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ARTICLE INFO ABSTRACT
Keywords: In a directly-coupled photovoltaic-powered membrane desalination (PV-membrane) system, the solar power
Desalination supply must exceed a certain threshold for the pump to generate sufficient hydraulic pressure to overcome the

Power control management system
Photovoltaic

Programmable logic controller
Reverse osmosis

Semi-active topology

membrane’s osmotic barrier. Below this threshold, no appreciable membrane flux is produced, meaning PV
power is underutilised or dissipated by the system. In this work, a power control management system (PCMS) is
designed to harvest the underutilised PV power into a supercapacitor (SC) to, firstly, buffer the periods of solar
irradiance fluctuations during daily operation. Secondly, this also fosters a continuous stable operation of the PV-
membrane system across multiple solar days. The investigation compared the performance of the PCMS against
two other configurations: “directly-coupled” (passive, no SC) and “semi-active” (with SC, but no PCMS). During a
three-day test desalinating brackish water (5 g/L salinity), the PCMS enabled an improvement in water quality,
with the permeate electrical conductivity (EC) 46% and 23% lower than the other configurations, respectively.
The specific energy consumption (SEC) was reduced by 18% and 6%, respectively, during the same period.
During a week-long experiment, the PCMS facilitated the production of 6218 L of potable water at an average EC
of 0.52 mS/cm, while maintaining a minimum state-of-charge of the SCs to about 40%, allowing for subsequent
use. The system also achieved a maximum load-matching efficiency of 99.6%, surpassing the 94.7%-96.6%
observed in the other configurations. These results pave the way for maximising daily PV energy utilisation,
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ensuring steady and dependable clean water production for the community and improving the water-energy

nexus.

Nomenclature

Special characters

€ Euro

g acceleration due to gravity, 9.81 m/s
o] load-matching factor

b osmotic pressure (bar)

R ideal gas constant in L-bar/(mol-K)

p liquid density, kg/m3

$ US dollar

Symbols

Imp current at maximum power point.
PV photovoltaic current

ISC supercapacitor current

Pmp power at maximum power point
PPump_ref pump power threshold reference
PPV photovoltaic power

PPVmin minimum photovoltaic power to produce flux
Vmp voltage at maximum power point
VPV photovoltaic voltage

VSC supercapacitor voltage

VSCmin supercapacitor minimum cut-off voltage
VSCmax supercapacitor full charge voltage
Abbreviations

DC direct current

DoD depth-of-discharge

EC electrical conductivity

ESS energy storage system

GUI graphical user interface

HMI human-machine interface

KIT Karlsruhe Institute of Technology
LCOW  levelized cost of water

LCOE levelized cost of electricity

MPPT  maximum power point tracker
PCMS power control management system
PLC programmable logic controller
PV photovoltaics

RO reverse OSmosis

SAS solar array simulator

SC supercapacitor

SCADA supervisory control and data acquisition
SDGs sustainable development goals
SEC specific energy consumption

SI solar irradiance

SoC state of charge

SSRs solid-state relays

STC standard test conditions

TDS total dissolved solids

TMP transmembrane pressure

UF ultrafiltration

UN United Nations

WHO World Health Organization

1. Introduction
1.1. Motivation

Water security — society’s capacity to have sufficient quality fresh-
water for survival and to carry out a range of productive activities — is
being threatened at various places in the world (particularly in lower
latitude and subtropical regions [1]) due to climate change [2]. One way
to address this is to no longer rely on fresh surface water, but instead by
desalinating brackish water — a naturally occurring water source found
underground that is readily available in many regions of the world,
albeit with varying quality [3]. With an appropriate desalination
method, a relatively high total dissolved solids (TDS) content in brackish
water (1-10 g/L) [3,4], is brought close to that of freshwater, typically
containing TDS < 0.6 g/L [5-9]. According to the World Health Orga-
nization (WHO), water with such low TDS levels is generally deemed
palatable for drinking purposes [9]. Since energy is an important
requirement for desalination [10], the use of green electricity — for
example, from photovoltaics (PV) — could contribute an additional
benefit in reducing greenhouse gas emissions and mitigating climate
change.

Photovoltaic-powered membrane desalination (PV-membrane) sys-
tem represents one example of a renewable-energy powered water
desalination technology, where a high-pressure pump could be driven
directly by PV power (directly-coupled), or with the inclusion of an
energy storage option (semi-active topology). Small-scale, decentral-
ized, PV-membrane systems can play an important role for the provision
of clean drinking water in rural areas of both developed and developing

countries [11], where water and electrical infrastructure is often lack-
ing. The degree to which solar power as utilised in a PV-membrane
system is mostly influenced by the quality of load-matching [12,13],
while the membrane system performance is limited by the amount of
solar irradiance (SI) which can be prone to fluctuations and intermit-
tency [14-18]. The load-matching factor @ represents the ratio of the
actual power consumed by the load (Pjpaq), to the measured power
generated by the PV array (Ppy), as given in Eq. 1. The @ can also be
formulated in terms of energy, thus indicating the amount of daily PV
energy that is utilised by the system [12,13]:
P\oad

o= P, €8]

The quality of load-matching for different PV-powered loads has
been investigated [12,19-22]. Applebaum [12] demonstrated that the
operation of the load-line is always close to the PV power (Pjoad ~ Ppy) in
a perfectly matched system. A discrepancy occurs when the PV supply is
above the maximum power demand threshold of the load (Pjoaq < Ppy).
In a PV-powered water pumping system, the main electrical load is the
pump, which has the hydraulic characteristics of pump head H (m) and
the liquid flow rate Q (m3/s) [23-25]. The maximum hydraulic power
Pryq (W) and the feed pressure p (bar) developed by the pump are related
by the following expressions [26]:

Pua =p.Qk, 2

p=p.gH~0981H 3

k is the pump’s efficiency constant, p is the liquid density, kg/m>
(1000 kg/m® for water), and g is the acceleration due to gravity, 9.81 m/
s2. Further reports [27-31] have emphasized @ as crucial for optimising
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the performance of a PV-powered water pumping system. This involves
aligning the power output of the solar panels with the pump head which
could, for example, be achieved via a control algorithm or maximum
power point tracker, to ensure maximum energy utilisation. To improve
load-matching, an additional electrical load could be activated in par-
allel with the pump when Pyym, < Pp, or the excess energy stored in
energy storage backup to be used or fed back into the grid [28,32,33].

1.2. Solar irradiance fluctuations and control

Fluctuations in SI lead to PV power supply ramping in PV-membrane
systems [17]. During ramp-down events, the P4 of the pump could fall
below the membrane osmotic barrier. To compensate for this, the pump
necessitates prolonged operational periods to achieve requisite pro-
duction levels, concurrently intensifying efforts to sustain the essential
pressure. Consequently, this leads to an increase in the SEC. The other
direct effects of SI fluctuations on PV-membrane system performance
include a reduction in flux and permeate quality [17,34-36], expressed
in terms of EC.

