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• A PV power relative deviation ≥30 %/s 
causes electrical shutdowns of the pump

• Electro-hydraulic control system (EHCS) 
facilitates valve response & shutdown 
control

• PV-membrane: EHCS increased daily 
production, 7.5 % BW30 & 14.6 % NF90 
on cloudy day

• EHCS reduced more shutdowns with 
low-permeability BW30 (86 %) vs. NF90 
(57 %)

• Direct pressure accumulator buffering, 
ineffective for r/trip efficiency & pump 
shutdowns
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A B S T R A C T

The electrical shutdown of the pump during the period of solar irradiance (SI) fluctuations is one of the major 
challenges of a photovoltaic-powered membrane desalination (PV-membrane) system, leading to intermittent 
operation, reduced daily production and lower water quality. Conventional energy buffering methods, using 
electrical storage (batteries or supercapacitors) or mechanical storage (pressure accumulators), provide only 
temporary buffering, however, cannot prevent pump shutdowns. Direct control of PV-membrane hydrodynamics, 
independent of energy buffering systems, remains an underexplored solution to this issue. In this study, an 
electrohydraulic control system (EHCS) was developed to dynamically minimise pump shutdowns during un
favorable weather conditions across different membrane types. The system achieves this by rapidly reducing the 
load pressure on the pump via fast-response control actions using an electrically actuated valve. Experimental 
results demonstrate that the EHCS (without buffering support) increased daily water production by 7.5 % for the 
BW30 membrane and 14.6 % for the NF90 membrane under highly cloudy conditions. Additionally, pump 
shutdowns were reduced by 86 % for the BW30 membrane and 57 % for the NF90 membrane. The findings 
highlight the EHCS as an effective alternative for managing PV-membrane system performance during SI fluc
tuations, offering a robust solution without reliance on energy buffering systems.
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1. Introduction

1.1. Potential of small-scale renewable-energy-powered membrane 
desalination systems

With the current world population growth rates (about 71 million 
people per year [1], projected at 10 billion people by 2050 [2,3]) and 
the resulting decline in freshwater availability-to-groundwater ratio 
(currently about 40 % [4]), the global water demand is projected to 
increase by 20–25 % globally by the year 2050 [5]. This trend is 
currently leading to increased global water scarcity, where access to 
sufficient water for personal and domestic use – which is safe, accept
able, and affordable – is <50 l per person per day in most places in the 
world, especially in the arid and semi-arid regions [5–7]. This has driven 
the exploration of alternative portable methods for clean water pro
duction through desalination [8], such as small-scale renewable-energy- 
powered membrane desalination systems. Small-scale (e.g. daily pro
duction capacity of about 3000 L [9]) renewable-energy-powered 
membrane desalination systems can offer a promising decentralised 
water solution to address water scarcity in off-grid or remote areas 
which typically lack access to an electricity grid. This naturally will also 
assist in meeting the United Nations Sustainable Development Goals 6 & 
7 of promoting clean energy and access to clean drinkable water 
[10,11].

Although there are various renewable energy sources, such as solar 
photovoltaic (PV), wind, and hydro [12], PV energy is mostly preferred 
for membrane-based systems due to its reliability, scalability, and low 
maintenance [9]. However, PV-powered membrane desalination (PV- 
membrane) systems face challenges from solar irradiance (SI) fluctua
tions, which disrupt power supply, affecting the system's daily perfor
mance and production capacity [13–15].

1.2. Photovoltaic power fluctuations and pump shutdowns

PV power ramp-down caused by SI fluctuations, can significantly 
affect both the electrical and hydraulic performance of PV-membrane 
systems. In a directly-coupled PV-membrane system (i.e. with no en
ergy storage components), when the available PV power supply falls 
below the minimum demand by the pump, Ppump_min, to generated suf
ficient pressure to overcome the transmembrane pressure TMP (net 
driving pressure plus the osmotic pressure of the salt water [16]), the 
pump shuts down. This is followed by a period of dead-time before 
restarting, during which no permeate (drinkable water) production oc
curs, thus impairing the daily production. Additionally, a pump shut
down may occur when the magnitude of PV power ramp-down, relative 
to the initial power supply, ΔPPVrel exceeds the maximum power ramp- 
rate that can be tolerated by the pump in one second, rrpump max /s), as 
defined in Eq. (1): 

ΔPPVrel (%/s) =
⃒
⃒
⃒
⃒
P(t) − P(t − Δt)

P(t − Δt)
x100%

⃒
⃒
⃒
⃒ > rrpump max (W/s) (1) 

This shutdown can occur even if the new power level after ramp- 
down event P(t) remains above the pump's minimum power demand. 
Protective electronics in most electrical pumps trigger this the shutdown 
to prevent motor damage, and the specific maximum allowable ramp- 
rate threshold of the pump rrpumpmax can be determined through empir
ical ramp-rate testing of the chosen pump. Since PV power ramp-rate 
cannot be directly influenced, as it depends on SI fluctuations, in most 
power control systems, the ramp-rate per second (ΔP/s) or the relative 
PV power ramp-rate ΔPPVrel is often used to implement control condi
tions for improving power stability in PV-powered systems [17–20]. In 
PV-membrane systems where controlling the shutdown of the pump is 
important, the implementation of relative ramp rates is crucial for 
controlling the pump as the rrpump_max can be consistent across various 
levels of PV power fluctuations, thus enabling flexibility of pump 

control.
Desalination membranes – such as reverse osmosis (RO) and nano

filtration (NF) – meanwhile can perform better when operated contin
uously under steady-state conditions, especially with no continuous 
pump shutdowns [21,22]. When powered by renewable energy such as 
solar or wind, which are subject to fluctuations and intermittencies 
[23–27], it is important to maintain the pressure stability and prevent 
pump shutdowns towards ensuring consistent and enhanced system 
performance [28]. One common approach of realising this (maintaining 
pressure stability and preventing the pump's shutdowns) is by integra
tion of energy buffering using electrical energy storage (EES) (e.g., 
batteries or supercapacitors), or mechanical energy storage (MES), such 
as pressure accumulators [18,29–34]. Another approach involves 
oversizing renewable energy sources or anti-correlating the hybrid 
renewable sources (especially wind and solar) to ensure more power is 
produced during unfavorable weather conditions [35,36]. The disad
vantages here however include: i) a significant increase in system design 
cost; and ii) the system not very feasible in space-constrained environ
ments; and iii) possibility of excess electricity produced being unutilised 
by the system during peak power generation.

1.3. Electrical and mechanical energy buffering in PV-membrane systems

1.3.1. Electrical energy storage (EES) buffering and sizing for PV- 
membrane

The use of EES – such as battery, supercapacitor (SC) or hybrid of 
both – have been demonstrated to enable power buffering and enhance 
the performance of PV-membrane water desalination system during low 
or fluctuating SI conditions [18,32,34,37,38]. However, a few chal
lenges associated with this can limit their full potential for PV- 
membrane system. These include degradation, limited storage capac
ity and energy loss during power storage and conversion as detailed 
below [39–46]:

The storage capacity battery degrades over time, depending on the 
pattern of usage [41], thus necessitating periodic replacements, for 
example Li-ion battery shelf life is about ≥6 years [47]. The SC on the 
other hand is limited with low energy density of about 0.1 to 60 Wh/kg. 
This is low when compared to battery storage, e.g. 90–260 Wh/kg for Li- 
ion battery [43–45]. Due to this low energy density, commercially 
available high energy density SC, which can be comparable to battery 
attracts high cost, and this can increase the overall system design cost 
when SC only or battery/SC hybrid is used for energy buffering.

