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Abstract

This research addressed the challenge of Solar Irradiance (SI) fluctuations, which
adversely affect the performance of photovoltaic-membrane (PV-membrane) systems
used for water purification. These fluctuations lead to reduced permeate volume and
quality, as well as increased specific energy consumption. The primary aim of this
research is to incorporate mechanical energy storage and develop a hydraulic buffering
control method to enhance system performance under varying Sl conditions. To achieve
this, a hydraulic energy storage system utilizing a bladder tank was implemented, designed
to buffer periods of Sl fluctuations. A control algorithm was developed that allows the
hydraulic bladder accumulator to discharge during low solar irradiance periods for
buffering and charge during high solar irradiance periods by monitoring power ramp-
down rates. Results indicate that, in the worst-case scenario of a very cloudy day, the
system produced an additional 98.5 L of permeate while maintaining permeate quality
within the WHO palatable limit of 1.13 mS/cm. Furthermore, the average specific energy
consumption was reduced by 38%. The algorithm effectively prevented system pressure
from dropping to zero, thereby maintaining system stability despite fluctuations caused
by Sl changes. Future investigations should focus on minimizing pump shutdowns during
hydraulic buffering due to increased pressure resistance. This research contributes to
sustainable water solutions in remote areas, offering a promising approach to enhance the

reliability and efficiency of PV-powered membrane systems.
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1. INTRODUCTION

1.1. Background of the Study

Access to clean and safe drinking water remains a critical challenge in many low-income
countries, particularly in remote and off-grid areas[1,2]. As global clean water scarcity
intensifies due to population growth, climate change, and increasing urbanisation, the need
for sustainable and cost-effective water treatment solutions has become more pressing
[2,3]. Photovoltaic-membrane (PV-membrane) desalination technology is a promising
solution for providing potable water in decentralised (small-scale) systems where
conventional infrastructure is lacking [3-5]. The advantages of PV-membrane
desalination technology are; (1) it utilises renewable solar energy, which significantly
reduces reliance on fossil fuels and minimises greenhouse gas emissions associated with
traditional desalination methods, thereby addressing environmental; (2) high economic
viability even for small-scale applications in remote areas particularly in remote areas with
high solar irradiance because PV systems offer low operational costs since solar energy is
free and requires minimal maintenance [6,7]. PV-membrane desalination systems
integrate solar energy with membrane filtration to produce clean water from brackish or
saline water sources. In these systems, photovoltaic panels generate direct current (DC)
electricity, which powers high-pressure pumps that force feedwater through selected semi-
permeable membranes, effectively filtering out total dissolved solids (TDS), bringing the

water close to the salinity level suitable for human consumption [3,8].



Solar energy PV panels DC pump Selected membrane Clean drinking water

Figure 1. lllustration of the operation of the PVV-membrane desalination system [Source:
Author's work]

The performance of PV-membrane systems is however directly linked to solar irradiance
(SI) availability, which fluctuates throughout the day and seasonally [9,10]. These
variations in Sl directly impact the performance of the PV-membrane system, leading to
challenges in maintaining consistent water quality and production rates [9]. During
periods of low Sl, such as cloud cover or early morning/late afternoon hours, the decreased
power output from PV panels can result in suboptimal membrane operating pressures [11—
13]. This, in turn, may compromise permeate quality, reduce overall water production
volume, and increase the specific energy consumption (SEC) of the desalination process
[5]. To address the issue of Sl fluctuations, researchers have explored various energy
storage solutions, such as batteries and supercapacitors (SCs), to buffer against short-term
and long-term Sl fluctuation periods [14-16]. While these approaches have shown some
efficacy, they also present limitations. In scenarios of prolonged low Sl, storage capacities
may become depleted without adequate opportunity for recharge, potentially leading to
a complete system shutdown [14,15]. On the other hand, one effective solution to mitigate
these challenges is the use of hydraulic buffering with pressure accumulators (bladder
tanks) [17,18]. This method offers several advantages, including improved system

resilience during periods of low Sl by storing excess energy in the form of pressurised



water [19]. Thus, the bladder tank can maintain operational pressure within the system
even when PV power decreases [19]. By integrating a hydraulic buffering system, this
research aims to significantly improve the overall performance and reliability of the PV-
powered membrane desalination system. Therefore, there is a critical need to develop
advanced control methods that optimise the performance of PV-powered membrane

desalination systems during Sl fluctuations periods for continuous operations.

The development of advanced control methods for PV-membrane desalination systems
represents a critical area of research with significant implications for improving water
access in remote and off-grid communities. The adaptability of hydraulic buffering control
methods to varying scales, from small community setups to larger agricultural
applications, highlights their potential for widespread adoption in decentralised systems.
By enhancing system resilience to Sl fluctuations, it may be possible to achieve more
consistent and efficient operation, ultimately increasing the reliability of these
decentralised water treatment solutions. The applicability of this research extends beyond
clean drinking water production. The ability to produce high-quality purified water in
remote locations has important implications for advancing green hydrogen production
technologies in Namibia. Electrolysis, a key process in hydrogen generation, requires
ultrapure water as a feedstock. By providing a sustainable and reliable source of ultrapure
water in off-grid areas, the PV-membrane system from this research project could
contribute to the advancement of green hydrogen production technologies and support the

transition to a hydrogen-based economy.



1.2. Statement of the Problem

The performance of PV-membrane desalination systems is negatively impacted by
fluctuations in solar irradiance (SI) [9]. These fluctuations cause variations in system
pressure, resulting in an inconsistent system operation, reducing the permeate quality and
volume (production), and increasing the SEC during periods of low Sl [9,10]. Current
energy storage solutions have limitations in mitigating these effects, particularly during
extended periods of low irradiance. Therefore, there is a critical need to develop advanced
control methods to optimise the PV-membrane system performance under varying Sl

conditions to ensure consistent, efficient, and reliable operation.

1.3. Objectives of the Study

This research aimed to develop a hydraulic buffering control method to improve the

performance of PV-membrane desalination systems during Sl fluctuation periods. To

achieve this, a hydraulic energy storage (bladder tank) was implemented and controlled
to buffer periods of Sl fluctuations. The specific objectives of this research were:

1. To design and simulate a photovoltaic-membrane system for optimal performance
under varying Sl conditions.

2. To conduct experiments and validate data to determine optimal operating PV-
membrane conditions for continuous operation with a focus on PV power, system
pressure, permeate quality, permeate volume (production), and specific energy
consumption (SEC).

3. To develop a control algorithm for the optimal operation of the system incorporating

a bladder tank as storage for buffering the system’s operation during SI fluctuations.



2. LITERATURE REVIEW

In 2020, 2 billion people around the globe lacked access to safely managed drinking water,
with 387 million people in Sub-Saharan Africa alone facing this problem, particularly in
remote and off-grid areas [2]. To overcome this challenge, small-scale membrane systems
powered by renewable technology such as PV were identified to provide an autonomous
treatment option for remote areas, especially for those that are far from the electricity grid
or have an unreliable grid connection [3-5]. PV-powered renewable energy (RE)-
membrane systems are a promising solution in areas of high solar irradiance where
brackish groundwater is the only available water source as these systems are energy-
independent and cost-effective [5]. As discussed in Section 1.1, these systems work by
using the power generated by the PV panels to drive a DC pump, which pumps brackish
water through a selected membrane (ultrafiltration (UF)/nanofiltration (NF)/reverse
osmosis (RO)) at high pressure, so that the TDS is filtered out, bringing the water close to

the salinity level suitable for human consumption [4,5].