A large number of system shutdown events (85 per day) were re-
ported by Li et al. [17] during a very cloudy solar day that exhibited
rapid fluctuations (voltage ramp rate of >2 V/s). The other effects of SI
fluctuations on the performance of directly-coupled PV-membrane sys-
tems — measured in terms of SEC, flux and the permeate EC, have been
reported in other research works [14,15,18,37,38]. For example,
Richards et al. [14] demonstrated that SI levels within the range of
400-1200 Wm™2 can produce respectable flux (>5 L/m?/h) in a
directly-coupled PV-membrane system equipped with a reverse osmosis
(RO) element (BW30, Dow Filmtec) for the desalination of brackish
water (5 g/L dissolved salt). Below the SI of 300 W/mz, the ramp-down
event produced little or no flux (< 1 L/mz/h). Lietal. [15] compared the
performance of a directly-coupled PV-membrane to a PV/battery steady-
state operation using a 2.4 kWh lithium-ion (Li-ion) battery. The report
shows that a directly-coupled system has an increased SEC (~3% sunny
day; 15% very cloudy day) and reduced flux (12% sunny day and 39%
very cloudy day). Turki et.al [18] report that an autonomous directly-
coupled PV-membrane remains a challenge, with the difficulty being
the ability to effectively manage the fluctuating PV power supply to
maximise production. The analysis of RO operation powered by variable
PV power [35] emphasized the need to vary the operating level of a RO
system to improve the PV-membrane load matching while operating at
variable PV power. Additionally, an energy storage backup system in the
case studies was found to have enabled a more cost-effective operation
as compared to the systems with no backup.

RO membranes are recommended to operate under steady-state
conditions [39], thus the effects of SI fluctuating should be minimised
to improve the overall system performance [18,40,41]. To address this,
two approaches have been pursued: i) oversizing of the PV array [42]
and/or ii) adoption of energy storage options [43-45]. The expansion of
PV array would necessitate the inclusion of additional power electronics
converters and/or direct current (DC) inverter which could contribute to
the additional increase in system design cost contingency [42]. Energy
storage options are used for maintaining a regulated DC power supply
and for storing the (excess) PV energy which can later be released on
demand [43-45]. Batteries and supercapacitors (SC) are usually used for
this purpose as they can be properly sized to directly support the load
demands during the periods of low, fluctuating and intermittent SI [43].
Since the SCs are characterised by fast charge and discharge rates, they
are suitable for DC bus stabilisation and peak power supply to the load,
while batteries are usually prioritized for high energy demand applica-
tions [46]. The power and energy densities of a SC (100-10,000 W/kg;
0.1-15 Wh/kg) and battery (Li-ion = 340-1000 W/kg; 90-260 Wh/kg)
can complement each other in various applications when used together.
With appropriate DC coupling topology, these features can be utilised to
improve the power stability in DC-powered systems [47,48].
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1.3. Battery/SC DC coupling topologies

The battery/SC coupling topologies represent different methods of
configurations by which the energy storage system (ESS) element can be
controlled and cycled to drive a DC system. The three common coupling
topologies are passive (directly-coupled), semi-active and fully-active,
which have been extensively researched [49-54] and are summarised
in Fig. 1.

In the passive configuration (Fig. 1a), the ESS is directly connected in
parallel across the load. The DC current sharing is largely determined by
the respective internal resistances of the ESS without a control system
[50, 55]. In parallel fully-active, Fig. 1b-d, the outputs from both DC/DC
converters are connected in parallel to the DC bus and controlled with
various energy management algorithms to regulate the DC bus voltage
output. Figs. 1e-f represent the semi-active configurations where one bi-
directional DC/DC converter is used to decouple the battery and/or SC
and control the DC bus. The diode hybrid (Fig. 1g) meanwhile has the
tendency to operate in passive or semi-active mode via a unidirectional
DC converter. In systems where more than two ESS are hybridised, a
multi-level hybrid ESS configuration (Fig. 1h) allows flexibility in power
sharing among the ESS with or without DC/DC converters [54].

1.4. Semi-active topology

The most commonly adopted topology is semi-active, where one
energy storage device (e.g., the SC) is connected directly to the load and
the other (e.g., the battery) is controlled for charging and discharging
via a bi-directional DC/DC converter, as illustrated in Fig. le-f. The
method can offer improved system efficiency when the SC responds to
buffer the rapid and/or successive power fluctuations in the DC power
supply [51-54]. For example, the performance of battery/SC semi-active
topology in a hybrid electric bus was reported by Min et al. [52]. Over a
drive range of 23.2 km (~43 mins), this enabled a fuel consumption
saving of 7% compared to battery-only powered over the same range
[52].Ibanez et al. [51] simulated passive and semi-active topologies and
compared the results to a battery-only powered electric motorcycle (5
kW motor). The results show that the total energy supply from the
battery (Li-ion 24 V, 50 Ah, 1.2 kWh) and SC (0.018 kWh) in semi-active
topology increased by 6.6%. Due to the limited efficiency of the DC/DC
converter, the actual energy delivered to the load was reduced to 3.0%.

By simulating the performance of a 50 W PV panel (Vyp = 17.5V,
Imp = 2.9 A, 25 °C, SI =800 W/mz), a valve-regulated lead-acid battery
(12 V 17.2 Ah, 0.206 kWh) and SC bank (12 V 1200 F, 0.024 kWh),
Glavin et al. [53] indicated the performance of semi-active topology
equipped with bi-directional DC/DC converter for different load current
peaks. The report shows that the addition of a SC bank in the energy
management system reduced the discharge stress on battery during
operations. The battery state of charge (SoC) increased by 12% for peak
load and 11% for pulsating current loads while there was a reduction of
battery SoC by 3% under constant current load. For a stand-alone rural
electrification system, Jing et al. [54] also demonstrated by simulation
that the combination of PV power with battery and SC in semi-active
topology can minimise the depth-of-discharge (DoD) of the respective
storage units.

Largely, when battery/SC is properly controlled with respect to the
load demand and the available PV power supply, the peak current de-
mand and discharge stress on the storage units can be minimised
[56,57]. Additionally, a controlled semi-active topology can improve
the utilisation of PV power as well as the quality of daily load matching
[12]. To improve the overall system performance, the semi-active to-
pology is expected to be realised with the minimum number of power
conversion units (e.g., DC/DC converter), as these would reduce addi-
tional power loss due to the limited efficiency converter’s [55].

In PV-membrane systems, the controlled semi-active topology has
received little attention, especially for sustaining resilient autonomous
operation. The aforementioned prior empirical investigations have
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DC converter).

mostly focused on the directly-coupled operation and uncontrolled
battery/SC coupling for short time (minutes to few hours) energy buff-
ering [14-18,37,38,58].

When a PV-membrane system directly-coupled, and the power
generated by the PV is less than the minimum threshold demand by the
pump to generate sufficient hydraulic pressure to produce significant
flux (permeate) across the membrane, the PV energy is inefficiently
utilised for production. It dissipates within the system primarily to meet
the operational demands of the pump [59,60]. When battery/SC is
incorporated without the possibility of controlled synchronous charging
during daily operation, the charge capacity becomes depleted after a
short duration (minutes to hours) [61,62]. Thus, a continuous autono-
mous operation supported by storage cannot be sustained across mul-
tiple solar days.