Additionally, Electrical energy loss can occur due to the limited 
round-trip efficiency of the EES, (for example, this is typically 82–95 % 
for commercial Li-ion battery [40,42]), as well as the conversion loss 
through the charge controller during EES charging [39]. During opera
tion, conversion of the stored energy in EES into hydraulic energy goes 
through mechanical losses due to the pump's limited efficiency (e.g. 
42–76 % efficiency for helical rotor pump which is mostly used in PV- 
powered water pumping systems [9,48–51]). These can reduce the 
daily energy utilisation during buffering operation.

Meanwhile, the sizing of EES buffering power (PESS) for PV- 
membrane applications is based on the system design configurations 
using the maximum load demand (here represented as pump power 
demand, PPump, at maximum head as the main electrical load in the 
system), and the available maximum power from the PV panels (PPV). 
The ESS sizing and iteration process for buffering can thus be formulated 
using mathematical relations as adapted from Caro-Ruiz et al. [52], and 
be calculated based on the total estimated PV power required over a 
certain time duration, as resented in Eqs. (2) and (3). 

PESS = max
⃒
⃒PPump(t) − PPV(t)

⃒
⃒ (2) 

CESS =

∫ t+1

t
(PESS)dt (3) 
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1.3.2. Mechanical energy storage (MES) buffering sizing for PV-membrane
MES refers to systems that store potential or kinetic energy in a 

mechanical form. One common type of MES is a pressure accumulator, 
which is ideal for short-term storage (seconds to a few minutes) and can 
find application in renewable energy powered system during intermit
tent power supply. Other MES types can store energy on a larger scale for 
longer durations or grid applications, and these include compressed air 
energy storage, flywheel energy storage, pumped hydroelectric storage 
[31]. A pressure accumulator (also known as “bladder tank”) can pro
vide direct pressure buffering to improve the performance of pressure- 
driven systems where fluctuating power supply causes pressure varia
tions in the system [53–58].

Although pressure accumulators seem to be less explored in PV- 
membrane systems, these have been utilised in some studies for feed 
water pressure buffering and ultrafiltration backwash applications 
across various configurations [33,53,59–61]. For instance, Mi et al. [60] 
used a pressure accumulator to address feed pressure fluctuations in a 
wind-powered seawater RO desalination system, but motor pressure was 
insufficient at low wind speeds (<4.5 m/s), exacerbating pressure gra
dients during buffering. Karavas et al. [53] employed a three-parallel 
pressure vessel array (180 L capacity) for short-term energy buffering, 
producing 17 L of permeate in 20 min, though continuous PV recharging 
and daily performance were not studied. Villessot et al. [33] patented a 
battery-less system using a pressure accumulator to buffer PV power 
drops, integrating hybrid power sources for continuous operation which 
limits PV-only autonomy. Li et al. [61] demonstrated a pressure accu
mulator's effectiveness in ultrafiltration backwash under varying solar 
irradiance conditions.

The sizing of MES for buffering in PV-membrane systems is mostly 
determined by the system's pressure (p) and flow rate (Q) requirements. 
The buffering duration depends on the accumulator's size (volume). 
Large hydraulic accumulators, however, face challenges such as signif
icant space requirements, slow pressure buildup during charging, and 
potential hazardous failures due to pressurised fluid. For short-term 
hydraulic buffering (e.g., up to 5 min) during pump shutdowns, the 
charged volume at any time t in the accumulator V(t) can be described 
by the polytropic process Eq. (4). 

piVn
i = ptVn

t (4) 

where piVi are the initial pressure and volume, ptVt are the pressure and 
volume at time t, n is the polytropic index (e.g n = 1.4 for adiabatic 
processes with no heat exchange). The sizing of pressure accumulator in 
PV-membrane system in this study is determined based on the charged 
volume, which is a function of the feed flow rate supplied by the pump, 
and the buffering time. These are described in Eqs. (5) and (6). 

Vt = Vi +

∫ t

0
Qf (t)dt

or
Vt = Vi + (A • v • t)

⎫
⎪⎪⎬

⎪⎪⎭

(5) 

where A is the pipe's cross-sectional area, v is the flow velocity, and the 
buffering time t can then be estimated as: 

t =
V(t) − Vi

A • v
(6) 

While pressure accumulators are generally applied for pressure 
buffering, most studies have not investigated their impact on pump 
electrical shutdowns in PV-membrane systems. Furthermore, system 
shutdowns may still occur during the accumulators' charging or dis
charging phase, especially under low PV power conditions when pump's 
feed pressure is insufficient to overcome the membrane's osmotic 
pressure.

1.4. Direct hydraulic pressure regulation in an unbuffered PV-membrane 
system

Considering the limitations of both EES and MES in providing a 
sustaining and efficient buffering support for PV-membrane systems, an 
alternative hydraulic control strategy can be explored to prevent pump 
shutdowns without relying on additional energy storage. One potential 
approach involves strategically controlling the hydrodynamics of the 
PV-membrane system, specifically by regulating flow rate and pressure. 
By continuously varying the total hydraulic load or adjusting the oper
ating setpoint (pump head), the total hydraulic height (or pressure) the 
pump must overcome during periods of low PV power supply can be 
reduced, thus minimising the risk of pump shutdowns. This can be 
achieved by dynamically adjusting the backpressure valve of the PV- 
membrane system. When an electrically controlled actuator valve is 
used for this purpose, it can be programmed to adjust continuously in 
response to PV power ramp rates.

The use of controlled actuator valves offers a novel solution to pre
vent shutdowns in PV-membrane systems. Traditionally, pump speed 
control relies on variable frequency drives (VFDs) that adjust AC motor 
frequency [62,63]. However, VFDs are inefficient for DC-powered 
pumps due to the possibility of energy losses during DC-to-AC conver
sion. Meanwhile, Mendonça et al. [64] proposed a self-regulating dia
phragm valve and charge controller for pressure regulation, but this 
cannot prevent shutdowns during PV power fluctuations. Similarly, Ma 
et al. [65] implemented open/close valve control with multiple pumps 
to reduce fouling in nanofiltration, but the on/off operation limits pre
cise flow and pressure regulation.

1.5. Research questions

This study thus proposes an electro-hydraulic control system (EHCS) 
that employs an electrical actuator valve (AV) which is controlled to 
directly regulate the hydrodynamics (flow and pressure) of a PV- 
membrane system, dynamically preventing pump shutdowns during 
PV power ramp-down events. In addition, mechanical energy buffering 
using a pressure accumulator is investigated to assess the effectiveness of 
direct pressure buffering in PV-membrane system. The potential chal
lenges that could arise with this approach and a possible hybrid com
bination with the EHCS are further explored across different SI 
conditions for PV-membrane system.

To realize these, the following research questions are investigated: 

i. How can the hydraulic parameters of a PV-membrane system be 
directly regulated (e.g. with an actuator valve) to minimise or 
prevent the electrical shutdowns of the pump during PV power 
ramp-down events on different solar days?

ii. Can direct pressure buffering using a pressure accumulator be 
integrated with a valve control method to enhance PV-membrane 
system performance while preventing both electrical and hy
draulic shutdowns?

iii. What are the possible specific limitations of the direct hydraulic 
buffering and control approaches (with pressure accumulator 
and/or actuator valve), when implemented for different mem
brane types under different SI conditions in PV-membrane 
system?

2. Materials and methods

The PV-membrane system in this work was modified via the addition 
of a pressure accumulator and an electrical actuator valve – two 
different strategies to mitigate or minimise system shutdowns. The study 
also investigated the effect of these components on flow pressure regu
lation without relying on energy storage methods. The operational logic 
of the system was managed by a programmable logic controller (PLC) 
which enables real-time optimisation of system parameters with respect 
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to specific operational conditions. The system configurations, de
scriptions, and methods are provided in this section.

