady-state plot.

The R-SOW determined for the NF90 membrane using the same 
pump is presented in Fig. 12B. The shaded region, representing the R- 
SOW, indicated the operating range in which the system remains resil
ient to ~20%/s deviation threshold. Notably, the TMP was reduced to 
~8 bar to achieve the target recovery of 30%, as the NF90 is a looser 
membrane with a higher flux compared to BW30. This lower-pressure 
operation presents a minor limitation when using the NF90 membrane 
within the R-SOW, which may warrant further investigation into 

Fig. 10. ROW of PV-membrane system with SQFlex 0.6-3 N pump (A) BW30 membrane, (B) NF90 membrane.
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strategies for minimising production loss once the system reaches its R- 
SOW threshold. Nevertheless, this membrane-pump combination 
demonstrated good salt retention (>80%) even at lower TMP set-points. 
The SEC of ~2 Wh/L cuts through multiple set-points within the R-SOW, 
but at 12 bar set-point, it is possible to realise a slightly lower SEC of 
~1.8 Wh/L as shown previously in Fig. 6 the steady-state plot.

For both figures, the minimum retention (blue) and maximum re
covery (red) boundary lines were extended to indicate the possible area 
of the expected data points when the feed flow rate is plotted against the 
TMP under real-world conditions. In this case, the data points that fall 
towards the origin of the plot indicate possible shutdowns in the system, 
as the TMP drops to zero when the pump shuts down. Moreover, the 
unshaded area within these boundaries, below the R-SOW, represents 
regions where the control algorithm is required for shutdown control, 
since deviations within the resilience windows do not necessarily lead to 
system shutdowns.

3.4. Real-world demonstration of PV-membrane R-SOW

A real-world performance evaluation of the PV-membrane system 
was conducted on a very cloudy day to investigate the system perfor
mance when operated within the R-SOW boundary conditions. The very 

cloudy solar day was selected since it consists of different levels of SI 
fluctuations which can produce various D th relevant to investigate 
pump resilience to shutdowns under different conditions (operating 
windows, pump types, and membranes combinations). The performance 
test within the R-SOW was implemented by setting the maximum re
covery of the PV-membrane system to the identified thresholds (i.e., 
22% for BW30 and 30% for NF90). The system was then directly- 
coupled with and powered by the fluctuating PV power supply gener
ated from the partly cloudy day SI data. From the results, the perfor
mance region where the permeate retention exceeded 80% was 
identified and the system behavior was monitored to detect the shut
downs possibility and the number of shutdowns controlled. It was ex
pected that all shutdowns would be mitigated within the R-SOW, except 
in cases where the available power dropped significantly below the 
minimum power required for the pump operation (<200 W). System 
operation under the R-SOW boundary conditions was compared with the 
corresponding performance under the SOW boundary conditions 
(without shutdown control), which served as the reference experiment. 
The results for the BW30 and NF90 membranes operated with the 
SQFlex 0.6-3 N pump are presented in this section, while the corre
sponding results for the SQFlex 0.6-2 N pump are provided in Fig. S13 
and S14.

Fig. 11. Pump resilience thresholds based on pump power and membrane operating TMP set-points. A. Resilience boundary from empirical testing. B. Comparison of 
resilience boundary from empirical testing with model boundary. C. Modeled performance analysis at − 10% TMP variation D.Modeled performance analysis at 
+10% TMP variation.
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3.4.1. Performance of BW30 membrane and SQFlex 0.6-3N pump under 
SOW and R-SOW boundary conditions

The system performance of BW30 membrane operated with SQFlex 
0.6-3 N pump under real-world SI condition is shown in Fig. 14. Fig. 14
A-E gives the results of operation under SOW boundary conditions, 
while Fig. 14 F-J shows the system performance under R-SOW boundary 
conditions. In Fig. 13A, nine pump shutdowns were observed which also 
correspond to the same number of shutdowns on the TMP. The TMP 
peaked at ~11 bar (Fig. 13B) in line with the maximum operating 
pressure within the R-SOW boundary conditions. Within the same 
operating condition, a maximum permeate flow rate of about 125 L/h 
was realised (Fig. 13C). This indicates a recovery of about 22% (similar 
to the SOW plot in Section 3.1.3, Fig. 6), since the maximum flow rate of 
this membrane is approximately 580 L/h at a TMP of ~12 bar. Addi
tionally, the permeate EC (Fig. 13D) recorded an average of approxi
mately 0.7 mS/cm, which shows that the production is within the SOW 
for drinking water (≤ 1.1 mS/cm ≈ 1 g/L TDS). A maximum rejection of 
about 90% and recovery of 22% were observed (Fig. 13E), except for 
occasional spikes during system shutdowns during system shutdowns.