2.1. Effects of Solar Irradiance (SI) Fluctuations in PV-Powered Membrane Systems

While PV-powered membrane systems offer numerous advantages, such as environmental
sustainability and reduced reliance on fossil fuels, their performance is significantly
affected by fluctuations in solar irradiance (SI) [9,10]. These systems depend heavily on
consistent solar energy to power the various components, especially pumps, which are
critical for maintaining adequate pressure across the membranes. However, the
intermittency of SI is a common challenge in solar-powered systems and can be attributed

to several environmental factors, such as passing clouds, seasonal variations, and



fluctuations in ambient temperature [11-13]. As these factors lead to frequent and
sometimes unpredictable changes in solar energy availability, the performance of the

entire membrane system becomes highly variable.

Fluctuations in Sl can directly impact several key performance metrics of PV-powered
membrane systems, including the quality of permeate, the volume of permeate produced,
SEC of the PV-membrane system, and the overall flow rate through the system [9,10]. For
instance, during periods of low S, less power is delivered to the pump, reducing its ability
to push water through the membranes at the required high pressure, which in turn
decreases the volume of permeate produced and reduces the flow rate [10]. This
phenomenon was highlighted in a study by Boussouga et al. [10], where they observed a

reduction in permeate production during low Sl periods.

The relationship between Sl and SEC is more complex. While lower flow rates during low
S| periods suggest increased SEC, some studies have indicated that this is not always the
case [13]. For example, research [13] has shown that averaging the power output over
time, with periods of high SI compensating for those of low SI, can lead to more
favourable SEC values. In addition to these effects, lower Sl levels can also negatively
impact the quality of the permeate [9]. When the power provided by the PV panels is not
sufficient to maintain the required pressure across the membrane, the filtration process
becomes less efficient. This can result in higher electrical conductivity (EC) in the
permeate, indicating that the membrane is not adequately removing solutes from the
feedwater [9]. In extreme cases, prolonged periods of low Sl can cause the system to stop

altogether, severely impacting its ability to operate at optimal performance.
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2.2. Membrane Desalination Technologies

Membrane desalination systems utilise a range of membranes, each suited to specific
operational needs based on their pore sizes and filtration capabilities [20-23]. UF
membranes, with pore sizes ranging from 0.01 to 0.1 um, are typically employed in pre-
treatment stages to remove larger particles, such as suspended solids and bacteria, which
helps protect more delicate membranes like NF and RO from fouling [22,23]. NF
membranes, with pore sizes between 1-5 nm, are effective in filtering divalent ions, such
as calcium and magnesium, and larger organic molecules, making them ideal for
applications like water softening and brackish water desalination [21,23]. RO membranes,
with pore sizes below 1 nm, provide the finest filtration, capable of removing monovalent
ions like sodium chloride (NaCl), thus achieving high salt rejection rates essential in

seawater desalination [20,22].

UF membranes are widely used as a pre-treatment before NF and RO membranes as they
help reduce fouling by removing larger contaminants [23]. This improves the performance
and extends the lifespan of the NF and RO membranes by decreasing the need for frequent
cleaning and maintenance. In brackish water desalination, particularly in laboratory
settings with salinity levels around 5 g/L, NF is often preferred over RO due to its lower
operating pressure and energy requirements while still providing effective salt rejection
[20,21,23]. This makes NF a more energy-efficient solution for moderate salinity levels,
whereas RO, though more effective for higher salinity, requires greater pressure and

energy.



Other membrane processes such as pervaporation (PV), electrodialysis (ED), membrane
distillation (MD), and membrane crystallization (MCr) also play significant roles in
desalination, though they are less commonly used than NF and RO [21]. PV separates
liquids by evaporating volatile components through a dense membrane, making it suitable
for certain desalination applications. ED, on the other hand, separates ions using an
electric potential, which is especially useful for treating low-salinity brackish water. MD
utilises a temperature gradient to drive water vapour through a hydrophobic membrane,
retaining non-volatile salts, while MCr focuses on recovering minerals during desalination

by combining MD with crystallisation.

2.3. Effects of Pressure Fluctuations in PVV-Powered Membrane Systems

Membranes are expected to operate at constant operating conditions without abrupt
pressure or crossflow variations to maintain steady and optimal system performance [9].
Variability in power supply to the pump due to Sl fluctuations can cause pressure
fluctuations in the system, which reduces the overall system performance, such as
reduction in flux and permeate quality [9,13]. In NF and RO membranes, both
representing the common membranes used in membrane-based water desalination
systems, abrupt pressure or flow fluctuations can result in decreased flux and permeate
quality [24,25]. Reduction in pressure directly reduces the permeate flux through the
membrane, while the reduction in cross-flow velocity induces the build-up of retained
salts on the membrane surface, which results in an increased salt diffusion across the
membrane, thus decreasing the permeate quality [26]. In addition, pressure fluctuations in

such systems can result in decreased SEC of the system [10,27].



2.4. Methods of Regulating Pressure Fluctuations in PV-Membrane Systems

Several strategies of control have been implemented in membrane systems to regulate
pressure fluctuations caused by Sl fluctuations [14-18,28-35]. These methods of control
include energy buffering solutions such as the use of batteries, supercapacitors (SCs), and

pressure vessels.

2.4.1. Energy Buffering with Supercapacitors and Batteries

Existing approaches to mitigating the impact of Sl fluctuations on PVV-powered membrane
systems were investigated with a focus on electrical energy storage solutions, such as
batteries and SCs [14]. These storage solutions were used to buffer excess energy during
low Sl periods and provide backup power during low irradiance conditions [14,15]. SCs
were used in PV-powered membrane systems for short-term energy buffering [16,28]. SCs
have proven to be good candidates for short-term energy buffering due to their ability to
persist hundreds of thousands of charge/discharge cycles, ability to provide large amounts
of instantaneous power, high energy storage efficiency (85-98%) and longer lifetime (8-
12 years) than batteries [16,28,29]. Although SCs pose numerous advantages, the amount
of electrical energy that can be stored in them is limited, typically providing energy
buffering for a period of few minutes [16]. In addition, SCs have a high self-discharging

rate, calculated to be 1.5% per day [15].
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Figure 2. Electrical energy buffering control incorporating a supercapacitor [15]

Batteries are widely employed in PVV-membrane systems for long-term energy buffering,
enabling continuous and stable performance during low SI conditions [30]. Lead-acid
(LA) batteries in particular, were deployed in PV-membrane systems due to their
relatively low cost compared to Li-ion batteries and global availability [31]. However, LA
batteries have low efficiency (75-84%), have limited number of charging/discharging
cycles (~2000), low depth of discharge (DoD) less than 50%, and low lifetime (3-5 years)
[31,32]. An alternative to LA batteries are Li-ion batteries, which are currently favoured
in transportation system applications due to their long lifetimes (10 years), increased
number of charging/discharging cycles (~4000), higher efficiency (>90%), and higher
DoD (>80%) [33]. However, Li-ion batteries remain more expensive compared to LA

batteries [34].

10



2.4.2. Energy Buffering with Hydraulic Energy Storage (Pressure Accumulator)

An alternative to the use of electrical energy storage for buffering control is hydraulic
energy storage, where pressure accumulators have been used as a mechanical alternative
in PV and wind membrane desalination systems to buffer energy for short-term periods
[17,18]. Pressure accumulators are essential components in hydraulic systems,
particularly in applications requiring energy buffering, such as PV-powered membrane
desalination systems [36]. They store energy as pressurised fluid, enabling stable

operation during fluctuations in energy supply [19].