A controlled semi-active topology is significant for enabling an
effective power control management system (PCMS) in a PV-membrane
unit. A PCMS refers to a system that monitors and regulates the use of
power within a particular system. It typically consists of sensors, con-
trollers, algorithms, and monitoring devices, designed to gather data,
control, and optimise power consumption, distribution, and storage
[63-65]. Notably, the investigation of controlled semi-active topology
to maximise the daily utilisation of PV power supply for PV-membrane
systems is still limited. When a controlled semi-active topology is
effectively implemented for a PV-membrane system, this could signifi-
cantly optimise the PV power utilisation and effectively manage the
charging cycles of energy storage units, thereby enhancing overall sys-
tem performance across different solar days.

1.5. Research questions

This work focuses on the development and implementation of a
controlled semi-active topology to establish an effective PCMS within a
PV-membrane system. The primary aim was to optimise the utilisation
of daily PV power to sustain continuous autonomous operation spanning
multiple days under varying SI conditions. To address this objective, the

following research questions were investigated:

6 PV-membrane system performance with semi-active topology:
How does a PV-membrane system performance — in terms of load-
matching, flux, SEC, EC - differ when employing a semi-active topol-
ogy compared to directly-coupled operation, and how effective is the
semi-active approach for an autonomous PV-membrane operation?

¢ Energy storage sustainability for daily operation using controlled

semi-active topology: In an autonomous PV-membrane operation where
daily synchronous recharge of the energy storage unit is not feasible, to
what degree does a controlled semi-active topology contribute to sus-
taining daily autonomous operation, particularly regarding the dura-
bility of the energy storage?

& PCMS for multiple days operation: How does the integration of a
controlled semi-active topology enable an effective PCMS to sustain
continuous autonomous operations over multiple days amidst fluctu-
ating and intermittent SI conditions?

Addressing these inquiries could lead to enhanced system perfor-
mance, characterised by improved load-matching, increased daily pro-
duction, and achieving acceptable drinking water quality with low SEC
across various solar days. Furthermore, the investigation would provide
insights into strategies to bolster system reliability and develop efficient
power control management methodologies, enabling sustained and
efficient energy utilisation for continuous multi-day operations.

2. Materials and methods

In the development of a PCMS requiring frequent energy storage
cycling, SCs stands out for their exceptional cycling capability, sur-
passing conventional batteries with up to 1 million charge-discharge
cycles being possible. Typically, the energy density of SCs is low
(0.1-15 Wh/kg), however, more recently, higher energy density SC
modules have been developed. When a SC achieves a high energy den-
sity — comparable to that of a Li-ion battery — it becomes a preferable
alternative within such PCMS. Leveraging this advantage, a high-
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energy-density SC module is integrated into the developed PCMS in this
work, replacing the conventional Li-ion battery. This strategically
combines the beneficial characteristics of both the battery and SC,
thereby contributing to the enhancement of the overall performance of
the PV-membrane system. Additional details regarding the system setup
are presented in this section.

2.1. PV-membrane system

The schematic of the PV-membrane system used in this study is
shown in Fig. 2. The main system components of the setup include the
ultrafiltration (UF) membrane for pre-treatment coupled with a RO
membrane for desalination; the PV array, the output power character-
istics of which were emulated in using a solar array simulator (SAS);
charge controller, SC module, DC pump and a programmable logic
controller (PLC).

The PV power can be supplied directly by the PV panels or emulated
via the SAS. The PV supply is connected via a charge controller to the SC
module. The pump can then be powered by the SC module or directly
from the PV supply with respect to the control algorithm executed by the
PLC. The sensors in the system are current and voltage sensors, pressure
sensors, flow rate sensors, and EC sensors. Each sensor outputs an
analogue signal (4-20 mA), which is transmitted to the PLC for subse-
quent processing and control, discussed further in Section 2.1.6.

In the following sub-sections, the specifications of the main system
units, components, and devices are presented, while further details
regarding the characteristics and modes of operation of the sensors and
devices are provided in Tables S5 and S6.

2.1.1. PV panel/SAS:

A solar array simulator (SAS, Chroma 62050H—600S) is used in the
laboratory to replicate specific solar days based on collected SI data
(detailed further in section 2.1.7). This is to enable a reproducibility of
various past solar days or SI conditions for experimental purposes. The
SAS, based on a 5 kW-rated DC power supply [66], is programmed to
simulate the performance of six PV panels (OffGridTec PCB-ETFE, each
panel possessing Ppp = 100 W, Viyp = 39.6 V, and Iy, = 2.53 A, tem-
perature coefficient factor p = —0.45%,/°C, surface area 0.575 m?2),
connected in three series and two parallel configuration to achieve
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collective maximum values of Py, = 600 W, Vipp = 118.8 V, and Iy, =
5.06 A. The Py, represent the maximum attainable power under stan-
dard test conditions (STC) of 1000 W,/m?> intensity of the air-mass 1.5
global solar spectrum at 25 °C operating temperature. The Vi, and Iy
are the voltage and current at maximum power under the same STCs.
The arrangement is tailored to ensure compatibility between the total
Vip of the PV panels and the maximum rated voltage (150 V) of the
employed maximum power point tracker (MPPT) charge controller.

2.1.2. MPPT Charge controller:

An MPPT charge controller (Victron Energy SmartSolar MPPT 150 V
70 A) was used in this system. By constantly monitoring the voltage and
current of PV panels, an MPPT technology ensures that the available
power from the PV is maximally utilised or stored in the storage unit —e.
g. battery or SC. The selection of this model was based on its compati-
bility with PV panels having a Vi, of up to 150 V, aligning with the
system’s PV setup where Vi, is 118.8 V. Furthermore, the charge
controller is designed to efficiently charge a 48 V-rated battery with a
maximum conversion efficiency of 98%. Although a 48 V-rated SC
module was used in the system, the MPPT charge controller is also
compatible for charging it, given that the terminal electrical character-
istics of the SC align closely with those of a 48 V-rated battery.

2.1.3. Supercapacitor:

A 48 V-rated SC module (Sirius, KLW28048, KilowattLabs, United
Arab Emirates) is employed, which boasts an extensive cycle life,
capable of enduring up to 1 million cycles, and exhibits a high DC energy
capacity of 2500 Wh (weight 58 kg). These characteristics provided the
advantages, influencing the selection of the SC over the utilisation of a
conventional battery within the system as outlined in the introduction of
Section 2. Further review on the technological advantages and
comparative analysis of SC and other energy storage technologies have
been reviewed in other studies [15,45,55,67]. Since the terminal char-
acteristics of this SC module closely align to that of a 48 V battery, it is
charged by the MPPT charge controller while the charge-discharge
control is intelligently managed by the MPPT charge controller in sup-
port with the threshold limits programmed into the PLC control algo-
rithm for experimental operations.