2.1. PV-membrane system setup and descriptions

The system configurations utilised in this study are depicted in Fig. 1. 
The materials used are categorised and described under two main 
components: Electrical and hydraulic. The electrical components 
include PV panels, pump, valves, sensors, and PLC, while the hydraulic 
components encompass the membrane filtration unit and pressure 
accumulator. The main system components of the designed PV- 
membrane system are summarised in Table I.

These days were selected for consistency with previous studies [66] 
and represent different irradiance conditions in KIT Germany: i) a 
“sunny day” (5 May 2016) with no cloud cover, ii) a “partly cloudy day” 
(26 May 2016) characterised by intermittent heavy clouds during 
midday, and iii) a “very cloudy day” (13 October 2016), representing a 
near worst-case scenario in this study.

In addition to the summarised components, the following sensors are 
used in the system: Pressure (Bürkert 831), electrical conductivity EC 
(Bürkert 8222), Flow sensor (Bürkert8030; Kobold MIM-12); current 
sensor (Phoenix Contact MCR-S10–50); voltage sensor (Omega DRST- 
CM 300), and solid-state relays SSRs (TC-GSR1-40DD). The in
terconnections of these components and a detailed system description 
are provided in the Supplementary Information S1.

The PV-membrane system was designed to investigate the optimal 
method of controlling pump shutdowns during SI fluctuations on cloudy 
days. This was studied using two different membrane types with varying 
permeabilities, BW30 and NF90, while the system control was managed 
via a PLC.

2.2. Experimental and control methods

The key electrical components controlled in this study are the actu
ator valve and the bypass normally-closed (NC) solenoid valve. The 
actuator valve receives analogue signals from the PLC to regulate its 
degree of opening, while the NC solenoid valve operates using digital 
signals from the PLC to toggle between its on and off states. The primary 
hydraulic component is the pressure accumulator, which serves as a 
pressure buffer. The charging and discharging of the accumulator are 

managed through NC valves located at the inlet and outlet channels. 
These valves are controlled by digital signals from the PLC, based on the 
set operating conditions. The control methods for these electrical and 
hydraulic components are described in this section.

2.2.1. Electrical actuator valve control method
In membrane systems, a valve is installed on the concentrate stream 

primarily to regulate the back pressure and concentrate flow rate. When 
the back-pressure valve restricts the concentrate flow, the increased 
hydraulic resistance requires the pump to consume more power and 
raise the feed pressure to overcome it. The higher feed pressure increases 
the recovery rate (the ratio of permeate to feed flow). Conversely, when 
the valve is relaxed, more flow is diverted through the concentrate 
channel, reducing the pressure needed for permeate production (and 
recovery) and thereby lowering the pump's power demand.

An electrical actuator valve (AV), installed on the concentrate stream 
(Fig. 1), is used for back pressure control valve in this study, as this 
allows precise hydraulic flow control and automated operation. While 
the AV offers precise pressure control, its motorised mechanism could 
cause a slow response time (>1 s) in adjusting stroke length to the 
desired setpoint. To address the need for rapid pressure adjustments 
critical for shutdown control, a normally-closed solenoid valve (NC3, 
Fig. 1) is installed as a bypass across the AV. A levered ball valve (BV), 
positioned before the solenoid valve NC3 regulates the allowable pres
sure diversion through the bypass.

The control of the AV and BV is implemented using an on/off control 
strategy within a closed-loop feedback control system, as illustrated in 
Fig. 2. This strategy evaluates the error between real-time PV power 
fluctuations and the predefined maximum relative PV power deviation. 
The signal is processed by the PLC, which outputs a digital on/off signal 
to regulate the bypass valve. Meanwhile, the actuator valve receives an 
analogue signal to adjust its position according to a new setpoint.

Since not all PV power ramp-downs result in pump shutdowns, the 
maximum ramp-down threshold that could trigger a pump shutdown 
(PPVsd) is experimentally determined. This threshold is used together 
with the PV power supply level (PPV), as logic inputs to regulate the 
actuator valve's opening and closing. The control algorithm for this 
process is depicted in Fig. 3.

As shown in Fig. 3, the algorithm monitors the PV power ramp-rate 
(ΔPPV/Δt) to determine when the PV power supply (PPV) reaches a 

Fig. 1. PV-membrane system setup with integrated actuator valve and pressure accumulator for shutdown control during SI fluctuations.
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certain minimum threshold (PPVmin), which is sufficient for the mem
brane to produce drinkable permeate. If the ramp-rate exceeds the 
shutdown threshold (PPVsd), the AV adjusts to a lower setpoint, and the 
bypass solenoid valve triggers momentarily to prevent system shut
down. Once the ramp-down condition is resolved, the valve returns to its 
initial setpoint, ensuring system stability and continuous operation.

2.2.2. Pressure accumulator control method
The pressure accumulator implemented in this work (already intro

duced in Section 2.1.2a) is installed between the feed pump and the UF 
membrane as shown in Fig. 1, to buffer the feed pressure fluctuations 
due to low or fluctuating PV power supply to the pump during SI 
fluctuations.

The buffering is done by controlling the discharge of the tank when 
the feed pressure drops below a certain pressure threshold. When the 
pump generates a feed pressure (pf) lower than the set minimum 
threshold (Pfmin) during the PV power ramp-down events, the pressure 
accumulator is enabled for discharging as long as the pressure accu
mulator pressure (pbl) is above its minimum pre-charged pressure 
(pbl_min). When pf is above the Pfmin during the increase PV power sup
ply, the pressure accumulator is enabled for charging within the defined 
pressure limits of the pressure accumulator: minimum pbl_min and 
maximum set charging limit pbl_set. The control algorithm for enabling 
this strategic is summarised in Fig. 4.

The set minimum pressure threshold is experimentally determined 
through a series of steady-state tests of the PV-membrane system at 

different pressure setpoint.

2.2.3. Pump's maximum ramp-rate threshold test for shutdown control
The maximum PV power ramp-down that can trigger a shutdown of 

the chosen pump (rrpump_max) is investigated across different pump 
pressure setpoints. Using the Eq. (1), the identified threshold is 
furthermore implemented to control shutdowns in the system. If the 
ramp-down rate exceeds a critical threshold, an impending system 
shutdown becomes unavoidable. The detailed analysis of PV power 
ramp-down events leading to system shutdowns for the selected pump 
are presented in the results section.

3. Experimental investigations

In this study, two types of experiments were conducted: i) steady- 
state tests and ii) solar day tests. The steady-state tests involve using a 
fixed power supply to drive the system, while performance is evaluated 
under different variations. The solar day tests, on the other hand, use 
real solar days with varying SI conditions to drive the system, allowing 
for an investigation of its real-world performance. For both experiments, 
two membranes with distinct desalination characteristics commonly 
employed in PV-membrane desalination systems were used for the 
investigation – BW30 and NF90. These membranes were selected to 
evaluate their performance and response to shutdown control under 
varying operational conditions.

3.1. Operating setpoints and thresholds experiments

3.1.1. PV-membrane operating thresholds
The operating thresholds of PV-membrane system were investigated 

over a range of different pressure setpoints from 2 to 12 bar (1 bar in
crements), to determine the limit at which the performance of the PV- 
membrane system begins to deteriorate. These tests were conducted 
under steady-state conditions, where the system operates at a constant 
feed pressure, flow rate, and/or recovery rate. During these tests, the PV 
power consumption of the pump was regulated by adjusting the system's 
back pressure using an actuator valve. This enables the desired pressure 
setpoints to be realised (i.e., the set maximum pressure for water flow 

Table I 
Summarised PV-membrane system components.