Various types of pressure accumulators exist, including bladder tanks, diaphragm tanks,
piston accumulators, and spring accumulators. Bladder tanks, which consist of an elastic
bladder within a rigid outer shell, are the most common. They operate by expanding and
contracting as fluid enters and exits, thus maintaining pressure [19]. Diaphragm tanks
function similarly but utilise a diaphragm to separate the gas and liquid, offering a more
compact design [19]. Piston accumulators employ a piston to provide high pressure and
capacity but can be bulkier [37]. Spring accumulators are less common due to their limited
capacity [36]. The operation modes of pressure accumulators include charging and
discharging. In charging mode, fluid fills the accumulator, compressing the gas or bladder;
during discharging, the stored fluid is released to maintain system pressure during demand
spikes [19]. The advantages of pressure accumulators include rapid response times to
pressure changes and minimal maintenance compared to electrical storage systems.
However, they also have disadvantages such as limited storage capacity and potential wear

over time [19]. Bladder tanks are often preferred due to their efficiency in maintaining
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pressure and their compact design. They require less maintenance than piston
accumulators and can be easily integrated into existing systems, making them ideal for

renewable energy applications where reliability is crucial [19].

Filling the Nitrogen

¢

Status Before Use  State After Inflation ~ Pressure Storage Release

Figure 3. lllustration of the charging and discharging of a bladder tank [38]

Karavas et al. [17] investigated a PV-powered small-scale seawater reverse osmosis
(SWRO) desalination system that employed bladder pressure tanks in hybrid with
capacitors for short-term energy buffering. The capacitors allowed the system to operate
for 10 minutes during low Sl periods until the pump shut down due to the lack of power
when the capacitors were discharged, after which the bladder pressure tanks enabled the
system to operate again with pressurised feed seawater for a further 20 minutes. In a
separate study, Liu et al. [18] developed a feedback control algorithm for a wind-powered
reverse osmosis desalination system for brackish water desalination to regulate the feed
pressure and flowrate based on the available pressure in a hydraulic accumulator (300 L)
and a series of solenoid valves. The control algorithm enabled the system to be operated

under low wind speeds of about 4 m/s with a 97% average salt retention. Both control
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algorithms allowed for continuous operation of the desalination systems while also
achieving higher efficiencies and lower specific energy consumption (SEC). Although
pressure accumulators are viable in RE-membrane desalination systems, they have been
shown to be cost-effective only for larger systems [35]. Additionally, advanced energy

management and control of high temporal resolution are required.

Given the limitations of traditional electrical energy storage solutions, there is a need to
develop advanced control methods to optimise the performance of PV-powered membrane
systems during continuous operations under varying Sl conditions while relying on

pressure accumulators as energy storage.
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3. RESEARCH METHODOLOGY

3.1. Research Design

The research methodology employed in this study is designed to address the challenges
posed by Sl fluctuations on the performance of PV-membrane systems for water
purification. It begins with a comprehensive research design that outlines the system's
operational principles and components, followed by detailed data collection methods to

ensure a thorough understanding of each part's contribution to functionality.

Key phases of the experimental design include conducting steady-state threshold tests to
establish baseline performance metricsand passive and uncontrolled buffering
experiments to evaluate system behaviour under varying Sl conditions. An important
aspect of the methodology is the development of a control algorithm that controls the
hydraulic bladder accumulator, allowing it to discharge during low Sl periods and charge

during high SI periods by monitoring power ramp-down rates.

Data analysis is systematically performed to interpret results, focusing on metrics such as
permeate quality, permeate volume (production), and SEC. This methodology effectively
integrates theoretical frameworks with practical experimentation, providing insights into

enhancing the reliability and efficiency of PV-powered membrane systems.

14



3.2. Experimental Setup and Data Collection

3.2.1. System Design Layout and Operational Principle

The schematic of the experimental setup is shown in Figure 4 and a snapshot of the

laboratory installation of the actual PV-membrane system is shown in Figure 5.
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Figure 4. PV-membrane system equipped with a hydraulic bladder tank for pressure
buffering [Source: Author's work].
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Figure 5. System setup in the laboratory [Source: Author's work].

The operational principle of the photovoltaic-powered membrane (PV-membrane) system
was designed to facilitate efficient water filtration through a combination of ultrafiltration
(UF) and nanofiltration (NF) processes. As shown in Figure 4 and Figure 5, the system
utilized the Inge Dizzer P 4040-6.0 UF membrane for pretreatment, followed by the
FilmTech NF90-4040 membrane for desalination. A solar array simulator (SAS: Chroma
62000H) was employed to simulate and replicate various solar irradiance intensities and
temperatures of the PV panels (OffGridTec PCB-ETFE Semi-flexible) based on data
recorded from the Karlsruhe Institute of Technology (KIT) solar park in Germany. This
approach ensured the reproducibility of the experiments by using real-world measured

solar irradiance and temperature in an indoor laboratory setting.

The power generated by the SAS was utilised to drive a DC pump (Grundfos SQF 0.6 - 2

N), which was employed to achieve the desired system flow rate and pressure. The pump
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was equipped with a maximum power point tracker (MPPT) designed to extract the

maximum available power from the PV panels.

The pump was submerged in a 180 L feed tank containing synthetic brackish water with
a salt concentration of 5 g/L (9.23 mS/cm). A recirculating chiller (LAUDA LWG 160
Model WKL 903) was connected to the feed tank to maintain a constant feed water
temperature within a range of 19 °C to 21 °C. Furthermore, a 25 L hydraulic bladder tank
(Reflex Refix DD 25), with a maximum useful capacity of 18.7 L, was integrated into the

system to buffer feed pressure during periods of low solar irradiance.

The system was equipped with various sensors and meters, including pressure sensors,
flow meters, voltage sensors, current sensors, electrical conductivity (EC) sensors, and
temperature sensors. Current (Phoenix Contact MCR-S-1-5-UI-DCI) and voltage (Omega
Uni-/Bipolar DRST-CM 300 VDC) sensors were installed to measure the electrical
characteristics of the pump. Inline pressure (Burkert 8316) sensors, flow meters (iFM
SM600 and KOBOLD MIM-1205HG4C3TO), and EC sensors (Burkert 8222) were used
to measure pressure, flow rate, and EC in the feed, permeate, and concentrate streams of

the PV-membrane system to monitor instantaneous performance.

All sensor data was transmitted to a programmable logic controller (PLC: Unitronics
Unistream 10.4”), which incorporated a control algorithm designed to manage the charge
and discharge cycles of the hydraulic bladder tank in response to fluctuations in solar

irradiance. This algorithm played a crucial role in maintaining system stability and
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performance under varying solar irradiance conditions, thereby enhancing the reliability

of the PV-membrane system for continuous water purification.
3.2.2. System Components Description
The components outlined below were used to build a laboratory-based PV-powered

membrane desalination prototype:

a. Solar Array Simulator (SAS)

Figure 6. Chroma Programmable DC Power Supply (with Solar Array Simulation) [39]

Model/Specifications

Model 62000H (62050H-600S) Series

Output Voltage: 0 to 600 V

Output Current: 0to 8.5 A

Output Power: 5000 W

This DC power source acts as a controllable (programmable) solar array simulator [39].
The Chroma 62000H Series offers programmability for precise control of voltage and
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current output, enabling users to replicate various solar irradiance intensities and analyse
membrane performance under different weather conditions scenarios. Additionally, it can
generate critical |-V (current-voltage) curves, providing valuable insights into the

electrical behaviour of the membranes under simulated S| conditions.

b. Ultrafiltration (UF) Membrane

7

Figure 7. Dizzer P UF Membrane [40]

Model/Specifications

e Inge VK-0049 Dizzer P 4040-6.0 Ultrafiltration Module
e Max Pressure: 3.0 bar (43.5 psi)
e Max Temperature: 41.4 °C (104 °F)

e Membrane Active Area: 6.0 m? (65 ft?)