- o QF ‘

~ - cor‘rcentrate”

_l;l 'E‘acl 7' N
~ e permeate |

RO membrane

s UF membrane
V[ 1T}->PLC .
| s I T — —» Power flow EC — Electrical conductivity sensor
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controller I \ 5 —N— Relay contact NV — Needle valve
T ST I AP
"""" | —— Water flow — Reverse Osmosis; — Ultrafiltration
> PLC _ 18 — Water RO-R ¢ UF - Ultrafiltrat
o s : r < SAS — Solar array simulator
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Fig. 2. Schematic of PV-powered membrane desalination system, integrated with PCMS consisting of a SC module, charge controller, PV power supply, DC pump- all

controlled and switched via the PLC.



E. Ogunniyi and B.S. Richards

2.1.4. Pump:

A DC helical rotor pump (Grundfos SQFlex 0.6-2 N) is used for the
experiments. This exhibits a maximum pump head of 120 m (maximum
pressure of 12 bar) and a maximum feed flow rate of 9.8 L/min when
driven at 420 W. The pump was selected based on its: i) compatibility
with the PV-membrane system to supply the required hydraulic condi-
tions — high pressure and low flow; ii) tolerance for a wide range of salt
concentration. The pump’s power demand (P) at any time during
operation is related to the feed pressure p (bar), feed flow rate Q (L/h),
and the pump’s efficiency (i) by the following expressions in Eq. 4 [68]:

_Q(L/h) e H (m)

P (W)= T 367en (©)]

[

where H = pump head (m) and # = pump’s “wire-to-water” efficiency.
The performance characteristics of the pump under the test conditions
(water temperature 20 °C, density 998 g/L, pump head of 120 m) are
given in the Fig. S1.

2.1.5. Membranes, feedwater and recirculation:

Two spiral-wound membranes are used: a pre-treatment stage for
removing possible macromolecules suspended in water is realised via an
UF membrane (DuPont Dizzer P4040, 6.0 m?), while desalination is
achieved via a low-pressure RO membrane (DuPont FilmTec
BW30-4040, 7.2 m?). Synthetic brackish water — realised by dissolving
5 g/L sodium chloride in de-ionised water (osmotic pressure of 2.09 bar
at 20 °C, calculated in section S1.3) — is used for all experiments in this
work. The feedwater is stored in a 270 L double-walled tank that facil-
itates the temperature control of the feedwater to 20.5 + 0.5 °C. Tem-
perature control is facilitated by a water circulation chiller (Julabo
FC600) interconnected with the tank’s interlayer wall.

The concentrate (brine) and permeate (fresh water) streams are
recycled back into the feed tank to maintain the same feed tank water
volume and concentration over long-term experiments. This study
however did not consider directly recirculating the concentrate stream
solely into the feed tank to increase recovery. This approach could
elevate the salinity level of the feed water, potentially compromising the
reliability of the experimental results for the investigated topologies.
Typically, recirculation of the concentrate stream for higher recovery is
achieved through a double pass RO setup, where the discharged
concentrate from the primary RO unit is directed to the secondary RO
unit. Nevertheless, a significant challenge emerges as the discharge from
the primary unit contains elevated concentrations of scaling compounds
such as silica and calcium, rendering it unsuitable for direct feeding to
the secondary unit without additional pre-treatment to prevent mem-
brane fouling. Additionally, the pump must possess sufficient capacity to
overcome the TMP of both RO membranes, presenting operational and
economic challenges to the process.

2.1.6. PLC, sensors and signal control:

A PLC (Unistream 10.4", Unitronics, Israel) is programmed to control
the switching operation of the DC power supply from the PV and the
energy storage units for driving the system (pump). The analogue signals
(4-20 mA) from 17 sensors are fed into the analogue inputs of the PLC:
Pressure transmitters (Biirkert 831, 3 units), EC sensors (Biirkert 8222, 1
unit, GF Signet 2822, 2 units), flow sensors (Biirkert 8030, 2 units and
Kobold MIM-12, 1 unit), DC current transducers (Phoenix contact MCR-
$10-50-UI-SW-DCI-NC, 5 units), and uni—/bipolar DC voltage trans-
mitters (Omega Engineering, DRST-CM 300 VDC, 5 units). These signals
are converted into digital values and processed by the PLC’s central
processing unit. The conversion process involves sampling the analogue
signals at regular intervals (1 s) while the converted data is processed
according to the controlled algorithm programmed into the PLC’s
memory. Further information about the sensors is presented in the
supplementary information Table S4. After the data is processed by the
PLC, control digital signals (on/off) can be generated to control the
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solid-state relays (SSRs).

The selection of a PLC for integration within the system is predicated
upon the key factors such as its high reliability for real-time control,
deterministic execution of process commands, potential for system
automation and remote accessibility, flexible graphical programming
language (ladder logic) and customisable human-machine interface
(HMI), which may not be entirely realised with microcontrollers or
alternative data acquisition hardware solutions. The user-interactive
HMI facilitates the control, monitoring, and process operation by
human operators, which distinguishes it from graphical user interface
(GUI) devices where the user interface only allows interaction with
software applications on systems, computers, or electronic devices. The
PLC HMI is additionally relevant for specific machines or subsystems
and primarily interact with data from local sensors and control points.
Thus, a centralised control system as supervisory control and data
acquisition (SCADA) - designed to oversee extensive industrial pro-
cesses or facilities, specialized for large-scale data acquisition from
distributed sensors and devices across multiple sites, may not be appli-
cable to the single unit PV-membrane system in this study.

2.1.7. Solar irradiance information:

The SI data of three solar days — “sunny day”, “partly cloudy” and
“very cloudy” days — are used for the experiments. This data was selected
from one year (2016) of solar data that was measured at the KIT Solar
Park in Karlsruhe, Germany (Latitude: 49.0935° N Longitude: 8.4365°
E), under high temporal resolution (1 s): i) a sunny day (5 May 2016)
with no-clouds; ii) a partly-cloudy day (26 May 2016), which exhibits a
series of passing heavy clouds during the middle of the day; and iii) a
very-cloudy day (13 October 2016), which serves as a near worst-case
scenario in this work. The SI as a function time for these three days —
along with the measured rear-side temperature of the silicon PV modules
— are plotted in Figs. S2A and S2B. Additionally, to assess the adapt-
ability of the proposed topology under varying conditions, the SI data
from three additional solar days were incorporated into a week-long
dataset. These additional days encompass: a mostly sunny day (20
June 2016), another mostly sunny day (6 October 2016), and a clear
sunny day (18 March 2016). These are furthermore plotted in Figs. S3A
and S3B.

2.2. Investigated DC coupling topologies and parameters for PV-
membrane system

2.2.1. Steady-state tests

To operate PV-membrane system at its system-specific optimal
operating condition, it is important to determine the operating threshold
at which the system’s set point remains fixed for all experiments. This is
achieved through steady-state performance tests conducted across
various pump demand thresholds. The back-pressure valve is adjusted
iteratively at fixed PV power supply to realise different pump’s power
demand thresholds. The aim is to identify the power demand threshold
at which appreciable flux of drinkable quality at relatively low SEC can
be realised. This is further reported in section 3.1.