The implementation of the shutdown control algorithm within the 
SOW boundary conditions to realise an R-SOW shows, firstly ~67% 
reduction in shutdowns from nine to three (Fig. 13F). The uncontrollable 
shutdowns were observed to occur when the power dropped below the 
pump's resilient limit, thus resulting in unavoidable shutdowns. This led 
to an equal number of shutdowns in the TMP (Fig. 13G). Although a 
permeate flow rate of about 125 L/h was realised (Fig. 13H), giving a 
similar recovery of ~22% as under the SOW condition, the cumulative 
daily production within the SOW conditions increased by 8 L (524 L vs 
518 L). This could be attributed to the reduced number of shutdowns. 
Nevertheless, the average permeate EC realised within the R-SOW 
(Fig. 13I) was comparable to that of the SOW (Fig. 11D) at about 0.7 mS/ 
cm. Likewise, maximum rejection and recovery of about 90% and 22% 
were realised (Fig. 13J) during the transient operation. For both per
formance results (SOW and R-SOW), a comparable minimum SEC of 
~4.0 Wh/L was realised.

A closer examination of the unavoidable shutdowns shown in 
Fig. 14F, indicating the sub-resilient PV power level is shown on Fig. 14. 
Fig. 14A-C show respectively the three identified shutdowns under the 
R-SOW conditions. For each plot, the transient open circuit maximum 
PV power (black line), PV power supply on load (red line), and power 
consumed by the pump (blue line) are presented over the time axis of 
seconds. In Fig. 14A, the maximum PV power initially at ~470 W had a 
sharp ramp down to ~200 W within 7 s. In the first second, the power 

consumed by the pump (blue) experienced a ramp down (~450 W to 
~360 W) with D th = 20%/s. This threshold was not expected to cause 
the pump shutdown; however, the shutdown became inevitable when 
the maximum PV power supply (black) dropped to ~150 W. The rate of 
PV power rampdown in the second shutdown event of Fig. 14B, starting 
from ~325 W, had less drastic effect at about D th = 10%/s. This should 
likewise not result in the pump shutdowns, but the shutdown later 
occurred when the maximum PV power dropped to ~150 W. In the third 
shutdown event of Fig. 14C, the pump power consumption dropped 
from ~360 W to ~250 W in the first drastic ramp down event resulting 
in D th = ~30%/s. This threshold is expected to trigger an immediate 
shutdown of the pump. Moreover, the concurrent drop in PV power to 
~150 W (below the pump's minimum resilience threshold) prevented 
the control system from averting the shutdown. In all three cases, pump 
shutdowns became unavoidable when the PV power level dropped 
below 200 W. Although experimental observations indicated a critical 
shutdown threshold around 150 W, a conservative minimum level of 
200 W was defined as the risk threshold – below which any further 
decrease in power would likely result in an unavoidable system 
shutdown.

3.4.2. Performance of NF90 membrane and SQFlex 0.6-3 N pump under 
SOW and R-SOW boundary conditions

The system performance using NF90 with the same pump (SQFlex 
0.6-3 N), investigated under the boundary conditions (that is, operation 
at the set recovery and pressure) of SOW and R-SOW, are reported in 
Fig. 15. Owing to the high recovery characteristics of the NF90 mem
brane, the system TMP was reduced to ~9 bar to realise a recovery of 
30%. The first observation was the reduction in shutdowns to two 
without implementing a shutdown control strategy (Fig. 15A). This is 
possible because the system now operated at a reduced operating TMP of 
~9 bar (Fig. 15B) compared to ~11 bar with BW30 membrane: As 
shown in ROW Fig. 8, reducing the operating pressure lowers the 
shutdown possibilities. The system operated at a set maximum permeate 
flowrate of ~150 L/h (Fig. 15C) to realise a maximum recovery of 30% 
from ~600 L/h maximum feed flow. This resulted in the daily produc
tion of 782 L. This system produced an average daily permeate EC of 
0.63 mS/cm (Fig. 15D), and about 95% rejection (Fig. 15E) at the same 
recovery.