UF membranes are used as a pre-treatment for NF/RO to prevent them from fouling and
increase their life expectancy. They play a vital role in protecting and enhancing NF/RO
performance. The Inge VK-0049 Dizzer P 4040-6.0 Ultrafiltration (UF) Module acts as a
vital pre-filter within the PV-membrane system [40]. This component uses hollow fibre

membranes containing pores typically sized between 0.01-0.1 um. These pores allow
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water molecules to pass through while rejecting and concentrating larger contaminants in
a separate retentate stream. The UF membrane functions through a pressure-driven
process where pressurised feedwater flows through the hollow fibres, achieving
purification. It removes impurities like colloids, microorganisms, and organic substances
from the raw feedwater. This pretreatment step safeguards the integrity and performance

of downstream membranes within the PV system by preventing potential fouling.

c. Nanofiltration (NF) Membrane

(

Figure 8. FilmTec™ NF Membrane [41]

Model/Specifications

e FilmTec™ NF90-4040 Membrane

e Membrane Type: Polyamide Thin-Film Composite
e Maximum Operating Pressure: 41 bar (600psi)

e Maximum Operating Temperature: 45°C (113°F)
e Permeate Flow Rate: 7.6 m®/d (2000 gpd)

e Minimum Salt Rejection: 98.7%
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The NF90-4040 membrane is a key component for filtration in a PV-membrane system.
It utilises a polyamide thin-film composite structure [41]. The NF90's dense layer is
specifically designed to allow some single-charged ions (monovalent ions) to pass through
while rejecting larger molecules and ions with multiple charges (multivalent ions). Unlike
UF membranes, it filtrates based on size and charge. The pressure-driven NF process
removes targeted contaminants like pesticides and certain salts, optimising downstream
membrane performance. The NF90-4040's design and process enable selective pre-

treatment within PV-membrane systems.

d. Pressure Sensor

Figure 9. Burkert Pressure Sensor [42]

Model/Specifications

e Burkert Pressure Measuring Device: Type 8316
e Output signal: Pmax: < 0.6 bar: standard signal 4 to 20 mA (two-wire)
Pmax: > 0.6 bar and < 60 bar: standard signal 4 to 20 mA (two-wire) or 0 to 10V DC
(three-wire).
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Pmax = 100 bar; standard signal 4 to 20 mA (two-wire)
o Load: Pmax: < 0.6 bar: < (U - 10 V) / 0.02 A (in Q)
Pmax: > 0.6 bar: < (U-7V)/0.02A (in Q)
e Current consumption Max.: 23 mA
e Insulation voltage: 500 V DC

e Medium fluid temperature

Pressure sensors are used for pressure measurement of water in both the feed and
concentrate streams in the PV-membrane system [43]. They have a sensing element of
constant area, which reacts to the force applied by the water pressure. The sensing element
must respond fast enough to notify the operators or initiate automatic safety actions during
transient states, such as abrupt pressure changes. The Burkert Type 8316 pressure sensor
ensures the safe, efficient, and optimised operation of PV-membrane systems. The
pressure data collected by the pressure sensor is important for three main reasons: it
safeguards the system by allowing for real-time monitoring and intervention to prevent
pressure from exceeding safe limits and potentially damaging membranes or other
components. Additionally, pressure data is important for optimising processes within the

system, such as regulating feed flow rates or ensuring optimal membrane performance.

e. Flow Meter/Sensor
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Figure 10. iFm Magnetic-inductive Flow Sensor and KOBOLD Magnetic-inductive
Flow meter [44,45]

Model/Specifications

iIFm Magnetic-inductive Flow Sensor:

e Type: SM6000

e SMR12GGXFRKG/US-100

e Number of inputs & outputs: number of digital outputs: 2; number of analogue
outputs: 1

e Measuring range: 0.1 to 25 L/min (0.005 to 1.5 m3/h)

e Medium temperature: -10 to 70 °C

e Compressive strength: 16 bar

e Operating voltage: 18 to 30V DC

KOBOLD Magnetic Inductive Flowmeter:

e Model: MIM-1205HG4C3TO

e Measuring range: 0.01 to 1 L/min, 1.5 to 650 L/min
e Maximum pressure: 16 bar

e Maximum temperature: 140 °C
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e Material: stainless steel, PEEK

Flow meters/sensors are employed within PV-membrane systems to measure the
volumetric flow rate of conductive liquids. Flow meters measure the flow rates of the
water (feed, permeate, concentrate) in the P\V-membrane system. For the SM6000 and
MIM, Faraday's Law of electromagnetic induction governs their operation [44,45]. As
conductive fluid flows through a magnetic field generated by the sensor, a voltage is
induced between electrodes within the sensor. This voltage is directly proportional to the
fluid's velocity. The flow meter then converts this voltage into a measurable electrical
signal that reflects the flow rate. They are more susceptible to failure than other sensors
as they often contain moving parts. They allow fluid flow monitoring, control, and

optimisation.

f. Electrical Conductivity (EC) Sensor/Meter

T

Figure 11. Burkert Conductivity Meter [46]



Model/Specifications

e Burkert Conductivity Meter: Type 8222
e Conductivity measurement range: 0.05 pS/cm to 10 mS/cm

e Temperature measurement range: - 20 to 100 °C (- 4 to 212 °F)

The Burkert Type 8222 conductivity meter measures the electrical conductivity of liquids
in PV-membrane systems [46]. EC sensors measure the electrical conductivity of the feed,
concentrate and permeate, which is determined by using the distance between the
electrodes with a known surface area. The data collected by the EC sensor is important
for monitoring feedwater and permeate quality, evaluating membrane performance, and
optimising processes like cleaning cycles. The Type 8222 conductivity meter plays a big
role in maintaining a well-functioning PV-membrane system by ensuring optimal water

quality and efficient membrane function.

g. Current Transducers

Figure 12. Phoenix Current Transducer [47]

25



Model/Specifications

e Phoenix Contact MCR-S-1-5-UI-DCI

e Supply voltage range: 20 V DC to 30 V DC

e Current consumption maximum: < 40 mA (no load)

e Input current range: 0 to 11 A AC/DC (permissible permanent overload: 120 %)

e Number of inputs: 3

The Phoenix Contact MCR-S-1-5-UI-DCI is a programmable current transducer
specifically designed to measure various current types in industrial settings [47]. The
device functions by converting a wide range of DC, AC, and distorted currents (with
harmonics) within a specified input range (0 A to 11 A) into a proportional output signal.
The MCR-S-1-5-UI-DCI current transducer offers programmability and configurability,
allowing users to tailor its measurement range and output characteristics to their specific
needs. In PV-membrane systems, it plays a crucial role by accurately monitoring and
transmitting real-time current data from various sources, such as the output of the PV
membranes themselves or the current flowing through the pump and other electrical
components. This data is essential for performance monitoring, troubleshooting potential

issues, and optimising the overall efficiency of the PV-membrane system.

h. DC Voltage Transmitters
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Figure 13. Omega Engineering DC Signal Transmitter [48]

Model/Specifications

e Omega Engineering, Universal Uni-/Bipolar DC Signal Transmitter
e DRST-CM 300 VDC

e Universally Powered by 21.6-253 VAC / 19.2-300 VDC

e Max. Required Power: 2.5 W

e Operating Temperature: -20 to 60°C

e Relative Humidity: < 95% RH (non-cond.)