Three direct current (DC) power coupling topologies for the PV-
membrane system are investigated, namely: i) directly-coupled (pas-
sive); ii) semi-active topology (without PCMS); and iii) adaptive topol-
ogy with integrated PCMS.

2.2.2. Directly-coupled system (passive topology):

In this arrangement (also referred to as passive topology), a suitably
sized PV array, simulated using the SAS, is directly linked to power the
pump without additional energy storage provisions or a DC/DC con-
verter. Usually in this configuration, the performance of the PV-
membrane system aligns with the peak power trajectory of solar radia-
tion until the generated PV power (Ppy) exceeds the hydraulic threshold
of the pump. Moreover, the system is susceptible to SI fluctuations, and
occasional intermittent shutdowns when the Ppy is too low. These
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fluctuations may impact water quality and contribute to an increase in
SEC [18,40]. This configuration is mostly adopted due to its simplicity
and robustness. Illustrated in Fig. 3a, this topology serves as a bench-
mark reference configuration for assessing the effectiveness of the other
two proposed system topologies.

2.2.3. Semi-active topology without PCMS:

This topology shares similarities in configuration with the semi-
active topology depicted in Fig. 1e, however modified with a substitu-
tion of the battery with a PV power source and replacing the bi-
directional DC/DC converter with the MPPT charge controller.
Notably, this arrangement provides a distinctive operational advantage,
enabling the system to function in a semi-active topology mode without
the need for a bidirectional DC/DC converter or additional control al-
gorithms. The determination of charging or discharging states for the SC
is intelligently managed by the MPPT charge controller. In this topology
(Fig. 3b), the pump and SC are arranged in parallel, drawing from the
maximum power supply generated by the PV panel. During instances
when PV power exceeds the pump demand threshold (typically around
solar noon or peak periods), the discharge rate of the SC markedly di-
minishes, with the pump predominantly reliant on the PV power supply.
Conversely, when the PV power falls below the pump demand threshold,
the SC supplements the required power demand for the pump.

2.2.4. Semi-active topology with PCMS (adaptive topology):

This proposed configuration enables selective operation of the SC in
semi-active mode while providing the flexibility for the system to
function in a directly-coupled setup. The control algorithm, (discussed
in Section 2.4.2), governs the charging and discharging cycles of the SC
module based on varying SI conditions, the pump’s demand and the SC
SoC. This configuration is adaptive because it systematically mitigates
the impact of SI fluctuations on the PV-membrane system’s performance
across different solar days, while consistently maximising the daily

(a) Directly coupled (passive topology) DC load

DC Bus
v
M=t
M > Proad
(b) Modified Semi-active topology ||
(without PCMS) DC load
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utilisation of PV power supply under different SI conditions. The energy
stored in the SC during controlled operations serves to buffer the SI
fluctuations in the subsequent day’s operation. Illustrated in Fig. 3c, this
process allows bidirectional switching facilitated by low-power (10-50
mW) solid-state relays (SSRs) controlled through the PLC, eliminating
the need for bidirectional DC/DC converters, whose limited efficiency
could further reduce the overall utilisation of PV power supply.

Using the three topologies depicted in Figs. 3a-c, the following PV-
membrane performance parameters were investigated under daily
continuous operation: a) Electrical parameters: i) PV power supply, ii)
pump power demand, iii) SEC, iv) SC charge-discharge variations; b)
Water quality and production metrics: i) permeate EC, ii) flux, iii) daily
production. For steady-state tests, the following parameters are more-
over additionally investigated: i) feed pressure, ii) transmembrane
pressure (TMP), iii) rejection, and iv) recovery. These parameters are
examined under steady-state conditions because, during continuous
operation, they tend to undergo continual variations due to changes in SI
conditions, hence better understood at steady-states. Further discussion
on each parameter is given in the supplementary information section S1.

2.3. Pump’s operating power threshold and setpoint initialisation

The operational power reference threshold for the pump represents
the minimum electrical power required to ensure the production of high-
quality permeate (EC < 0.5 mS/cm) from a brackish feedwater source
during the RO desalination process. This threshold was empirically
determined by varying the pump’s power demand within the range of
250 W to 450 W. As the supply feed pressure correlates directly with
power consumption (Egs. 2-3), the pump’s power demand are estab-
lished by controlling the flow pressure by manipulating the position of
the back-pressure needle valve on the concentrate stream (refer to
Fig. 2). The initialization of the power demand setpoints is done through
the following experimental processes:

PCMS
Algorithm

DC supply
Solar Pey ~y control

days” ] O
PPV_ref —+

.., PV/SAS U
el |
) B B B H

SC

---> Control signal
---> Measurement signal

[mf->
[M] Measurement PLoad
C) Semi-active topology with PCMS DC load

(adaptive topology)

Fig. 3. The three different topologies of the PV/membrane experimentally investigated within this work: (a) Directly-coupled (passive topology). (b) Semi-active
topology (without PCMS) (c) Semi-active topology with integrated PCMS (adaptive topology).
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i. The SAS is programmed with fixed SI and temperature parameters
set at 1000 W/m? and 25 °C, respectively. These settings represent
the STCs under which the PV panel rating was determined (section
2.1.1). Under these conditions, the PV panels can supply up to a
maximum power output of 601 W to the PV-membrane system across
varying solar days.

ii. The adjustment of the back-pressure needle valve continues until the
specified pump’s demand thresholds are achieved. The PLC monitors
the pump’s power via the output from I-V sensors, as illustrated in
Fig. 2. The investigation covers thresholds from 250 W to 450 W at
25 W step intervals, reported in section 3.1.

2.4. Supercapacitor and PV power control strategy

To effectively regulate the DC power coupling from both the SC and
PV system to drive the pump, while synchronously recharging the SC
from the PV, specific control inputs are necessary. These inputs play a
pivotal role in formulating the control algorithm aimed at maximising
the utilisation of PV power for the PV-membrane system across various
solar days.

2.4.1. SC method of control

The control methodology of the SC relies on the PV power deviation
(Eq. 5) and the SoC of the SC, which is characterised by the SC voltage
level due to a rough linear correlation between SoC and the voltage of
SCs. While the SC’s charge level remains within the predefined range,
the system operates continuously with the SC providing buffering sup-
port throughout the day until either or both the following SC discharge
cutoff conditions are met: Vsc = Vsemin (46 V), Ppy < Ppymin (250 W).
The Ppymin is experimentally determined through the steady-state
threshold tests (section 3.1). At Ppymin, the available PV power is
insufficient to produce an appreciable flux through the membrane.
Consequently, when the Ppy falls below Ppypin, it is redirected to charge
the SC through the SSRs which are switched on/off via the control

START
/Sense: Ipys Vpy: ISC’VSC/

y

Ppy =lpy * Vpy .
User defined constants: po;ltlye
Vscmin =7 Vscmax=7: deviation

Ppymin=? Ppv_ref =?

Y

vSCmin = vSCmax
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signals received from the PLC. The control algorithm is implemented in
the PLC (Fig. 3c) using ladder logic programming language. At the start
of the control process, the PLC senses the signal input from the voltage
and current transducers in the system (Ipy, Vpy, Isc, Vsc). These are used
to determine the respective relevant PV and SC power references.