Within R-SOW conditions, the implementation of the shutdown 
control algorithm completely eliminated the shutdowns in the system 
(Fig. 15F), with comparable effects observed on TMP (Fig. 15G). This 
operation moreover yielded an increase in daily production by ~9 L 

Fig. 12. R-SOW of PV-membrane system with SQFlex 0.6-3 N pump, showing the region of shutdown resilience across different TMP set-points within the SOW for 
(A) BW30 membrane (B) NF90 membrane.
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(Fig. 15H) compared to the operation with no shutdown control within 
SOW boundary conditions, even though both have a capped permeate 
flow rate of ~160 L/h (≈27% recovery from ~600 L/h maximum feed 
flow rate). This system has an average EC of ~0.5 mS/cm (Fig. 15I) – a 
slight improvement to the uncontrolled operation within the SOW 
conditions – and about 95% rejection was realised with this configura
tion (Fig. 15J) at the same recovery.

For both performance results (SOW and R-SOW), i) a comparable 
minimum SEC of ~2.3 Wh/L was realised, and ii) the plotted recovery 
displayed some spikes above the 30% thresholds. These observed spikes 
in the calculated recovery could be attributed to the dynamic response of 
the membrane under transient flow conditions [41]. During a rapid drop 
in feed flow to the membrane, the permeate response is not instanta
neous; the permeate flow persists briefly due to water already present 

Fig. 13. Performance of PV-membrane system under SOW and R-SOW conditions using BW30 membrane and SQFlex 0.6-3N pump: (A, F) PV power supply and 
pump power consumption, (B, G) TMP, (C, H) permeate flow rate and cumulative daily production, (D, I) permeate EC and SEC, (E, J) salt rejection and sys
tem recovery.
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within the membrane pores, thus recovery, defined as the ratio of 
permeate to feed flow often picks some spikes in the process. Thus, the 
permeate flowrate threshold is observed to give a better indication of 
recovery in these results.

The summary of the system performance with both membranes and 
pump operating within the SOW and R-SOW limits are summarised in 
Table 2, while the corresponding summary table of SQFlex 0.6-2 N pump 
is given in the Supplementary Information Table S3. The results show 
that PV-membrane system operation within the R-SOW reduces the 
number of occurrences of pump shutdowns in the system. This is often 
associated with an increase in daily production. For BW30 membrane, 
the system shows ~67% resilience to shutdown (by eliminating 6/9 
shutdowns with additional production gain of ~8 L. The remaining 
shutdowns which were not controlled with BW30 were due to the PV 
power supply drop below the minimum demand of the pump at ~150 W. 
The NF90 membrane however enabled100% resilience to shutdown 
with a production gain of ~19 L compared to the SOW operation. Aside 
the shutdown controls, operation within the R-SOW control conditions 
ensures that all system performance are maintained within the desired 
target of safe operation, especially, <30% recovery and drinkable 
permeate (<1 g/L ≈ 1.11 mS/cm EC).

An additional investigation using another day (a partly cloudy day) 
was conducted using NF90 membrane and 0.6-3 N pump. This however 
resulted in no shutdowns under a directly-coupled SOW condition, 
therefore no shutdown control and production gain under the corre
sponding R-SOW condition where the back-pressure was controlled. The 
result is thus included in the Supplementary Information Fig. S15.

3.4.3. System performance within the operating windows, limitation and 
recommendation

The experimental data points of feed flow rate and corresponding 
TMP obtained under a very cloudy solar day for both SOW and R-SOW 
operations with BW30 and NF90 membranes using 0.6-3 N pump are 
shown in Fig. 16. The corresponding result for 0.6-2 N is provided in Fig. 
S16. The experimental data points were overlaid on their respective 
operating windows to illustrate the system's performance within the 
defined boundaries of each window. About 27,145 and 29,634 data 
points are located within the SOW and R-SOW of BW30 respectively, 
indicating that the system operated for ~30 min longer within the R- 
SOW compared to the SOW. For NF90, the data points within the 
respective windows are 22,763 and 25,555, with the system operating 
~45 min longer in the R-SOW. Also, there are some scattered data points 
that extended to more areas within the overlapping SOW in the R-SOW. 
This was due to the back-pressure control implemented within the R- 
SOW to prevent shutdowns.