This is a universal uni-/bipolar DC signal transmitter designed for versatile voltage
measurement applications [48]. This device accepts a wide range of DC voltage inputs
(from millivolts to 300 VDC) and converts them into a proportional standard output signal,
typically 4 - 20 mA or 0 -10 V. The DRST-CM boasts high accuracy (0.05%) and
configurability, allowing users to tailor its input and output ranges to precisely match the
specific voltage measurements required. In PV-membrane systems, the DC voltage
transmitter monitors and transmits real-time voltage data from various sources, such as
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the output voltage of the PV membranes themselves or the voltage across control elements
within the system. This accurate voltage data is crucial for performance evaluation, fault

detection, and optimising the overall efficiency of the PV-membrane system.

i. Recirculating Chiller

Figure 14. LAUDA LWG Recirculating Chiller [49]

Model/Specifications

e LAUDA LWG 160 Model WKL 903 Recirculating Chiller
e Working Temp Range: -15 to 40°C

e Filling Volume: 8to 12 L

e Electrical Voltage & Frequency: 230 V/50 Hz

e Cooling Design: Air-Cooled

e Maximum Pump Pressure: 3.2 bar

e Maximum Pump Flow: 33 L/min

e Cooling Output at 20 °C: 0.80 kW
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The LAUDA® LWG 160 Model WKL 903 Recirculating Chiller is a vital component in
PV-powered membrane desalination systems, operating within a temperature range of -15
to 40°C with a cooling output of 0.8 kW at 20°C and a maximum flow rate of 33 L/min
[49]. This air-cooled chiller ensures optimal feed water temperatures, preventing
overheating that could damage membranes, while its energy-efficient design allows it to
be powered by solar energy, reducing operational costs. Its robust construction supports
continuous operation, which is essential for maintaining efficiency in desalination
processes, and it can integrate with smart monitoring systems for optimised control based

on solar generation patterns.

j. Safety Valve

Figure 15. Goetze Safety Valve [50]

Model/Specifications

e (Goetze Series 460 Safety Valve

e Operating temperature range: -60 to 225 °C
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e Operating pressure range: 0.2 to 25 bar
e Size: DN 10 to DN 25, 3/8" to 1"

e Material: Stainless Steel

In PV-membrane systems, a safety valve acts as a pressure relief mechanism [50]. It is a
spring-loaded device installed within the piping or enclosure of the system. During
abnormal operating conditions, such as excessive pressure buildup due to thermal
expansion, pump malfunctions, or gas generation, the safety valve opens. This controlled
release of pressure prevents damage to the membranes and other system components by
ensuring pressures remain within safe operating limits. These valves are crucial for

safeguarding system integrity and ensuring the safe operation of PV membrane systems.

k. Normally Closed (NC) Solenoid Valve
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Figure 16. End Armaturen NC Solenoid Valve [51]

Model/Specifications
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e End Armaturen (EA) 2/2-solenoid valve,
e Model: MEMG2Z322245015/C

e Voltage: 24V DC

o Size: 1/2"

e Body material: Stainless Steel

e Function: Combined operated — NC

e Seals material: NBR

e Nominal pressure min.: 0 bar

e Nominal pressure max.: 10 bar

e Temperature range min.: 0 °C

e Temperature range max.: +35 °C

The End Armaturen (EA) 2/2-solenoid valve is an electromechanical device equipped
with a plunger that remains closed until it receives an electrical impulse [51]. When
energised, the magnetic field generated overcomes the attractive force of permanent
magnets, causing the valve to open and release pressure. In the PV-membrane desalination
system, this device is essential as it is controlled to charge and discharge the bladder tank

during Sl fluctuations.

I.  Pressure Accumulator (Bladder Tank)
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Figure 17. Reflex Refix Pressure Accumulator [52]

Model/Specifications

e Reflex Refix DD 25

e Type: DD 25

e Nominal volume: 25 L

e Max. useful volume: 18.7 L

e Max. permissible system temperature: 70 °C
e Min. perm. operating temperature: -10 °C

e Max. perm. operating temperature: 70 °C

e Max. perm. operating pressure: 10 bar

e Factory-provided gas supply pressure: 4 bar

The Reflex Refix DD 25 pressure accumulator functions as a pressure stabilization and
energy storage device [53]. It consists of a pressure vessel containing a gas-preloaded
bladder or diaphragm that separates the pressurised hydraulic fluid from the inert gas

(nitrogen). Its design allows for efficient balancing of pressure without the need for
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electrical power. During periods of high system demand, the accumulator releases stored
hydraulic water, supplementing the pump and maintaining consistent system pressure.
Conversely, when pressure surges due to sudden flow fluctuations, the accumulator
absorbs excess water, acting as a pressure dampener and mitigating shock. This pressure
buffering mechanism safeguards system components from excessive pressure spikes and
optimises pump operation by reducing pressure fluctuations and minimising energy

consumption.

m. Programmable Logic Controller (PLC)

Figure 18. Unitronics Unistream PLC [54]

Model/Specifications

e Unitronics Unistream, 10.4"

e Input voltage: 12 VDC or 24 VDC

e Permissible range: 10.2VDC to 28.8 VDC

e Maximum current consumption: 1.62 A at 12 VDC, 0.81 A at 24 VDC

e Processor: 32 bit, 800MHz RISC Processor, with Graphic Accelerator
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The Unitronics Unistream, 10.4" A PLC acts as the brains of an industrial automation
system [54]. This modular system allows users to customise their setup by selecting the
necessary 1/O modules, which can be mounted directly onto the back of the HMI or on a
DIN rail, facilitating flexibility and cost efficiency. It is programmed to make decisions
based on real-time data. In a PV-membrane system, it receives data from sensors and
switches, interprets it using the control algorithm, and then controls devices like pumps
and valves, to influence the physical process. This allows for the automation of complex

tasks of the PV-powered membrane system.

n. Photovoltaic (PV) Panels

Figure 19. OffGridTec PCB-ETFE PV Panels [55]

Model/Specifications

e OffGridTec PCB-ETFE 100W 39,6V Semi-flexible Solar panel
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e Working voltage (Vmp): 39,6 V

e Open circuit voltage (Voc): 46.61 V
e Maximum current (Imp): 2,53 A

e Short circuit current (Isc): 2,73 A

e Solar cells material: monocrystalline A-grade solar cells

The OffGridTec PCB-ETFE Semi-flexible solar panels consist of an array of solar cells,
fabricated from semiconducting materials like silicon [55]. The ETFE (ethylene
tetrafluoroethylene) coating enhances durability and resistance to environmental factors,
ensuring long-term performance even in harsh conditions. The system comprised of 6 PV
modules connected in a 3 series x2 parallel configuration. This configuration achieves a
maximum power output of 600 W, a maximum voltage of 118.80 V, and a maximum

current of 5.06 A.

0. Direct Current (DC) Pump
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Figure 20. Grundfos DC Pump [56]
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Figure 21. Grundfos DC pump performance curve [56]

Model/Specifications

e Grundfos SQF 0.6 - 2 N Pump

e Maximum ambient pressure: 15 bar
e Maximum operating pressure: 15 bar
e Pump material: Stainless steel

e Pumped liquid: Water

e Liquid temperature range: 0 to 40 °C
e Selected liquid temperature: 20 °C

e Density: 998.2 kg/m?3

e Power input - P1: 1.4 kW
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e Rated power - P2: 1 kW
e Rated voltage AC: 1 x 90-240 V
e Rated voltage (DC) and current: 30-300 VDC, 8.4 A

e Rated speed: 3600 rpm

A pump is one of the key components of the PVV-membrane system as it produces the feed
flow rate and pressure required for the membranes and defines the power requirements
from the PV panels. The Grundfos SQF 0.6-2 N pump is for fluid circulation and
pressurisation in PV-membrane systems [56]. Its helical rotor design tackles high-pressure
requirements. A major advantage is its dual power source compatibility (AC or DC). This
allows direct operation from the system's DC solar panels. Within the system, the SQF
0.6-2 N circulates feedwater, maintains pressure (if supplied with constant power), and

even assists with membrane cleaning processes.

p. Temperature Sensor Transmitter

Signal:’pt100 Rank:0.2%FS
Voltabe:24VDC Out:4~20mA

kange: (100 C

Figure 22. Uxcell Temperature Sensor Transmitter [57]

Model/Specifications
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e Uxcell PT100 Temperature Sensor Transmitter
e Input voltage: 24 DC

e Measuring range: 0 to 100 °C

e OQutput current: 4 to 20 mA

e Measurement precision: £0.2% FS

The Uxcell PT100 temperature sensor transmitter is a compact sensor that monitors
the temperature of the feedwater in the feed tank of the PV-membrane system [57]. It
utilises a Pt100 RTD that changes resistance with temperature. The transmitter converts
this change into a standard signal for easy integration into the system's data network.
Accurate temperature control is important in PV-membrane systems as it ensures optimal
membrane performance and prevents damage from excessive heat. Moreover, temperature

data from the sensor is crucial for system optimization.