2.4.2 PV power control:

The PV power deviation (Ppy dey) signifying the power difference
between the instantaneous PV power supply and the pump’s demand
reference (Ppump _ref) — Serves as the primary control input in this study as
defined in Eq. 5:

PPV_dev = PPV - Ppump_reﬁ (5)

where Ppy is the instantaneous PV power, and Ppump ref (350 W, as
determined in section 3.1 via steady-state testing), denotes the pump
power reference threshold to produce an appreciable flux of drinkable
quality at relatively low SEC. As given in Fig. 4, the Ppy gey enables a
positive or negative deviation, which is used to trigger various switching
states within the control algorithm. The SC moreover here undergoes
conditional charging during positive deviation when the PV power
supply exceeds the maximum pump demand corresponding to the
operating pump head.

3. Results and discussion
3.1. Steady-state tests of the PV-membrane system

To determine the referenced power demand threshold of the pump,
steady-state tests were conducted across a range of power demands,
spanning from 250 W to 450 W in increments of 25 W as shown in Fig. 5.
The PV power limit (Ppymin) of 250 W, as experimentally determined,
represents the lower threshold, below which the pump’s pressure is
inadequate to generate a notable flux. Conversely, 450 W serves as the
upper threshold, indicating the extreme operating condition of the
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pump, slightly surpassing its maximum pump head of 420 W [68]. As the
load demand surpasses the maximum pump head, both flux and SEC
may momentarily improve during steady-state operation. However,
when a pump generates excessive pressure, leading to a high membrane
recovery rate surpassing the recommended maximum, it can prompt salt
accumulation on the membrane surface, potentially causing scaling in
RO membranes. The pump was operated at its maximum pump head,
which correspond to a maximum feed pressure of 12 bar, flux of 17 L/
m2h, and a recovery of 24%. This recovery is consistent with the
manufacturer’s recommendation recovery of 18-24% for the employed
membrane type (BW30-4040) [39]. Thus, the operating recovery of
24% was maintained across all explored topologies. Thus, the operating
recovery of 24% was maintained across all explored topologies.

To realise each specified power demand, the back-pressure valve
(Section 2.3) was adjusted iteratively, while the pump’s power con-
sumption was monitored via the PLC. Upon reaching the desired de-
mand threshold, the system operated in steady-state mode for a duration
of 30 min. The following performance indicators were mainly used to
evaluate the productivity of the system: Low SEC < 5 Wh/L, permeate
EC < 1.133 mS/cm (to maintain drinkable water guideline as given in

section 1.1), and recovery ratio in the range of 18-24% (to enable
operation within the recommended range where the chance of concen-
tration polarization of the membrane will be minimised. Other param-
eters of interest include the following: pressure, flow rates, flux, and
rejection. The results are presented in Fig. 5, while a summarised
overview of the parameters is provided in the supplementary informa-
tion Table S1.

The rise in the pump power demand corresponds to an increase in the
feed pressure, with a consistent TMP of about 0.3 bar (Fig. 5a). The rise
in feed pressure causes the permeate flow rate to increase with a cor-
responding decline in the concentrate flow rate (Fig. 5b) to maintain the
mass balance. A low SEC of <5 Wh/L, which has been mostly reported
for brackish water desalination with RO membrane systems, is achieved
at a pump power demand of at least 350 W (Fig. 5¢). The corresponding
flux (permeate flow rate per membrane surface area) is shown in Fig. 5d,
while Fig. 5e illustrates changes in water quality measured by reductions
in EC values.

Primarily, the TDS concentration in water correlates with the EC
level of the solution. The study reported a salinity of 5 g/L, which cor-
responds to 5 g of NaCl measured and added to 1 L of deionized water at
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20 °C. This gave an EC reading of 9.435 mS/cm (or 1 g/L NaCl =~ 1.887
mS/cm). Considering the possibility of variations in conversion factors
in other studies — which could be influenced by experimental conditions,
this suggests caution in implementing a returned conversion which may
not analytically indicate the precise amount of TDS in the water.
Therefore, to ensure methodological consistency, the EC measurements
were subsequently used in the study to determine the water quality
assessment. The previously cited permissible TDS level in drinking water
of 0.6 g/L [9]. This corresponds experimentally to a permeate EC of
1.133 mS/cm, serving as the benchmark for assessing water quality in
this study.

The percentage of salt rejection (the efficiency of an RO membrane in
removing dissolved salts and other solutes from a feedwater source) and
water recovery (the ratio of permeate volume produced to the volume of
feedwater) as shown in Fig. 5f, represent other important performance
parameters of the PV-membrane system.

The significant threshold conditions for the control algorithm
incorporated with the PCMS were determined using the steady-state
tests: A pump power of 350 W was identified as the threshold refer-
ence (Ppymp ref) Where flux can be produced with relatively low SEC < 5
Wh/L. Additionally, the PV power supply of 250 W was used as Ppymin,
as there was no appreciable flux produced below this limit. These set
thresholds are pump specific and steady-state tests may be required
when using other pump types. In the control process, the discharge/
buffering of the SC begins upon the attainment of Ppy rf = 350 W and it
terminates when the minimum charge level Vgcpin = 46 V or when the
PV power diminishes below 250 W (Ppypin) towards day’s end. These
conditions were maintained across all experimental tests to facilitate
comparative analysis. In the supplementary information, Fig. S5
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contains the data pertaining to the steady-state threshold tests, while
Fig. S6 presents the results of daily performance tests conducted at
various pump power demand thresholds. The findings relating to the
various investigated topologies are detailed in the subsequent sections.

3.2. Directly-coupled topology — Solar days

The directly-coupled PV-membrane system was investigated for
continuous operation under three different SI conditions. For three days
of operation (days 1-3), Figs. 6a-c show the percentage of daily load-
matching and demonstrate how variations in PV power (resulting
from the SI fluctuations) can influence the pump’s power demand and
system shutdowns. Furthermore, the maximum PV power is not fully
harnessed once the pump’s peak power demand was reached as shown
in Figs. 6a & b. The corresponding daily flux produced, and the cumu-
lated daily production are shown in Figs. 6d-f. The PV power fluctua-
tions led to spikes in SEC, and average EC values of the permeate often
exceeded the recommended safe drinking thresholds (1 mS/cm) as
shown in Figs. 6g-i.

Over the three days of operation, the load-matching ranges between
95.0% and 96.6%. The cumulative production amounted to 2687 L, with
an average permeate quality measuring at 0.73 mS/cm and the average
SEC of 4.1 Wh/L. The low SEC and high production with this topology
were realised by operating the system at highest possible recovery rate
at 450 W as earlier determined in Fig. 5.