Component Electrical components Hydraulic components

PV panel Solar array 
simulator 
(SAS)

Solar days Electric 
pump

Actuator 
valve

PLC Pressure 
accumulator

Brackish feed 
water

Membranes

Type Offgridtec 
flexible silicon

Chroma 
62050H 
600S

1) sunny, 
2) partly 
cloudy, 
3) very cloudy

Grundfos 
SQFlex 
0.6–2 N 
helical rotary

Hanbay MCL 
S50-AB 24 V 
SS

Unitronics 
Unistream 
10.4”

Reflex Refix 
DD 25

Deionised water 
+5 g/L NaCl

Inge: UF; 
DuPont 
FilmTec: 
NF90, BW30

Rating/ 
source

100 W Pmp; 
39.6 V Vmp

5 kW max KIT solar park 
data (2016)

12 bar, 590 
L/h, 420 W 
max

24 V DC 24 V DC 
power, 4–20 
mA inputs

18.7 L, 4 bar 
pre-charge 
pressure

270 L; 2.09 bar 
osmotic pressure 
at 20 ◦C

UF: 6.0 m2, 
TMP 0.1 - 2 
bar; 
NF90 & BW30: 
7.2m2, 41 bar.

Configuration 3 series / 2 
parallel (600 
Wp; 118.8 
Vmp)

Program: 
with real 
solar days

Varying levels 
of SI 
fluctuations

Directly 
coupled to 
PV array

PV-membrane 
back-pressure 
control

Analogue 
inputs; 
analogue & 
digital outputs

Between pump 
& UF 
membrane

Permeate & 
concentrate 
recycled back 
into feed

UF + NF90 or 
UF + BW30

Fig. 2. Closed-loop on/off control strategy for valve control.

Fig. 3. Control algorithm flowchart of the electrical actuator valve (AV), and bypass solenoid valve NC3.
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through the membranes). These thresholds are subsequently used in 
control strategies to manage shutdowns in the system The performance 
of the system was indicated by the metrics of: i) the specific energy 
consumption (SEC) of ≥5 Wh/L for the BW30 membrane [32] or ≥ 2.5 
Wh/L [67] for the NF90 membrane, and ii) permeate production quality 
exceeding the World Health Organization (WHO)-recommended palat
able limit of 0.6 g/L total dissolved solids (TDS), equivalent to 1.133 
mS/cm electrical conductivity (EC) [68].

3.1.2. PV power ramp-rate thresholds
This experiment determines the PV power ramp-rate threshold that 

triggers the pump's shutdown. The test involves varying the pump's 
power supply in incremental steps per second while maintaining a 
constant operating pressure setpoint. The power ramp-rate is varied and 
repeated at different intervals until the pump shuts down. To vary the 
ramp-rate, a SAS is used to supply a constant power supply, with the 
supplied current is varied at intervals to achieve a ramp-down. If a ramp- 
down does not result in a shutdown, the initial power is restored, and the 
current reduction is increased. This process is repeated until the shut
down occurs.

3.1.3. Pressure accumulator charge-discharge thresholds
This experiment aims to determine the amount of mechanical energy 

that can be stored in the pressure accumulator and how this also depends 
on the feed pump's maximum head. When no subsequent recharge is 
possible after a discharge, the maximum buffering duration of the 
pressure accumulator is also be identified through this test.

3.2. Solar days experiments

3.2.1. Directly-coupled PV-membrane
This test investigates the PV-membrane system performance when 

coupled directly to PV power supply without additional control or 
buffering options. The results are used as a baseline of comparison for 
other controlled or hydraulic buffered PV-membrane system investi
gated in the study.

3.2.2. Passive hydraulic buffering
In this setup, the pressure accumulator is implemented for buffering 

without active control. This means, the inlet and the outlet channels of 
the pressure accumulator remain open, allowing the feed pump to 
simultaneously charge the accumulator to the feed pressure while also 
supplying pressure to the membrane system. The experiment is aimed at 
investigating the system performance under uncontrolled buffering 
condition, comparing it to other methods of shutdown control.

3.2.3. Controlled hydraulic buffering
In this setup, the pressure accumulator is pre-charged to the pump 

head of 12 bar and used for direct pressure buffering using the control 
logic presented in Fig. 4. The control algorithm manages the charging 

and discharging of the tank, aiming to minimise continuous charging 
typically observed in passive buffering. Continuous charging can lower 
the feed pressure supplied by the pump for desalination, leading to a 
reduction in daily production capacity. The results are compared to 
other methods of shutdown control.

3.2.4. Electrical actuated valve control with EHCS for reducing system 
shutdown

This setup consists of the proposed EHCS which incorporates an 
electrically-controlled actuator valve to reduce the pressure and conse
quently the power demand by the pump to prevent shutdown, based on 
the control algorithm in Fig. 3. Thus, this experiment examines how the 
valve prevents or minimizes electrical and hydraulic shutdowns in the 
absence of integrated buffering.

3.2.5. Controlled hydraulic buffering with controlled actuator valve
This experiment combines controlled hydraulic buffering with an 

electrically actuated valve to analyse their combined impact on overall 
system performance. Real-time system parameters are monitored to 
assess how this integrated approach enhances stability and efficiency, 
offering further insights into improving PV-membrane system 
reliability.

3.2.6. Short-term analysis of PV power ramp-down with/out controlled 
actuator valve

This experiment investigates the short-term (< 5 min) impact of 
pump shutdowns caused by PV power ramp-down events on the per
formance of the PV-membrane system. This investigation compares the 
performance of a directly-coupled system during a shutdown to the 
system when a controlled actuator valve is implemented, and the 
effectiveness of the valve in mitigating shutdowns can be assessed. 
Specifically, the experiment checks the controlled valve's ability to 
reduce the pump's downtime following each shutdown event.

Overall, for the solar day experiments, the directly-coupled PV- 
membrane system was tested under three solar conditions: Sunny, partly 
cloudy, and very cloudy days, as introduced in Section 2.1.1(b). Other 
investigations aimed at controlling both electrical and hydraulic shut
downs were conducted specifically on partly cloudy and very cloudy 
days. These conditions were selected because the buffering strategies are 
designed to address fluctuations in PV power supply, which are more 
pronounced under partly cloudy and very cloudy conditions.

4. Results and discussion

4.1. Steady-state results

4.1.1. PV-membrane steady-state test
Steady-state tests were conducted at various pump operating pres

sure setpoints, ranging from 2 to 12 bar in 1 bar increments. The pa
rameters investigated include the pump's power demand, SEC, flow rate, 

Fig. 4. Control algorithm flowchart of pressure accumulator hydraulic buffering.
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flux, EC rejection, and recovery. The results at these different pressure 
setpoints for the two investigated membranes are presented in Fig. 5.

The results show that, the system performance begins to improve at a 
feed pressure of ≥8 bar, with the SEC <5.0 Wh/L for the BW30 mem
brane (Fig. 5a) and < 2.5 Wh/L for the NF90 membrane (Fig. 5e). While 
the SEC for both membranes can be further reduced, this pressure serves 
as the minimum threshold for subsequent control optimization pro
cesses. Although the feed flow rate is about the same for both mem
branes across different pressure setpoints, the permeate flow rate and 
corresponding flux of BW30 (Fig. 5b) are approximately half of those of 
NF90 (Fig. 5f). This can be attributed to the permeability of each 
membrane, with NF membrane having a higher permeability than RO 
membrane. An increase in permeate flow also leads to a reduction in 
concentrate flow, maintaining the hydraulic flow balance through the 
membranes.

The BW30 membrane requires a higher pressure to produce a 
drinkable permeate (<1.33 mS/cm WHO palatable limit), here realised 
from 6 bar (Fig. 5c), when the pressure setpoint is at 12 bar. The NF90 
membrane realised this at 5 bar (Fig. 5g). It is important to note that 
when the setpoint is reduced below 12 bar, the membranes would 
require higher power supply and increased feed pressure to achieve the 

same permeate quality. BW30 membrane meanwhile demonstrates a 
higher salt rejection at low pressure (Fig. 5d) compared to NF90 
(Fig. 5h).