The significance of Fig. 16A-D is that they provide insight into i) 
membrane performance utilisation and ii) possible shutdowns. From the 
results, BW30 membrane/0.6–3 N pump is more suitable for the system 
in terms of membrane utilisation. The membrane is utilised when the 
performance fits into operating set-point within the SOW; however, it 
can still be prone to shutdowns, which can be mitigated through control 
within the R-SOW as shown in Fig. 16A and B. The area below the R- 
SOW but within the SOW represents regions where a control algorithm is 
required to manage shutdowns. The BW30 membrane system was con
strained by ~11 bar TMP under both SOW (Fig. 16A) and R-SOW 

Fig. 14. Shutdowns at sub-resilient PV-power level under R-SOW operating conditions: A. Shutdown ① B. Shutdown ②, C. Shutdown ③.

Fig. 15. Performance of PV-membrane system under SOW and R-SOW condi
tions using NF90 membrane and SQFlex 0.6-3N pump: (A, F) PV power supply 
and pump power consumption, (B, G) TMP, (C, H) permeate flow rate and 
cumulative daily production, (D, I) permeate EC and SEC (E, J) salt rejection 
and system recovery.
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(Fig. 16B) conditions, since the membrane recovery at this set-point was 
below the 30% limit. In contrast, the NF90 membrane (Fig. 16C and D) 
was limited by the 30% recovery threshold under both SOW (Fig. 16C) 
and R-SOW (Fig. 16D) conditions, due to its higher flux property. 
Although the NF90 membrane can achieve higher production, operating 
at high recoveries increases salt concentration near the membrane sur
face, which can lead to scaling and fouling. The 30% recovery constraint 
in this study meanwhile helped to reduce shutdown susceptibility under 
transient PV conditions, since operating beyond this limit would require 
higher TMP demand, which could increase the shutdown chances.

To address the production limitation of the NF90 membrane, espe
cially under high PV power supply, future work could explore adaptive 
energy recovery control strategies with SI predictive control to 
dynamically store the excess PV energy when the system recovery is 
constrained, especially during the peak period of SI. The excess energy 
can be stored either electrically or hydraulically.

3.5. Further Investigations with low-head positive displacement pump

In this section, i) a “very cloudy day” in the prior investigation of 
NF90 membrane was first repeated with another pump (0.6-2 N) to 
demonstrate the shutdown control with another configuration, and ii) 
three additional solar days were investigated using the same pump to 
check the effect of different irradiance data on the same configuration. 
The 0.6-3 N pump was not selected for the extended operation because it 
operates at approximately 50% of its maximum head capacity (~10 bar 
set-point compared to 20 bar maximum head capacity) under the low 
SOW recovery conditions (30%) considered in this study. This provides a 
larger hydraulic and torque margin, making the pump more resilient 
during high PV power supply, thus requiring higher PV power Dth to 
trigger a shutdown. The three additional solar days were taken from the 
SI and temperature data from KIT Solar Park: Day 1: A partly cloudy day 
(5th may 2016), Day 2 (20th June 2016) and Day 3 (24th June 2024). 
All experiments were conducted under both SOW and R-SOW condi
tions, and the results are presented in this section.

Using this pump-membrane configuration (0.6-2N, NF90), under the 

Table 2 
System performance summary under SOW and R-SOW operating conditions.