3.3. System Simulation

Prior to control algorithm development, simulations were conducted using MATLAB
Simulink to evaluate the PV-membrane desalination system's performance under varying
solar irradiance (SI) conditions. The simulation modelled system dynamics, including
hydraulic buffering, with key parameters such as PV power output, feed pressure, bladder
tank charge and discharge, and permeate flow rates. Real-world Sl profiles data recorded
from the KIT solar park in Germany were used to replicate cloudy conditions.
Performance metrics such as SEC, water recovery, and permeate quality were calculated,

and sensitivity analyses assessed the impact of input variability on system stability. The
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simulation provided insights that guided experimental design decisions, demonstrating the

potential of hydraulic buffering to mitigate performance instability.

3.4. Experimental Design

To develop a control algorithm for buffering the PV-membrane system feed pressure, an
experimental design was created where filtration experiments were conducted in four
phases; steady-state threshold tests, passive (directly-coupled) experiments, uncontrolled
buffering experiments, and controlled buffering experiments. An NF90-4040 membrane
was selected and used for desalination because of its lower operating pressure and energy
requirements while still providing effective salt rejection which makes it a more energy-
efficient solution for moderate salinity levels such as 5g/L used in this system. The
feedwater used for experiments was prepared in the laboratory using NaCl and deionized

water to create synthetic brackish water with a salt concentration of 5 g/L (9.23 mS/cm).

3.4.1. Steady-state threshold tests

Steady-state threshold tests were performed to determine the minimum operating pressure
(Pmin) and the optimal setpoint pressure (Pset) for the PV-membrane system. The tests

were conducted at different feed pressure levels: 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, and 12 bar.
During the tests, data, including maximum pump power consumed, flow rate, SEC, flux,

EC, salt rejection, and water recovery, were recorded. The obtained data was analysed
where Pmin and Pset Were identified. The optimal setpoint pressure was then used as the

operating feed pressure for all experiments (passive, uncontrolled buffering, and

controlled buffering). Throughout these tests, the SAS supplied a consistent voltage of
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118.8V and a current of 5.06A, representing the maximum voltage and current output
achievable from the PV panels. These voltage and current values were maintained by the

SAS throughout all steady-state tests conducted at varying feed pressure levels.

3.4.2. Passive (Directly-coupled) Experiments

During the second phase of the experimental design, passive experiments were carried out
to analyse the system's performance without pressure buffering (hydraulic bladder tank
shut off). The energy consumption and pump utilisation were studied, along with the
system's efficiency and conversion losses. Furthermore, the pump shutdown pressure in
relation to S fluctuations was determined and later used for the development of the control

algorithm.

The experiments were conducted over three solar days with varying SI conditions (sunny,
partly cloudy, very cloudy). The Sl data were selected to represent different levels of Sl
fluctuations that occurred within 1 year of data namely: sunny day (5 May 2016), partly
cloudy day (26 May 2016), and very cloudy day (13 October 2016). The solar days' SI
data with a resolution of 1 second (1-s) were collected via an irradiance sensor from the
KIT solar park in Karlsruhe, Germany. The Sl data was used as input for the SAS where
it was converted into current-voltage (I-V) curves. Additionally, the temperature of the
PV modules was recorded using an external temperature sensor, which was also used as

input for the SAS.
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3.4.3. Uncontrolled Buffering Experiments

The uncontrolled buffering experiments were conducted similarly to the passive
experiments. However, in this scenario, the hydraulic bladder tank was left open instead
of being shut, allowing it to charge and discharge throughout all three experiments of
different Sl fluctuation days (sunny, partly cloudy, and very cloudy). This was done to
assess the bladder tank's ability to stabilise system feed pressure when uncontrolled during
SI fluctuations. The data collected was analysed and later used for control algorithm

development.

3.4.4. Control Algorithm Development and Controlled Buffering Experiments

Based on the results obtained from steady-state tests, as well as passive and uncontrolled
buffering experiments, a control algorithm was developed. This algorithm allows the
hydraulic bladder tank to charge automatically and discharge based on pressure
fluctuations in the system. The charging and discharging of the bladder tank were
controlled by normally closed valves (NC: End Amaturen 2/2-solenoid valves) which
receive input signals from the PLC. The control algorithm was implemented in the

Unitronics software which was uploaded onto the PLC.

Controlled buffering experiments were conducted in a similar manner to uncontrolled
buffering experiments. However, in this case, the hydraulic bladder tank was first pre-
charged to 12 bar and left shut before each of the three experiments (sunny, partly cloudy
and very cloudy) began. This was done to assess the bladder tank's ability to stabilize

system feed pressure and prevent system shutdown when the feed pressure is too low
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during SI fluctuations. Furthermore, the data collected was used to improve the control

algorithm.

Table 1 presents a summary of the experimental design that was explained in detail in

Section 3.3.
Table 1. Summary of experimental design
Performance
Experiment Conditions Solar days | Membrane
Analysis
Steady-state | Feed pressure Identify Pmin and Constant NF90-4040
threshold varied from 2, 3, Peet output
tests 4,...,12 bar voltage
(118.8V) and
current
(5.06A)
Passive Pset Investigate pump Sunny NF90-4040
(directly- energy Partly cloudy
coupled) consumption, Very cloudy
Uncontrolled | P utilisation, system | Sunny NF90-4040
buffering efficiency, and Partly cloudy
conversion losses. | Very cloudy
Determination of
shutdown pressure
with respect Sl
fluctuations.
Controlled Pset System Sunny NF90-4040
buffering performance Partly cloudy
analysis. Very cloudy
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Shutdowns and

resilience analysis.

3.5. Data Analysis

The data was analysed using OriginPro 2023b software. This software was instrumental
in processing and visualizing the experimental data. The data was smoothed to reduce
noise and random fluctuations in a dataset to have smoother data that can be visualised
more clearly and easily. Additionally, OriginPro 2023b was used to create detailed graphs
that illustrated the relationships between key variables, such as PV power, SEC, pressure,
flow rate, flux, production, EC, rejection, and recovery. These graphs helped in identifying

trends, patterns, and correlations within the data.

¢% ORIGINPRO 2023b

The Ultimate Software for Graphing & Analysis

Figure 23. OriginPro 2023b software [58].

The data analysis incorporated a detailed uncertainty evaluation to ensure the reliability
and accuracy of both experimental and numerical results. Instrumentation uncertainty was
addressed by calibrating all measurement devices, with error margins provided by

manufacturers, such as £0.5% FS for pressure sensors and £1% FS for flow meters.
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Repeatability was assessed through multiple experimental trials under identical
conditions, while reproducibility was verified by conducting experiments on different
days to account for environmental variations such as ambient temperature and solar
irradiance. Sensitivity analyses were performed in numerical simulations to evaluate the
impact of deviations in input parameters, such as solar irradiance profiles, on output
predictions. This approach ensures the robustness of findings and strengthens the
credibility of conclusions drawn about the performance improvements achieved through

hydraulic buffering control methods in PV-powered membrane desalination systems.
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4. RESEARCH RESULTS AND DISCUSSIONS

This section provides an in-depth analysis of the performance of PV-membrane systems

in mitigating Sl fluctuations. It is important in evaluating the effectiveness of the hydraulic

buffering control method to enhance system resilience and efficiency. The results

presented include steady-state threshold tests, passive (directly-coupled) experiments and

controlled buffering experiments, allowing for a detailed comparison of system behaviour.