One observation from this comparison is that while the hydraulic 
performance of each membrane varies within the operating setpoints, 
the electrical characteristics are similar irrespective of the membrane. 
This means, similar power consumption is needed to produce the same 
pressure comparable for each membrane. This investigation not only 
helps to identify the pressure threshold for optimization experiments, 
but also highlights the suitability of the two membranes for specific 
applications. Overall, the NF90 membrane is more suited for brackish 
water desalination due to its lower SEC and higher flux, while main
taining acceptable water quality levels. In contrast, BW30 is generally 
used for more concentrated solutions.

4.1.2. PV power ramp-rate test, and pump maximum shutdown threshold
The PV power ramp-rate was investigated over a pressure setpoint 

ranging from 2 to 12 bar. This range was chosen based on the maximum 
head of 12 bar, and the minimum pressure of 2 bar achievable when the 
PV-membrane valve is fully open. The PV power supply was supplied by 
the SAS. With the SAS operating in a constant DC power mode, a voltage 

Fig. 5. Steady-state threshold tests of PV-membrane system with I. BW30 (a) Pump power & SEC, (b) Flow rate & flux (c) EC, (d) Salt rejection / water recovery; and 
II. NF90 (e) Pump power & SEC, (f) Flow rate & flux (g) EC, (h) Salt rejection / water recovery.

E.O. Ogunniyi and B.S. Richards                                                                                                                                                                                                            Desalination 608 (2025) 118784 

7 



of 100 V was set, while the current reduced per second starting at 5 A 
with an initial reduction rate of 0.1 A /s. If no shutdown occurred at 4.9 
A, the maximum current of 5 A was restored, and the reduction rate was 
increased to 0.2 A / s, ramping down to 4.8 A. This cycle was repeated, 
incrementally increasing the reduction rate, until a shutdown was 
induced. The PV power threshold required to cause a shutdown at each 
operating setpoint was recorded, and the results are summarised in 
Table II.

The maximum relative PV power deviation that resulted in a shut
down was calculated following the defined parameters in Eq. (1), as the 
relative difference between the shutdown power deviation from Table II
(col. 5 = col. 2 – col. 3) with respect to the initial PV power (col. 2). 
Similarly, the maximum relative pressure deviation was calculated as 
the relative difference between the initial setpoint pressure and the 
pressure at shutdown (col. 1 – col. 4), with respect to col. 1.

The highlight from Table II is that, the maximum relative PV power 
deviation that is capable of triggering a shutdown of the selected pump 
is approximately 30 %/s across different pressure setpoints at any given 
time during operation. This provides more insights into the control of 
pump's shutdown in the system, as relying solely on PV power ramp rate 
per second (W/s) – as employed in other works (such as [69]) – may not 
be stable across different levels of SI fluctuations levels. It is worth 
noting that this threshold may differ across different pumps, thus similar 
ramp-down analysis may be performed to identify the pump's specific 
ramp-down deviation threshold that can lead to a shutdown. Mean
while, for experimental work, a 10 %/s relative deviation was set as the 
setpoint (Fig. 2), enabling faster system response to open the valve 
before fluctuations reach the critical 30 %/s peak, towards preventing 
the shutdown.

4.1.3. Hydraulic energy storage estimation
The hydraulic energy stored in the pressure accumulator and the 

maximum possible buffering period are determined by investigating the 
charge-discharge cycle of the tank. The pressure accumulator tank 
stopped charging when the charged pressure reached the pump's 
maximum head of approximately 12.2 bar. By integrating the accumu
lator's feed flow rate defined as F1-F2 in Fig. 1, the volume of water 
stored in the tank was determined. These parameters – feed pressure 
(bar) from the pump and charged volume (L) where converted to po
tential work done (units: Joules [P(bar) × V(L) × 100] to estimate the 
nominal hydraulic energy stored in the tank, without considering the 
adiabatic process of pre-charged gas on the stored water. The adiabatic 
method of estimating the hydraulic energy of the pressure accumulator 
is presented in the Supplementary Information Section S2. The equiv
alent hydraulic energy supplied by the pump is estimated by multiplying 
the pump's maximum power consumption (W) at the fixed setpoint, by 
the charging duration (seconds). The charging time is determined by 
dividing the charged volume of the pressure accumulator (L) by the 
differential flow rate (L/min) supplied to it. This approach accounts for 
the fact that the feed pump was simultaneously supplying the membrane 

system. The buffering time is defined as the duration for which the 
pressure accumulator discharges while maintaining a fixed pressure 
setpoint of 12 bar in the PV-membrane system. The charged and dis
charged characteristics of the accumulator are presented in Table III and 
summarised in Fig. S1 of the Supplementary Information.

The highlights of this investigation are: i) The energy stored in 
pressure accumulator as well as its buffering time, are very limited to 
sustain continuous buffering process. These can only be replenished if 
the pump operates continuously to recharge the system. ii) The 
maximum round-trip efficiency of the pressure accumulator. The 
maximum round-trip efficiency of the pressure accumulator is relatively 
low, approximately 44 %, while the pump's maximum efficiency reaches 
about 47 % [50] at its maximum head. The round-trip efficiency is 
calculated as the ratio of the hydraulic energy delivered by the accu
mulator to the electrical energy supplied to the pump for generating the 
charging pressure. This low efficiency is primarily due to the losses 
during the pump's conversion of electrical energy into hydraulic energy. 
As a pressure accumulator stores pressure directly without additional 
energy conversion during buffering, the overall round-trip efficiency is 
thus predominantly constrained by the efficiency of the electrical pump 
used in the system.

4.2. Solar days results

This study considers three types of solar days: Sunny, partly cloudy, 
and very cloudy. The sunny day exhibits negligible SI fluctuations, 
resulting in no system shutdowns. As such, the sunny day served as a 
reference for assessing the PV-membrane system's performance under 
clear sky conditions, with results presented in Supplementary Informa
tion Section S3. The focus on shutdown management was directed to
wards partly cloudy and very cloudy days, where significant PV power 
fluctuations occur. These conditions were addressed using hydraulic 
buffering and actuator valve control strategies with EHCS.

This section details the experimental results of these control strate
gies on PV-membrane system. Experiments were performed using two 
types of membranes (BW30 and NF90) to identify the most effective 
method for managing shutdowns across different desalination mem
brane technologies.

4.2.1. Partly cloudy and very cloudy days test with BW30 membrane
The results of the hydraulic buffering and control with actuator valve 

when tested on a partly cloudy day as well as very cloudy day using 
BW30 membrane are presented in Figs. 6 and 7, while the summary of 
the average daily performance parameters is provided in Table IV.

The pump's electrical shutdown is identified when its power con
sumption drops to zero. Figs. 6 (a, f, k, p) and 7 (a, f, k, p) depict the 
electrical shutdown events observed under different configurations: 
directly coupled, passive buffering, controlled buffering, and actuator 
valve control, on partly cloudy and very cloudy days, respectively. The 
data shows that during the discharge phase of the pressure accumulator 

Table II 
PV power ramp-down maximum threshold for pump shutdown (referenced to Eq. 1).

Setpoint 
pressure (bar)

Initial PV 
power Pt (W)

PV power supply at pump's 
shutdown P(t-Δt) (W)

Pressure at 
shutdown (bar)

Shutdown power 
deviation Pt – P(t-Δt) (W)

Max. relative PV power 
deviation ΔPPVrel (%/s)

Max. relative pressure 
deviation (%/s)

12 459 309 8.4 150 32.7 30.0
11 439 297 7.9 142 32.4 28.2
10 421 285 7.1 136 32.3 29.0
9 403 283 6.5 120 29.8 27.8
8 381 276 5.8 106 27.8 27.5
7 366 263 5.0 103 28.1 28.6
6 344 251 4.2 93 27.0 30.0
5 329 238 3.5 92 28.0 30.0
4 313 214 2.7 99 31.6 32.5
3 296 202 2.0 95 32.1 33.3
2 278 189 0 89 32.0 –

Average 30.4 29.7
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(in passive buffering and controlled buffering), there was an increased 
electrical shutdown of the pump. This is due to an increased pressure 
resistance in the feed flow line during the hydraulic buffering which 
must be overcome by the feed pump's pressure. During PV power ramp- 
down events, if the pump cannot generate sufficient pressure to over
come the buffering resistance from the pressure accumulator, it shuts 
down.