Pump Operating window Membrane Operating TMP (bar) #Shutdowns (SOW ref) #Shutdowns eliminated Daily prod. (L) Prod. gain (SOW ref) (L)

SQFlex 0.6-3 N SOW BW30 ~11 9 – 516 –
NF90 9 2 – 782 –

R-SOW BW30 ~11 3 6 524 8
NF90 9 – 2 801 19

Fig. 16. PV-membrane system performance within the operating windows, showing transient operation data points (blue = SOW, red = R-SOW) of a very cloudy 
solar day experiments for different membranes using SQFlex 0.6-3 N pump. A. BW30, SOW. B. BW30, R-SOW C. NF90, SOW, D. NF90 R-SOW. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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SOW recovery of 30%, five shutdowns were observed in pump power 
supply (Fig. 17 A) and TMP (Fig. 17 B). This resulted in daily production 
of 789 L (Fig. 17 C). The average permeate EC was ~0.6 mS/cm (Fig. 17
D) and the permeate quality was drinkable at ~95% retention (Fig. 17
E). The complementary investigation under R-SOW condition where the 
back-pressure control was implemented to mitigate the pump shut
downs, shows that all shutdowns were prevented in pump power 
(Fig. 17 F) and TMP (Fig. 17 G). There was a daily production of 794 L 
yielding an additional 5 L gain. Likewise, the permeate quality remained 
within a drinkable limit at ~0.5 mS/cm (Fig. 17 I) with rejection of 
about 95% (Fig. 17 J).

3.6. Extended operation across multiple solar days with positive 
displacement pump

Additional solar days experiments of the was conducted using 
another PDP (a low-head 0.6-2 N) under the SOW condition of 30% 
recovery. On Day 1, the pump power consumption was ~380 W (Fig. 18
A) with a corresponding TMP of ~10 bar (Fig. 18 B). This configuration 

resulted in no shutdowns, with a daily yield of ~1254 L (Fig. 18 C). On 
Day 2, under the same recovery and power condition, there was an 
overlapping of about 3 shutdowns at the middle of the day (Fig. 18 D) 
with corresponding shutdowns in TMP (Fig. 18 E), producing the total 
daily yield of 1171 L (Fig. 18 F). Day 3 was characterised by multiple 
fluctuations with about eight shutdowns of pump power (Fig. 18 G) and 
TMP (Fig. 18 H) during the day, with a cumulative daily production of 
1356 L.

These days were repeatedly investigated under the R-SOW condition 
where the back-pressure control was implemented to mitigate the 
shutdowns at the dame recovery threshold of 30%.

The results as shown in Fig. 18 for Day 1 shows no addition shutdown 
on pump power (Fig. 19 A) and TMP (Fig. 19 B), with about the same 
daily production of ~1254 L. On Day 2, about 2 shutdowns were pre
vented in the middle of the day for the pump power (Fig. 19 D) and TMP 
(Fig. 19 E), with daily production of 1175 L, a slight gain of 4 L, 
compared to the directly-coupled configuration. On Day 3, the previ
ously 8 shutdowns were reduced to two shutdowns in pump power 
(Fig. 19 G) and TMP (Fig. 19 H). This resulted in daily production of 
1364 L, which is an 8 L gain compared to the uncontrolled directly- 
coupled configuration.

3.7. Transferability of resilience framework to PV-powered pumps

Although this study experimentally demonstrates pump resilience 
operation using two helical rotor PDPs from Grundfos, the framework is 
a system-level concept that captures the interaction between i) PV power 
variability, ii) motor-drive shutdown thresholds (based on the electro
mechanical limits and internal control logic), and iii) hydraulic load 
characteristics (variability of pressure demand). As such, the resilience 
concept can be transferred to other PV powered PDP designed for high 
pressure operation such as water pumping system or membrane desa
lination application.

3.7.1. The generality of resilience concept for PDPs
For all PDPs, the required shaft torque scales approximately linearly 

with discharge pressure, and weakly dependent on rotational speed 
[16]. Consequently, shutdown resilience is strongly pressure-dependent, 
and operation at higher set-points (albeit enables the pump to operate at 
its best performance efficiency) however reduces the available torque 
margin (during PV power fluctuations), leading to lower tolerance to 
rapid PV power deviations. In contrast, centrifugal pumps exhibit 
fundamentally different hydraulic behavior, with torque and power 
demand approximately proportional to the square and cube of rotational 
speed, respectively [17]. At reduced speeds, centrifugal pumps have a 
lower torque demand on the motor. This can provide greater tolerance 
to short-term power drops and broader resilience region at low pressure. 
Meanwhile, for small scale membrane desalination unit where low flow 
is required at high pressure, PDPs are mostly preferred and utilised in 
applications [37,42–44]. Thus, irrespective of the PDP type or motor 
drive, the pump shutdown occurs when the available electromagnetic 
torque is no longer sufficient to balance the instantaneous hydraulic load 
torque. For transferability of this concept, the resilience pump limit can 
first be determined empirically, following the procedure described in 
Section 2.3.2. This threshold is then implemented to control the shut
down during PV power fluctuations.