3.3. Semi-active topology (without PCMS) — Solar days

In an uncontrolled semi-active topology approach, a SC module was
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integrated for buffering the SI fluctuations and augmenting the periods
of intermittencies. On day 1 (Fig. 7a), the system started off operating in
directly-coupled mode until the SC discharge was initiated at 350 W
following the steady-state threshold conditions in Section 3.1. However,
since this method lacked the capability to recharge the storage system
following each day’s utilisation the SC charge became depleted after the
first day. As a result, the system functioned as a directly-coupled setup
for the remaining two tested days (Figs. 7b & c¢). The maximum load
matching of 96.6% during these days was realised on a partly cloudy day
(Fig. 7¢).

The corresponding flux on these days resulted in the cumulative
production of 2926 L (Fig. 7d-f). The SC cuts off when the charge level
reaches 46 V (at approximately 30% SoC) (Fig. 7g), or when the PV
power drops below Ppynin (250 W) towards the close of the day. This
configuration represents an enhancement over a directly-coupled setup
yielding an average permeate EC of 0.52 mS/cm and average SEC of 3.8
Wh/L (Figs. 7h-j). Due to its inability to consistently buffer subsequent
day’s fluctuations, the system however remained vulnerable to shut-
downs during partly cloudy or overcast conditions.
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3.4. Semi-active topology with PCMS (adaptive topology) — Solar days

This system comprises a semi-active configuration integrating a
PCMS, designed to enable the SC to ensure sustained operational con-
tinuity while augmenting the system’s overall performance by enabling
a steady pump operation across the three days (see Fig. 8a-c). A
maximum load matching measuring up to 99.6% was realised on these
days. The corresponding flux in Fig. 8d-f resulted in cumulative pro-
duction of 2758 L. Within this setup, the system enables effective uti-
lisation of daily PV power, dynamically recharging the SC to prepare for
subsequent day-long operation as shown in Fig. 8g-i. The findings from
this investigation, outline the adaptability of the SC to consistently
buffer different solar days, irrespective of the prevailing SI conditions.
Hence, this setup is referred to as “adaptive topology”.

The SC was synchronously recharged using the unutilised PV power
during the off-peak period of SI. Over the three days, this system as
shown in Fig. 8j-1 enabled a steady operation realising an average
permeate EC of 0.4 mS/cm and average SEC of 3.35 Wh/L.

3.5. Semi-active topology with PCMS (extended operation) — Solar days

To evaluate the adaptability of this configuration, the investigation
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was extended into a continuous 7-day operational period, encompassing
two additional days with mostly sunny conditions (days 4 & 6), one very
cloudy day (day 5), and one sunny day (day 7). The additional chosen
solar days were previously described in section 2.1.7. The results are
depicted in Fig. 9. The steady performance of these days follows simi-
larly as the description of the first three days. Fig. 9a-d highlight the
steady operation of the pump amidst changing SI conditions across the 4
solar days. A maximum load-matching of up to 99.4% was realised
during these days. Across these days, the daily flux resulted in the cu-
mulative production of 3460 L as shown in Fig. 9e-h.

Throughout the continuous 7-day operation, the system’s adapt-
ability was assessed based on its capacity to consistently maintain the
SoC of the SC to an appreciable level for subsequent day’s operations
(Figs. 9 i-1). Across this week-long period, a total production of 6218 L
was achieved at an average permeate EC of 0.52 mS/cm. Furthermore,
due to the system’s operation at a high recovery rate, a notably low SEC
was realised (Fig. 9 m-p) with an average of 3.32 Wh/L recorded over
the 7-day duration. The overall system performance of the Investigated
topologies is summarised in Table 1. It can be seen that over the 3-day
period, the semi-active topology (with PCMS) afforded significant im-
provements in water quality, with the average permeate EC decreasing
from 732 mS/cm in the directly-coupled scenario to 515 mS/cm (42%
lower) and 399 mS/cm (83% lower) in the two semi-active cases (with
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and without PCMS), respectively. Likewise, the average SEC decreased
from 4.07 kWh/m?> (directly-coupled) to 3.83 kWh/m? (6% lower with
semi-active without PCMS) to 3.35 kWh/m? (18% lower via semi-active
with PCMS). The addition of SCs improves the quantity of permeate
produced compared to the directly-coupled case (2926 L vs. 2687 L),
however the addition of the PCMS reduces this again slightly to 2758 L.
This is caused by the added inefficiency of the power electronics in the
PCMS, which on very cloudy days boost the performance, but cannot
provide any gain on a sunny day.

3.6. Temporal trend analysis

The temporal trend analysis of the PV membrane system with PCMS
is considered over a period of 30 min on a very cloudy day between
10:30 and 11:00, as shown in Figs. 10 and 11. This challenging day (as
earlier reported in section 2.1.7) is selected to investigate the temporal
trends and variations in system performance due to the high levels of SI
fluctuations. This day was evaluated using a directly-coupled topology
and a semi-active topology with the integrated PCMS.

In the directly-coupled (passive) system, rapid fluctuations in PV
power supply, attributed to SI fluctuations, lead to similar fluctuations in
pump operation (Fig. 10a), given the absence of SC energy buffering
(Fig. 10b). The resulting flux production exhibits a comparable
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Fig. 9. PV-membrane daily system performance with controlled semi-active topology. For days 4-7 respectively, (a-d) = PV power supply and usage with @ denoting
the percentage load-matching; (e-h) = production, (i-1) = SC charge level, (m-p) = SEC and permeate EC.

Table 1
System performance of the investigated topologies.

Investigated Day  System performance
topologies X . ,
Max. PV Used PV Pump Load match  SC round- Daily Cum Avg. daily  Avg.daily. Avg. perm.
energy energy energy factor @ trip energy Prod. Prod. SEC (Wh/ Perm. EC C (mS/cm)
(Wh) (Wh) (Wh) (%) (Wh) (9] @ L) (mS/cm)
Passive topology 1 2252 2140 2140 95.0 N/A 582 2687 4.10 0.61 732
2 4094 3875 3875 94.7 N/A 1108 4.00 0.71
3 3692 3568 3568 96.6 N/A 997 4.10 0.87
Semi-active (without 1 2252 2148 2779 95.4 762 821 3.40 0.37
PCMS) 2 4094 3875 3875 94.7 N/A 1108 2926 4.00 0.71 515
3 3692 3568 3568 96.6 N/A 997 4.10 0.87
Semi-active (with 1 2252 2214 2779 98.3 760 823 3.42 0.37
PCMS) 2 4094 4055 3264 99.0 —256 970 2758 3.35 0.39 399
3 3692 3678 3181 99.6 -26 965 3.29 0.44
Extended operation: 4 3624 3602 2969 99.4 -173 900 3.29 0.45
Semi-active with 5 2252 2235 2490 99.3 519 750 3460 3.31 0.46 636
PCMS 6 3664 3625 2969 98.9 —181 900 3.27 0.49
7 3314 3293 3012 99.4 —275 910 3.29 0.52

fluctuation pattern (Fig. 10c). Notably, during ramp-down events in PV
power supply, there is a corresponding increase in permeate EC, indic-
ative of reduced water quality, while SEC gradually diminishes as the PV
power supply increases (Fig. 10d).