Meanwhile, it is worth noting that while the actuator valve control 
method with the ECHS may cause multiple temporary drops in permeate 

flow rate throughout the day, these are momentary responses lasting 
only about 1 s each time the actuator bypass is triggered to reduce 
pressure. These brief interruptions thus have a very minimal impact on 
daily production, unlike a pump shutdown, which results in a significant 
dead time. With the selected pump, each pump shutdown could result in 
a downtime of up to 30 s before the pump's electronics makes an attempt 
to restart.

The electrical actuator valve configuration with the EHCS success
fully minimised electrical shutdowns in the system, utilising the 

Table III 
Pressure accumulator charge-discharge performance tests at different charged pressure.

Pump Pressure accumulator

Power at max. 
Pressure (W)

Charging 
time (ss)

Estimated Energy 
supply (Wh)

Charged 
pressure (bar)

Charged 
volume (L)

Discharge 
(buffering) time 
(mm:ss)

Hydraulic energy 
supply (J)

Hydraulic energy 
supply (Wh)

Round-trip 
efficiency 
(%)

459 83 10.6 12.2 13.8 03:35 16,836 4.7 44.2
459 77 9.8 11.0 12.7 02:54 13,970 3.9 39.5
459 71 9.1 10.0 11.8 02:42 11,800 3.3 36.2
459 64 8.2 9.0 10.6 02:33 9540 2.7 32.5
459 58 7.4 8.0 9.3 02:18 7440 2.1 27.9
459 46 5.9 7.0 7.6 01:52 5320 1.5 25.2
459 34 4.3 6.0 5.6 01:36 3360 0.9 21.5
459 16 2.0 *5.0 2.6 01:01 1300 0.4 17.7

* The pressure accumulator is pre-charged to 4 bar with air, thus when the pump's feed pressure ≤ 4 bar, there is no charge stored in the accumulator.

Fig. 6. PV-membrane system performance with different operational methods on a partly cloudy day with BW30 membrane. I. Directly-coupled configuration II. 
Passive buffering, III. Controlled buffering IV. Controlled actuator valve with EHCS: (a,f,k,p) PV power supply and consumption; (b,g,i,q) Feed pressure and ac
cumulator's charged pressure; (c,h,m,r) Flow rates and daily production; (d,i,n,s) Permeate EC and SEC; (e,j,o,t) Rejection and recovery.
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proposed algorithm and valve bypass method. This approach effectively 
manages fluctuations in PV power supply, preventing shutdowns by 
dynamically adjusting valve positions and controlling pressure. Figs. 6
(b, g, l, q) and 7 (b, g, l, q) illustrate the variations in feed pressure and 
accumulator pressure across four configurations: directly coupled, pas
sive buffering, controlled buffering, and controlled actuator valve-only 

methods. During low power supply or rapid PV power ramp-down 
events, the pressure accumulator's discharge provides hydraulic buff
ering (Figs. 6 and 7g,l) to mitigate SI fluctuations. This however in
creases the electrical shutdowns of the pump. With the implementation 
of the controlled actuator valve (Figs. 6q and 7q), electrical shutdowns 
were significantly minimised, thereby also preventing corresponding 

Fig. 7. PV-membrane system performance with different operational methods on a very cloudy day with BW30 membrane. I. Directly-coupled configuration II. 
Passive buffering, III. Controlled buffering IV. Controlled actuator valve with EHCS: (a,f,k,p) PV power supply and consumption; (b,g,i,q) Feed pressure and ac
cumulator's charged pressure; (c,h,m,r) Flow rates and daily production; (d,i,n,s) Permeate EC and SEC; (e,j,o,t) Rejection and recovery.

Table IV 
Average daily performance of PV-membrane system with BW30 across different configurations and control methods.

Solar days System performance 
(BW30)

System configurations

Reference: Passive (directly 
coupled)

Passive hydraulic 
buffering

Controlled hydraulic 
buffering

EHCS Controlled buffering +
EHCS

Partly 
cloudy

# pump shutdowns 2 4 5 1 1
Daily production (L) 
(% change c.f. ref.)

848 
–

85↑ (1.0 %) 892 
↑ (1.0 %)

899↑ (1.0 
%)

877 
↑ (1.0 %)

Avg. EC (μS/cm) 369 405 342 389 417
Avg. SEC (Wh/L) 5. 0 4.8 4.5 4.8 4.7
Rejection 96.0 95.5 96.3 95.7 95.4
Recovery 16.1 18.2 18.1 19.4 18.8

Very cloudy # pump shutdowns 7 36 32 1 20
Daily production (L) 
(% change c.f. ref.)

468 
–

447 
↓ (− 4.5 %)

469 
↑(0.2 %)

503 
↑(7.5 %)

475 
↑(1.5 %)

Avg. EC (μS/cm) 781 736 714 676 723
Avg. SEC (Wh/L) 6.0 5.4 5.0 6.2 5.9
Rejection (%) 91.5 91.8 92.2 92.5 91.9
Recovery (%) 21.3 19.1 17.7 22.1 18.8
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hydraulic shutdowns.
Figs. 6 (c, h, m, r) and 7 (c, h, m, r) present the daily flow rate and 

production observed respectively on partly cloudy and very cloudy days 
across the four configurations: directly coupled, passive buffering, 
controlled buffering, and actuator valve-controlled methods. The actu
ator valve-controlled configuration consistently exhibited slightly 
higher daily production compared to the other configurations. This 
improvement is attributed to the significant reduction in pump shut
down events. Each time the pump shuts down, it requires a dead time of 
over 30 s for the electronics to reactivate after the shutdown event. By 
minimising these shutdowns, the actuator valve control method with 
EHCS eliminates such downtime, thereby enhancing overall production 
efficiency.

Multiple electrical shutdowns of the pump can lead to increased SEC 
and higher permeate EC as evident in Figs. 5 (d, i, n, s) and 6 (d, i, n, s), 
where the configurations experiencing frequent pump shutdowns show 
higher daily averages for EC and SEC. Meanwhile, the actuator valve 
control method minimizes pump shutdowns and enhances daily pro
duction, however, the average SEC for this method appears higher 
compared to other configurations. This is because, when the actuator 
and bypass valves briefly open to relieve back pressure and prevent 
shutdowns, the concentrate flow momentarily increases due to the 
bypass. This causes the permeate flow to drop nearly to zero (~0 L/h) 
for a very short time (e.g.1 s) to balance the flow dynamics. Since SEC is 
calculated as power supply (W) divided by permeate flow rate (L/h), 

these brief drops result in occasional SEC spikes. The average daily SEC 
in Table IV however does not reflect the operational energy efficiency of 
the system, as evidenced by the stable average daily permeate EC and 
increased daily production.

On the partly cloudy day (Fig. 6 e, j, o, t), the average rejection was 
relatively consistent at about 96 %, while on the very cloudy day (Fig. 7
e, j, o, t), it was approximately 92 %. On both days, the actuator valve 
control method enabled a slightly higher average recovery rate 
compared to the other configurations which indicates the possibility of 
valve-controlled system helping to realize an enhanced daily production 
under less favourable SI conditions with BW30 membrane.