3.7.2. Common shutdown indicators from performance curve for PDPs
All pumps have performance curve, with PDPs generally showing the 

relationship between the flow rate, and power (sometimes including 
pump efficiency) for a given pump head (pressure). The performance 
curves of two helical rotor submersible PDP used in this study: SQFlex 
0.6-2 N and 0.6-3 N are shown in Fig. 20A and B respectively. The key 
highlight of these curves is that the Pump “shut-off” power. When the 
power supply falls below this threshold, the electromagnetic torque 
becomes insufficient to overcome the hydraulic load and the pump 

Fig. 17. Resilient operation of NF90 membrane and SQFlex 0.6-2N pump 
under highly fluctuating solar irradiance (cloudy day). Column I: Passive 
(directly-coupled) operation as reference; Column II: R-SOW operation with 
shutdown control. (A, F) PV power supply and pump power consumption, (B, 
G) TMP, (C, H) permeate flow rate and cumulative daily production, (D, I) 
permeate EC and SEC, (E, J) salt rejection and system recovery.
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Fig. 18. Multiple days operation of NF90 membrane with low-head pump SQFlex 0.6-2N under a directly-coupled (SOW) condition. Day 1: multiple ramp downs 
with no pump power shutdown; Day 2: mostly clear day with about three overlapping shutdowns at the middle of the day; Day 3: another partly cloudy day with 
seven shutdowns. (A,D,G) PV power supply and pump power consumption, (B,G,H) TMP, (C,F,I)) permeate flow rate and cumulative daily production.

Fig. 19. Multiple days operation of NF90 membrane with low-head pump SQFlex 0.6-2N under a back-pressure control (R-SOW) condition. Day 1: multiple ramp 
downs with no pump power shutdown; Day 2: mostly clear day with about three overlapping shutdowns at the middle of the day; Day 3: another partly cloudy day 
with seven shutdowns. (A,D,G) PV power supply and pump power consumption, (B,G,H) TMP, (C,F,I)) permeate flow rate and cumulative daily production
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reaches a stalling condition – where the motor continues to work against 
pressure, but the pump no longer produces measurable flow. To avoid 
this, the pump control triggers a protective shutdown.

The shut-off power increases with operating head (or pressure de
mand). For example, the shut-off power for low-head pump 0.6-2 N 
increases from ~30 W at 10 m to ~90 W at 120 m (Fig. 20A), and from 
~55 W at 80 m to ~140 W at 200 m for high-head pump 0.6-3 N (Fig. 20
B). These “shut-off” power represents ~21% (0.6-2 N) and ~24% (0.6- 
3 N) of each pump's rated maximum power of 420 W and 590 W 
respectively. A control margin above these limits, e.g. up to 30% of the 
maximum power at each operating head can be recommended at the 
minimum threshold to prevent the pump from stalling. This shut-off 
shutdown limit is common to most pumps, and the thresholds can be 
determined from the pump's performance curves.

Shutdowns through PV power deviations do not occur as a single 
abrupt event. Cloud edges are spatially diffuse and temporally dynamic, 
causing PV power to ramp down in multiple steps rather than as a single 
instantaneous drop. Consequently, as PV power decreases gradually, 
while the membrane TMP also reduces proportionally in a stepwise 
manner. The slow startup is also maintained via the pump CCU each 
time the pump shuts down. These respectively help to prevent rapid 
depressurisation or pressurisation of the membrane in PV-membrane 
system. Frequent shutdowns have also been reported not to affect 
membrane integrity [45], making PV-membrane system still depend
able. Although the initial power deviation (e.g., ~30%/s) may not 
necessarily lead to pump shutdown if the operating point remains suf
ficiently above the shut-off power, it is an indication that shutdown can 
be imminent if not controlled immediately.