4.1. Steady-state Threshold Tests

As discussed in Section 3.3.1, steady-state threshold tests were conducted to identify the

minimum operating pressure (Pmin) and the optimal set operating pressure (Pset) for the

PV-membrane system. These pressure threshold values are critical for ensuring the system

produces quality drinking water while maintaining relatively low SEC. The results from

these steady-state threshold tests are presented in Figure 24.
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Figure 24. Steady-state threshold tests of the PV-membrane system: (a) Pump power
consumed and SEC, (b) Flow rate and Flux, (c) EC, (d) Salt rejection and Water
recovery.

The minimum operating pressure (Pmin) for the PV-membrane system was identified as 8
bar. This pressure represents the threshold at which the system achieves the preferred
SEC of 2.5 Wh/L as shown in Figure 24 (a), while ensuring that water quality remains
within the World Health Organization (WHO) acceptable limit of EC < 0.6 g/L [59],
corresponding to a conductivity of 1.13 mS/cm, as illustrated in Figure 24 (c). For
the NF90-4040 membrane, the preferred SEC should be less than 2.5 Wh/L. Additionally,
at this operating pressure of 8 bar, the system demonstrated a salt rejection rate exceeding
90% and a water recovery rate greater than 24%, as shown in Figure 24 (d), indicating

that the system operates optimally at this minimum threshold, effectively balancing SEC

and water quality.

Furthermore, an optimal set operating pressure (Pset) of 12 bar was identified as the fixed
operating point for all experiments (passive, uncontrolled, and controlled buffering). This
pressure was selected based on the Grundfos SQF 0.6 - 2 N pump’s head (the maximum
height a pump can lift fluid against gravity) used for this system. At this set pressure of
12 bar, the system achieved an SEC of 1.94 Wh/L, with a permeate quality measured at
an EC of 0.32 mS/cm. The system also successfully removed 96.5% of dissolved salts and
produced clean drinking water at a recovery rate of 43.46%. These results demonstrate
that operating at 12 bar allows the system to function efficiently while producing high-

quality drinking water at a very low SEC.
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4.2. Control Algorithm Flow-chart
The flow chart in Figure 25 illustrates the control algorithm developed and implemented

into the PV-membrane system to buffer periods of low SI.

Turn system on

Check system conditions

Press fpeq=
pmin?

Yes

Shutdown power
factor=0.7?

o0—» Charge bladder tank

Yes

Shutdown power

Discharge bladder tank factor = 0.77

Yes
-

Stop charging bladder
tank

Stop

Figure 25. Implemented control algorithm for pressure buffering during SI fluctuations
[Source: Author’s work]

47



The process begins with the initiation of the system, powering it up to commence
operation, as shown in Figure 25. Following this, the current operating parameters of the
system are verified, which involves monitoring critical factors such as feed pressure,
temperature, and power availability essential for maintaining steady membrane operation.
The feed pressure is evaluated to determine if it meets or exceeds the minimum required
pressure of 8 bar. This step is crucial, as adequate feed pressure is required to drive water
through the membrane and achieve effective permeate production. If the feed pressure
falls below the threshold of 8 bar, the system will continuously recheck conditions until

the minimum pressure is reached.

Once the minimum feed pressure is achieved, a subsequent check on the shutdown power
factor is performed. This power factor indicates PV power fluctuations which translates
to pressure fluctuations within the system. A power factor <0.7 indicates a PV power
fluctuation. In such cases, the bladder tank is discharged to stabilise pressure fluctuations
and maintain flow. Conversely, if the power factor is >0.7, the bladder tank is charged to
store additional energy or pressure in the system, ensuring continuous operation despite

fluctuations.

The system remains in a loop where it continuously monitors the shutdown power factor.
Should it drop below 0.7 again, the process returns to discharging the bladder tank to
stabilise the system pressure. Once the power factor is consistently above this threshold,
charging of the bladder tank ceases, allowing the system to proceed with normal

operations. The flowchart in Figure 25 outlines a systematic approach to managing energy
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efficiency and operational stability within PV-powered membrane systems, ensuring

effective water purification processes in varying solar conditions.
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4.3. Passive (Directly-Coupled) and Controlled Buffering Experiments

Passive (directly-coupled) experiments were conducted to determine the pump shutdown
pressure in relation to Sl fluctuations. The energy consumption, pump utilisation, system
losses and system efficiency were assessed and analysed in these experiments. After
implementing the control algorithm, controlled buffering experiments were performed to
assess the system's performance and ability to prevent pressure drops during Sl

fluctuations.

Figure 26 shows the performance of the PV-membrane system on a very cloudy day,

comparing results before and after the implementation of the control algorithm.
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Figure 26. System performance of the PV-membrane system on a very cloudy day: (a)
Passive (directly-coupled) experiment; (i) PV power supply and usage, (ii) Feed
pressure, (b) Controlled buffering experiments; (i) PV power supply and usage, (ii)
Bladder tank pressure and Feed pressure.
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Significant pressure drops, reaching as low as 0.6 bar (Figure 26 (a)(ii)), were observed
when the power output of the PV panel dropped to zero (Figure 26 (a)(i)). These pressure
drops occurred at several intervals (07:49, 09:00, 09:17, 10:06, 11:34, and 11:52)
throughout the morning due to cloud cover that limited adequate SI from reaching the PV
panels, resulting in insufficient power to operate the DC pump. The Grundfos DC pump
requires a minimum of 198 W to initiate operation (Figure 21), therefore, when the power

supply was inadequate, it led to a drop in feed pressure.

After implementing the control algorithm in the control buffering experiments (Figure 26
(b)), no feed pressure drops were observed (Figure 26(b)(ii)) despite instances of pump
shutdowns. This improvement is attributed to the bladder tank's ability to provide
additional pressurised feedwater by discharging when a shutdown power factor below 0.7
is detected through the control algorithm. Once the system recognises a power factor
above this threshold, charging of the bladder tank resumes (Figure 26 (b)(ii) bladder
pressure graph), effectively stabilising system pressure. These findings indicate that the
PV-membrane system can reliably produce clean drinking water throughout the day,
demonstrating resilience against fluctuations in SI. While the system was able to produce
clean drinking water continuously, it was observed that there was an increase in the
number of pump shutdowns (Figure 26 (b)(i)) after the implementation of the control
algorithm. This can be attributed to the introduction of additional pressure into the system
when the bladder tank discharges, resulting in pressure difference between system and
feed pressure, which the pump must overcome. However, the pump shuts down entirely

due to insufficient power available to meet this increased demand. This observation
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highlights the need for further optimisation of system parameters to balance pressure

management and energy efficiency effectively.

Figure 27 shows the performance of the PV-membrane system on a very cloudy day,

comparing results before and after the implementation of the control algorithm.
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Figure 27. System performance of the PV-membrane system on a very cloudy day: (a)
Passive (directly-coupled) experiment; (iii) Permeate flow rate and Daily water
production, (iv) Permeate EC and SEC, (b) Controlled buffering experiments; (iii)
Permeate flow rate.

The results presented in Figure 27 (a)(iii) and Figure 27 (b)(iii) indicates a notable
increase in the maximum permeate flow rate of the PVV-membrane system, rising from 190
L/h to 220 L/h following the implementation of the control algorithm. This increase in
flow rate directly contributed to an increased daily production of clean drinking water,

yielding an additional permeate volume of 98.5 L. The increase in permeate flow rate was
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achieved as the system sustained a constant system pressure, resulting in a higher flow
rate. Such findings demonstrate that the PVV-membrane system is capable of continuous
operation despite fluctuations in SI while producing a greater volume of permeate than

the directly-coupled system.