The final configuration, which combined controlled buffering with 
the actuator valve control (with EHCS), showed only limited improve
ment over the directly-coupled system. This suggests that the drawbacks 
associated with increased electrical shutdowns during hydraulic buff
ering offset the potential benefits of the combined approach. As a result, 
the hybrid of these two strategies did not yield better performance in this 
experiment. This limitation will be addressed in future studies. The full 
results of this investigation can be found in Supplementary Information 
S4.

4.2.2. Partly cloudy and very cloudy days test with NF90 membrane
The hydraulic buffering and actuator valve control configurations 

where also tested on a partly cloudy day and a very cloudy day using 
NF90 membrane. The results are presented in Figs. 8 and 9, while the 

Fig. 8. PV-membrane system performance with different operational methods for NF90 on a partly cloudy day. I. Directly-coupled configuration II. Passive buffering, 
III. Controlled buffering IV. Actuator valve control (with EHCS): (a,f,k,p) PV power supply and consumption; (b,g,i,q) Feed pressure and pressure accumulator 
pressure; (c,h,m,r) Flow rates and daily production; (d,i,n,s) Permeate EC and SEC; (e,j,o,t) Rejection and recovery.
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summary of the average daily performance parameters is provided in 
Table V. The pump's electrical shutdown behaviour was investigated 
using the NF90 membrane under various configurations, as shown in 
Figs. 8 (a, f, k, p) and 9 (a, f, k, p) for partly cloudy and very cloudy days, 
respectively. Similar to the BW30 membrane, there was an increase in 
electrical shutdown events during the hydraulic buffering period with 
the pressure accumulator, particularly during SI fluctuations. However, 
the actuator valve control effectively minimised pump shutdowns dur
ing these periods, as summarised in Table V. Notably, the valve control 
method demonstrated greater effectiveness during conditions with 
frequent ramp-down events, such as on very cloudy days, compared to 
partly cloudy days, which experienced only two major ramp-down 
events.

As likewise emphasized for BW30 membrane operations, the high 
number of permeate flow rate approaching zeros occurred as momen
tary responses lasting only about 1 s each time the actuator bypass is 
triggered to reduce pressure. This however has no major negative effect 
over the total daily production on a very cloudy day with multiples 
pump shutdowns.

The hydraulic variations observed with the pressure accumulator 
buffering and valve control methods, illustrated in Figs. 8 (b, g, l, q) and 
9 (b, g, l, q) for partly cloudy and very cloudy days, respectively, 
highlighted the ability of the pressure accumulator to maintain steady 
hydraulic feed and permeate flow. Despite this advantage, the pressure 
accumulator's operation was accompanied by an increased occurrence of 

electrical shutdowns in a similar way as realised with the BW30 mem
brane system.

When comparing daily production for both partly cloudy (Fig. 8 c, h, 
m, r) and very cloudy (Fig. 9 c, h, m, r) solar days, the controlled valve 
configuration shows minimal or no major improvement on the partly 
cloudy day. This is because only one major shutdown was prevented, 
resulting in limited production gain. Mainly, the momentary triggering 
of the valve and bypass reduces permeate flow rate during operation. 
However, on very cloudy days with frequent fluctuations, valve control 
is significantly more effective, as production gains are primarily ach
ieved by eliminating the pump's dead time following shutdowns.

Electrical shutdowns across all investigated configurations mean
while leads to increased SEC and permeate EC values on both partly 
cloudy (Fig. 8 d, i, n, s) and very cloudy (Fig. 9 d, i, n, s) solar days. 
However, the valve control method demonstrated superior performance 
on the very cloudy day, achieving an average SEC of 2.4 Wh/L and an EC 
of 501 μS/cm, which were significantly better than those of other con
figurations. This highlights the effectiveness of valve control in main
taining system efficiency and water quality under challenging SI 
conditions.

Fig.s 8 (e, j, o, t) and 9 (e, j, o, t) illustrate the rejection and recovery 
rates across the investigated configurations for partly cloudy and very 
cloudy days, respectively. The average performance of the configura
tions is generally comparable, except for the directly coupled (Figs. 8e 
and 9e) and valve-controlled (Figs. 8t and 9t) setups, which exhibit 

Fig. 9. PV-membrane system performance with different operational methods for NF90 on a very cloudy day. I. Directly-coupled configuration II. Passive buffering, 
III. Controlled buffering IV. Controlled valve only. (a,f,k,p) PV power supply and consumption; (b,g,i,q) Feed pressure and pressure accumulator pressure; (c,h,m,r) 
Flow rates and daily production; (d,i,n,s) Permeate EC and SEC; (e,j,o,t) Rejection and recovery.
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spikes in rejection corresponding to periods of the pump's electrical 
shutdowns.

The complete performance parameters, including these variations, 
are summarised in Table V for further comparison and analysis. The 
hybrid configuration of both controlled buffering with the actuator 
valve control (with EHCS), showed only limited improvement over the 
directly-coupled system. The full results of this investigation can be 
found in the Supplementary Information Section S5.

4.2.3. Summary of system performance and shutdown control
The summary of the key performance indicators (average daily EC, 

specific, average daily SEC, daily water production and number of sys
tem shutdowns) which are already reported in Tables IV and V are 
graphically presented in Fig. 10 and Fig. 11.

The conditions of SI or solar days influence the average daily 
permeate EC with lower production quality observed on very cloudy 
days (Fig. 10 a,d). However, EHCS maintained the lowest permeate EC 
across both membrane types under very cloudy conditions. On a partly 
cloudy day, which has a minimal fluctuation (about 2 per day), the EHCS 
had a negligible effect on system performance. The average daily 
permeate EC indicates that EHCS performs better with NF90 membranes 
and no significant improvement compared to the other configurations 
when using BW30 membranes. The average daily SEC (Fig. 10b, e) 
shows that the EHCS has a slightly higher SEC than the directly-coupled 
BW30 on a very cloudy day, but the SEC is lower when using NF90. The 
theoretically high SEC value arise because SEC is calculated as power 
divided by permeate flow rate. During each concentrate flow bypass 
event in the EHCS to prevents shutdown, the permeate flow momen
tarily drops (~1 s), causing a temporary spike in calculated SEC. How
ever, in practice, the EHCS is more efficient, as it achieves higher overall 
daily water production with the same power supply compared to other 
methods.

Similarly, daily production on very cloudy days (Fig. 10 c,f) 
improved for both membranes when using EHCS. However, on partly 
cloudy days, the performance of EHCS was only on par with the other 
configurations. Regarding the system's shutdown, the EHCS also enables 
the lowest shutdown possible using with respect to different membranes 
(e.g. from 7 to 1 on a very cloudy day with BW30 and 7 to 3 with NF90 
on the same day as shown in Fig.s 11a and Fig. 11b. It should be noted 
that the difference in performance is primarily attributed to the per
meabilities of the membranes. The NF90 membrane, having a higher 
permeability than the BW30, enables an enhanced daily flux and pro
duction, at lower pressure compared to BW30. However, due to its 
higher porosity, the pressure drop during intermittent pressure bypass 
was insufficient to fully prevent shutdowns whenever the EHCS was 
utilised.

These findings highlight the impact of membrane types, having 
different permeabilities and feed pressure requirements, on the effec
tiveness of control strategies investigated for shutdowns control in PV- 
membrane system. The EHCS tries to strike a balance across these con
figurations, thus effectively minimising the number electrical shut
downs while also enabling an increased daily production especially on a 
very cloudy day, without relying on additional energy buffering 
integration.

4.3. Short-term analysis of PV power ramp-down with/out actuator valve 
control

A short-term (4 min) ramp-down analysis was investigated on a very 
cloudy day using a BW30 membrane between 11:34 and 11:39 am 
where one of the major ramp-downs occurred. The aim is to determine 
how the magnitude of PV power deviation per second causes a shutdown 
at the threshold ≥30 %/s. The system performance of a directly-coupled 
system was compared to a actuator valve control method with EHCS. 
The results are respectively presented in Figs. 12a and 12b with detailed 
data from the 5 s preceding the shutdown summarised in Table VI for 
each configuration method.