Conversely, the semi-active topology with integrated PCMS demon-
strates consistent pump operation (Fig. 11a), owing to the buffering
support provided by the SC (Fig. 11b). The SC undergoes charging when
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the power supply exceeds the demand threshold. Compared to the
passive system, this configuration yields steady and enhanced flux
production (Fig. 11c), along with reduced SEC and EC values, indicating
improved water quality (Fig. 11d). It is also worth noting that, following
the control algorithm (Fig. 4), the SC can also significantly charge during
the negative deviation periods when the pump is not running.
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3.7. Further discussion and feasibility outlook

The SC roundtrip energy in Table 1. signifies the net energy variation
resulting from the daily charging and discharging procedures of the SC.
In this context, the negative notation denotes the net energy gained,
while the positive notation indicates the net energy delivered. This no-
tation is to align the sign conventions applied to other energy mea-
surements within the system to maintain consistency across energy
value representations. The SC’s roundtrip energy in this context does not
precisely equate to the difference between the used PV energy and the
pump’s energy. Instead, it hinges on the SC’s capacity to provide support
and buffering during periods of both low and fluctuating PV power
supply, and this can be influenced by potential power loss attributable to
switching losses and the efficiency of the charge controller during these
operational phases. These factors will be the subject of further investi-
gation to precisely ascertain the total energy dynamics associated with
the SC’s role in the system.

Additionally, due to the linear discharge characteristics of SCs, the
SC voltage decreases steadily during discharge. In scenarios necessi-
tating a sustained current output as in this work, the total SC power
output thus exhibited a gradual decline as the discharge process
continued. This effect was notable across the investigated topologies
where SC energy support was incorporated. The gradual decline in the
SC power resulted in the delivered flux following a similar trend which
resulted in a gradual upward trend in the daily permeate EC such as the
shown in Fig. 9m-p.
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Meanwhile the results from the implementation of the PCMS
demonstrate enhancements in permeate quality and SEC. To determine
the potential long-term impacts of the improvements, the projected
year-long production per topology (passive and semi-active with PCMS
was estimated using a year-long SI data of KIT Solar Park (2016). Based
on the STCs of the PV panels utilised in this study (as outlined in section
2.1.1), a peak SI of 1000 W/m? corresponds to approximately 600 W, of
the PV panels. This implies an approximate PV power generation of 0.6
W, per W/m? of SL. The daily SI was multiplied by this ratio to determine
the instantaneous PV power generated per second, which was then
converted to energy units (Wh) by dividing each power value by a factor
of 3600. Subsequently, the PV energy was divided by the average SEC
(Wh/L) of the topologies and integrated over a year comprising 366
days. The average SEC over three days was used to give a more accurate
representation of each topology’s performance during sustained opera-
tion. As outlined in Table S3 and Fig. S4 of the supplementary infor-
mation, the outcomes reveal a potential annual production increase of
approximately 39,416 L with the adoption of the adaptive topology with
PCMS, compared to the passive topology setup.

The practical feasibility of implementing a PV-membrane system as
previously reported in other studies [11,37,67,69,70] indicate that,
firstly, this technology offers far greater sustainability for long-term
usage (up to 20 years) [67]. Secondly, the decentralized and modular
nature of the PV-membrane system makes it readily deployable in
remote areas of both developed and developing countries — all that is
needed is a contaminated water source. Such systems obviously
contribute directly to the UN SDGs 6 (clean water) and 7 (clean energy),
however — and perhaps more importantly — there are also indirect and
longer-term contributions to SDG 3 (good health, promoted by the lack
of water-borne diseases), SDG 5 (gender equality, since it is typically
women who have the role of collecting water [70]), and SDG 4 (quality
education, since children who would need to walk long distances to
collect water now have a better chance of attending school) [69,70]. It is
also worth noting that our system is the most recent in a development of
prototypes developed over the past two decades, which have been tested
in locations such as outback Australia [71], and northern Tanzania [11],
both powered by PV, as well as a wind-energy-powered version in
Scotland [37].

Thirdly, the PV-membrane system is particularly advantageous given
that the solar power being produced from the PV panels is currently
guaranteed for up to 40 years [67,72,73]. Moreover, solar PV energy
stands out as one of the most cost-effective energy sources, with an
average global levelized cost of electricity (LCOE) at about 0.05 $/kWh
[74], while the average LCOE in Africa is in the range of 0.031-0.093
$/kWh [75].

Fourthly, the levelized cost of water (LCOW) provided by a PV-
membrane system has been observed to be typically below the water
cost in developing countries [76]. For instance, the estimated water cost
for desalination of brackish water with PV-membrane system could fall
within 0.82-1.34 $/m> [70] while the cost of water supply in remote
communities in Sub-Saharan Africa has been reported higher, for
example 1.3to 4.5 $/m? in Ghana [77] and about 1.32 $/m? in Tanzania
[78].

With the PCMS in this study, a relatively low SEC of approximately
3.3 Wh/L per day was realised during an extended operation of one
week. Moreover, the SC module utilised in this study boasts a lifespan
capable of enduring up to 1 million cycles, while the PLC can sustain
prolonged years of operation with right maintenance of the hardware
and regular update of the software [79-82]. The extended lifespan of the
integrated components and low SEC underscore the practical feasibility
of the system for implementation, aiming for a projected operational
lifespan of 20 years.”

4. Conclusions

This study presents an empirical investigation of three DC coupling
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topologies aimed at maximising the utilisation of daily PV energy for
sustaining an autonomous PV-membrane filtration system across mul-
tiple solar days under different SI conditions. These topologies are
directly-coupled without SC (passive topology), a modified semi-active
topology (without PCMS) and a controlled semi-active topology with
an integrated PCMS (adaptive topology).

The results show that the passive system, as mostly employed in PV-
membrane setups, is susceptible to SI fluctuations. This occasionally
resulted in increased SEC, reduced permeate quality, and frequent sys-
tem shutdowns. The semi-active topology (without PCMS) commonly
utilised in buffering scenarios, however, lacked the capacity to recharge
the storage unit post daily operation. Consequently, the system is
prompt to always revert to passive topology on the depletion of the SC’s
charge after the first day of operation. The proposed adaptive topology
facilitated the recharging of the SC during each day’s operation ensuring
sustained system performance (SEC, permeate EC, production) under
varying SI conditions, thus enabling the system’s adaptability to varying
solar days.

Across a three-day investigation, the proposed adaptive topology
integrating the PCMS exhibited an average permeate EC of 0.40 mS/cm,
marking a 46% improvement over the directly-coupled topology and a
23% enhancement compared to the uncontrolled semi-active topology.
The adaptive topology also enabled an average SEC of 3.35 Wh/L, while
the average daily SEC for the directly-coupled and uncontrolled semi-
active systems was realised at 4.1 and 3.8 Wh/L respectively.

During a one-week extended operation of the controlled topology,
the system achieved a cumulative production of 6218 L at an average
permeate quality of 0.52 Wh/L, while the SoC of the supercapacitor was
maintained within the 40% range. Additionally, this proposed adaptive
topology demonstrated superior load-matching efficiency, reaching up
to 99.6% compared to the highest value of 96.6% observed in both
passive and uncontrolled semi-active topology-based systems.
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