4. Conclusion

Previous studies have investigated the SOW to identify regions of 
optimal membrane performance under steady-state conditions, typically 
constrained by parameters such as a maximum recovery of 30%. How
ever, these analyses were based on constant power supply and did not 
account for real-world transient conditions, where frequent PV power 
fluctuations can trigger repeated shutdowns, reduce the system perfor
mance (e.g. daily water production and permeate quality) and increase 
the specific energy consumption (SEC).

In this study, two significant operating windows of a PV-membrane 
system under transient operation are defined: the ROW and the R- 
SOW. The ROW defines the region where the system can be resilient to 
shutdowns across multiple pressure set-points, while the R-SOW (a 
merger of the ROW and SOW) represents the region where the system 
remains both resilient to power fluctuations and while maintaining 
optimal membrane operating limits, thus providing a more realistic 
framework for assessing real-world PV-membrane system performance.

These are defined through empirically identified PV power deviation 

thresholds (D th ) that trigger pump shutdowns for different pump- 
membrane configurations across a range of transmembrane pressure 
(TMP) demands. Although, based on empirical testing, the D th which 
define the ROW may be pump-specific, since they can depend on factors 
such as the pump's internal control logic, maximum pump head, and the 
operating load (in this case, the membrane TMP set-point), the under
lying concept of pump shutdowns can however be transferable to other 
similar pumps used for PV-powered membrane desalination system.

The R-SOW was experimentally investigated for two membranes 
(BW30 and NF90) and two pumps having different maximum pressure 
limits (SQFlex 0.6-3 N, 20 bar; and SQFlex 0.6-2 N, 12 bar), using real- 
world SI data from a very cloudy day – characterised by different levels 
of PV power fluctuations. The results were compared against corre
sponding operations under SOW boundary conditions (without shut
down control), serving as a reference case for evaluating the R-SOW 
performance.

With SQFlex 0.6-3 N pump, BW30 membrane operating at ~11 bar 
TMP sustained ~67% shutdown resilience and an average SEC of ~4.0 
Wh/L, while the NF90 membrane which operated at ~9 bar to confine to 
similar boundary condition, achieved 100% resilience at a SEC of ~2.3 
Wh/L. The remaining BW30 shutdowns occurred when PV power 
dropped below the minimum operating threshold of the pump (~150 
W). The daily production gains compared to SOW operation were ~ 8 L 
(BW30) and ~ 19 L (NF90). It was observed that PV-membrane system 
operation at lower TMP (e.g. NF90 vs. BW30) could improve the system 
resilience during transient operation, as lower TMP operation reduces 
the system power demand and thus lower the D th of the pump during 
low power condition.

Additionally, the operation of two pumps with different maximum 
pressure limits (0.6-2 N pump, 12 bar; and SQFlex 0.6-3 N, 20 bar) 
where operated and compared for the membranes under the same 
operating TMP (~11 bar). The investigation with BW30 shows that that 
the low-pressure pump (SQFlex 0.6-2 N) achieved improved resilience 
(7 shutdowns vs. 9 for the 0.6–3 N) under the same SOW conditions. 
Under R-SOW operation, all shutdowns for this pump were eliminated, 
which also indicate that lower operating pressure can enhance resilience 
under low and fluctuating PV power conditions.

The use of high-pressure pump (0.6-3 N) could increase the daily 
production, particularly with NF90 membrane due to higher flux, 
however it also risked exceeding the “safe” recovery limit during high- 
power conditions as TMP increased. Thus all investigations were con
ducted at a safe recommended recovery of ≤30% recovery. Moreover, 
high recovery levels increase the system's TMP demand and this in
creases the susceptibility to shutdowns during transient PV operation, as 
lower pressure operation has been shown to enhance the system 
resilience.

Overall, this study presents the methodology for identifying resil
ience regions of PV-membrane system under real-world transient 

Fig. 20. Performance curves of two Grundfos helical rotor positive displacement pumps: A. model 0.6-2 N [25]: B. model 0.6-3 N [25,26].
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conditions and demonstrating its feasibility across different mem
brane–pump configurations. Operating within the R-SOW can help to 
improve the system robustness, however since most real-word data 
points hardly fall within the R-SOW region, back-pressure control 
strategy has been shown to be effective in mitigating the possible 
shutdowns and enhance the system resilience, thus improving the reli
ability of autonomous PV-membrane system without additional energy 
buffering support.
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