Fig. 12a, shows that the electric shutdown of the pump was followed 
by a recovery period of 32 s while there was no pump shutdown with the 
use of EHCS as shown in Fig. 12b. The data presented in Table VI shows 
that the shutdowns occurred when the relative PV power ramp-down 
was above 30 % which supports the maximum empirical threshold 
identified as 30 % beyond which an imminent shutdown of the pump 
becomes unavoidable when uncontrolled.

With the actuator valve control method, although the relative PV 
power ramp-down above 30 %/s was observed, the pump however did 
not shut down due to the rightly intervention of the actuated controlled 
valve, augmented with a bypass valve for fast response. Additional 
verification of the ramp-rate analysis at different time stamp on a partly 
cloudy day was done and reported in the Fig. S5 and Table S3 of the 
Supplementary Information.

5. Conclusion

In this study, two shutdown control strategies are considered for PV- 
membrane system: i) A novel electrohydraulic control system (EHCS) is 
designed to strategically control the electrical shutdowns of the pump; 
ii) a pressure accumulator (bladder tank) was integrated to provide a 
direct pressure buffering to reduce the hydraulic shutdown of the 
permeate during the periods of SI fluctuations. Both configurations were 
tested across different solar days (sunny, partly cloudy and very cloudy 
days) using different membrane types of different permeabilities: BW30 

Table V 
Average daily performance of PV-membrane with NF90 across different configurations and control methods.

Solar days System performance 
(NF90)

System configurations

Reference Passive (directly 
coupled)

Passive hydraulic 
buffering

Controlled hydraulic 
buffering

EHCS Controlled buffering +
EHCS

Partly 
cloudy

# pump shutdowns* 2 2 2 2 5
Daily production 
(% change c.f. ref.)

1615 
–

1613↓ 
(− 1.0 %)

1611 ↓ 
(− 1.0 %)

1567↓ 
(− 1.0 
%)

1507 ↓ 
(− 0.9 %)

Avg. EC (μS/cm) 355 327 322 365 364
Avg. SEC (Wh/L) 2.4 2.3 2.4 2.6 2.6
Rejection 96.1 96.4 96.4 96.0 96.0
Recovery 36.5 35.8 35.2 34.1 32.5

Very cloudy # pump shutdowns* 7 36 33 3 15
Daily production (L) 
(% change c.f. ref.)

884 
–

981↑ 
(11.0 %)

983↑ 
(11.0 %)

1013↑ 
(14.6 %)

831↓ 
(− 6.0 %)

Avg. EC (μS/cm) 629 794 648 501 658
Avg. SEC (Wh/L) 2.9 2.3 2.3 2.4 3.2
Rejection (%) 93.1 91.3 92.9 94.5 92.7
Recovery (%) 28.2 33.5 33.9 29.7 34.1
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reverse osmosis membrane and NF90 membrane. To determine the 
effectiveness of the configurations on system performance, the following 
experiments are investigated: i) directly-coupled system (with no EHCS 
and buffering option) ii) passive buffering with pressure accumulator iii) 
controlled buffering with pressure accumulator, iv) the proposed EHCS, 
and v) hybrid configuration of controlled pressure buffering and the 
EHCS.

The results demonstrate that the EHCS effectively minimise pump 
electrical shutdowns by rapidly adjusting the operation of an electrically 

actuated valve in response to PV power ramp-down events during SI 
fluctuations. This dynamic control simultaneously reduces the hydraulic 
shutdown of the permeate flow, enabling to an increase in daily water 
production. On very cloudy days, the EHCS enhanced the daily pro
duction by 7.5 % for BW30 and 14.6 % for NF90 compared to directly 
coupled configurations. On the same day, pump shutdowns were 
reduced, from seven (7) events to one (1) for BW30 and from seven (7) 
events to three (3) for NF90. Additionally, the system maintains the 
water quality within the palatable drinkable water level, at a daily EC 

Fig. 10. Average daily system performance and key parameters investigated across different system configuration methods with I. BW30 a) Average EC; b) Average 
SEC; c) Daily production; II. NF90 d) Average EC; e) Average SEC; f) Daily production.

Fig. 11. Average daily shutdowns using different system configurations with (a) BW30 and (b) NF90 membranes. References (Refs.) indicate the number of 
shutdowns on partly cloudy and very cloudy days using a directly coupled configuration.
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average of 676 μS/cm and 501 μS/cm for BW30 and NF90 respectively. 
The daily average SEC of 6 Wh/L was realised for BW30 and 2.4 Wh/L 
for NF90.

The investigations of direct pressure buffering with a pressure 
accumulator (either in a passive or controlled configuration) resulted in 
increased the frequency of pump electrical shutdowns. This is observed 
to be attributed to the increased positive pressure gradient experienced 
by the pump during the pressure accumulator's discharge, resulting in 
high pressure deviations that can trigger the pump shutdowns. Conse
quently, daily system performance with direct hydraulic buffering was 
lower compared to either an unbuffered system or the EHCS-integrated 
configuration.

Regarding membrane selection, a membrane with high permeability 
like NF90 can meanwhile improve the performance of a PV-membrane 
system, particularly under low operating pressure, compared to the 
denser BW30 membrane. However, the high permeability of NF90 poses 
a challenge for actuator valve control: During intermittent pressure 
bypass operations of the EHCS, the pressure drop may become inade
quate to completely prevent ramp-down effects, potentially leading to 
shutdowns. On the other hand, the BW30 membrane exhibits reliable 
shutdown control, especially during very cloudy days with multiple 
solar irradiance fluctuations.

Overall, this study highlights the ability of the EHCS, employing an 
electrical actuated valve, to reduce or prevent system shutdowns with 
optimised performance under unfavorable weather conditions (partly 
cloudy and very cloudy days). The reduced pump shutdowns due to 

EHCS directly contributed to increased daily production. For solar 
conditions with fewer fluctuations, a dynamic control strategy alter
nating between different hydraulic control methods could further 
enhance PV-membrane system performance, promoting autonomous 
and continuous operation across varying SI conditions.
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membrane technology: impact of solar irradiance fluctuations on performance of a 
brackish water reverse osmosis system, Sep. Purif. Technol. 156 (2015) 379–390.

[25] W. Lai, Q. Ma, H. Lu, S. Weng, J. Fan, H. Fang, Effects of wind intermittence and 
fluctuation on reverse osmosis desalination process and solution strategies, 
Desalination 395 (2016) 17–27.

[26] P. McCormick, H. Suehrcke, The effect of intermittent solar radiation on the 
performance of PV systems, Sol. Energy 171 (2018) 667–674.

[27] F. Greco, S.G. Heijman, A. Jarquin-Laguna, Integration of wind energy and 
desalination systems: a review study, Processes 9 (12) (2021) 2181.

[28] W. Liu, et al., Pressure-driven membrane desalination, Nature Reviews Methods 
Primers 4 (1) (2024) 10.

[29] A. Jossen, J. Garche, D.U. Sauer, Operation conditions of batteries in PV 
applications, Sol. Energy 76 (6) (2004) 759–769.

[30] S. Hajiaghasi, A. Salemnia, M. Hamzeh, Hybrid energy storage system for 
microgrids applications: a review, Journal of Energy Storage 21 (2019) 543–570.

[31] E. Ogunniyi, H. Pienaar, Overview of battery energy storage system advancement 
for renewable (photovoltaic) energy applications, in: 2017 International 
Conference on the Domestic Use of Energy (DUE), IEEE, 2017, pp. 233–239.
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