Moreover, after implementing the buffering control, the system recorded average
permeate EC and SEC values of 0.4 mS/cm and 2.4 Wh/L, respectively, significantly
improving from the previous values of 0.5 mS/cm and 6.5 Wh/L. Although there was only
a slight change in average permeate EC of 0.1 mS/cm, both values remained well below
the WHO palatable limit of 1.13 mS/cm, indicating that water quality was effectively
maintained. Importantly, achieving a lower SEC below 2.5 Wh/L reflects an enhanced

energy efficiency of the system.

Table 2 summarises the performance metrics of the PV-membrane system under both

directly-coupled and controlled buffered conditions on a very cloudy day.

Table 2. Summary of the system performance of the PV-membrane system on a very
cloudy day before and after control algorithm implementation: Maximum permeate flow
rate, Daily production, Average permeate EC, and Average SEC.

Passive (directly-coupled) Controlled buffering
Maximum permeate flow 190 220
rate (L/h)
Daily production (L) 890.6 989.1
Average permeate EC 0.5 0.4
(mS/cm)
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Average SEC (Wh/L) 6.5 2.4

Figure 28 shows the performance of the PV-membrane system on a very cloudy day,

comparing results before and after the implementation of the control algorithm.
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Figure 28. System performance of the PV-membrane system on a very cloudy day: (a)
Passive (directly-coupled) experiment; (v) Salt rejection and Water recovery, (b)
Controlled buffering experiments; (v) Salt rejection and Water recovery.

As shown in Figure 28 (a)(v) and (b)(v), the system was able to sustain an average salt
rejection of 97%, however, there was an increase in average water recovery from 36.4 %
to 39% after the implementation of the control algorithm. The increase in water recovery
is due to the increase in permeate flow rate produced by the system. These results show a

good performance as the PV-membrane system is operating within the preferred limits of

salt rejection > 90% and water recovery > 24%.

The system was able to sustain an average salt rejection of 97%, as shown in Figure 28

(@)(v) and (b)(v). Additionally, following the implementation of the control algorithm,
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there was a notable increase in average water recovery, rising from 36.4% to 39%. This
improvement in water recovery is due to increased permeate flow rate. These results
indicate a good performance of the PVV-membrane system, as it operates well within the
preferred limits, achieving a salt rejection rate greater than 90% and a water recovery rate
exceeding 24%. The ability to maintain such high levels of salt rejection while
simultaneously increasing water recovery highlights the system's efficiency and

effectiveness in producing potable water.

Table 3 summarises the performance metrics of the PV-membrane system under both

directly-coupled and controlled buffered conditions on a very cloudy day.

Table 3. Summary of the system performance of the PV-membrane system on a very
cloudy day before and after control algorithm implementation: Average salt rejection
and Average water recovery.

Passive (directly-coupled) Controlled buffering
Average salt rejection
(%) 97.6 97.7
Average water recovery
(%) 36.4 39

The results demonstrated significant improvements in water recovery and permeate
quality following the implementation of the hydraulic buffering system and control
algorithm. These enhancements can be directly attributed to key experimental design
choices, specifically the integration of a hydraulic bladder tank and the development of a

control algorithm tailored to buffer SI fluctuations. The bladder tank effectively stored
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excess energy as pressurised water during periods of high Sl and discharged it during low
Sl, ensuring stable feed pressure to the membrane. This design choice prevented pressure
drops that would otherwise compromise permeate quality and water production rates.
Additionally, the control algorithm monitored power ramp-down rates and dynamically
adjusted the operation of the bladder tank, optimising pressure regulation and minimising
pump shutdowns caused by increased resistance. These experimental design elements
were critical in achieving consistent system performance under variable SI conditions,
demonstrating their practical significance in improving water recovery and permeate

quality in PV-powered membrane desalination systems.
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Similar to the very cloudy day, passive (directly-coupled) and controlled buffering
experiments were conducted on a partly cloudy day (26 May 2016) to evaluate the
performance of the PV-membrane system as well as the effectiveness of the implemented

control algorithm.

Figure 29 shows the performance of the PV-membrane system on a partly cloudy day,

comparing results before and after the implementation of the control algorithm.
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Figure 29. System performance of the PV-membrane system on a partly cloudy day: (a)
Passive (directly-coupled) experiment; (i) PV power supply and usage, (ii) Feed
pressure, (b) Controlled buffering experiments; (i) PV power supply and usage, (ii)
Bladder tank pressure and Feed pressure.

As shown in Figure 29 (a)(ii) the system experienced a drop in feed pressure to a

minimum value of 4.4 bar before the implementation of the control algorithm. This decline
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occurred when the power supplied by the PV panels dropped below the critical threshold
of 198 W, as illustrated in Figure 29 (a)(i). The pressure drops were recorded at specific
times: 10:55, 11:05, 12:09, and 14:29. These instances correspond to periods of cloud
cover that limited sufficient SI from reaching the PV panels, resulting in insufficient
power to drive the pump and consequently causing a reduction in the feed pressure of the

system.

Following the implementation of the control algorithm, a marked improvement in feed
pressure stability was observed, with a minimum value recorded at 6.1 bar, as shown in
Figure 29 (b)(ii). The increase in pressure is due to the additional pressurised feedwater
supplied by the bladder tank during its discharge phase, which effectively buffered
pressure fluctuations within the system. These results demonstrate that the PVV-membrane
system can continuously produce clean drinking water throughout the day, despite
variations in Sl, thereby confirming its reliability and resilience to such fluctuations.
Furthermore, this indicates that the developed control algorithm is effective across

different solar conditions.

However, it is important to note that while the system successfully maintained continuous
water production, there was an increase in pump shutdown after implementing the control
algorithm, as illustrated in Figure 29 (b)(i). This increase can be explained by the
additional pressure introduced into the system when the bladder tank discharges creating
a pressure differential between the system pressure and the feed pressure, leading to pump
shutdowns as it attempts to adjust and overcome this added pressure by drawing more

power from the PV panels. Overall, these findings highlight the effectiveness of hydraulic
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buffering in enhancing system performance and the need for further optimisation to

minimise pump shutdowns during buffering periods.

Figure 30 shows the performance of the PV-membrane system on a partly cloudy day,

comparing results before and after the implementation of the control algorithm.
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Figure 30. System performance of the P\V-membrane system on a partly cloudy day: (a)
Passive (directly-coupled) experiment; (iii) Permeate flow rate and Daily water
production, (iv) Permeate EC and SEC, (b) Controlled buffering experiments; (iii)
Permeate flow rate.

The maximum permeate flow rate increased from 230 L/h to 250 L/h after implementing
the control algorithm, resulting in an additional 239 L of clean drinking water produced
daily as shown in Figure 30 (a)(iii) and Figure 30 (b)(iii) . This indicates that the PV-
membrane system can operate continuously despite Sl fluctuations and outperforms the

directly-coupled system. Additionally, after buffering control, the system recorded
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average permeate EC and SEC values of 0.1 mS/cm and 1.9 Wh/L, down from 0.3 mS/cm

and 2.2 Wh/L respectively. The average permeate EC improved only slightly by 0.2

mS/cm, but despite the marginal improvement, permeate conductivities before and after

control algorithm implementation remain below the WHO palatable limit of 1.13 mS/cm,

demonstrating significant performance improvement with a lower SEC of under 2.5

WhIL.

Table 4 summarises the performance metrics of the PV-membrane system under both

directly-coupled and controlled buffered conditions on a partly cloudy day.

Table 4. Summary of the system performance of the PV-membrane system on a partly
cloudy day before and after control algorithm implementation: Maximum permeate flow
rate, Daily production, Average permeate EC, and Average SEC.

Passive (directly-coupled)

Controlled buffering

Maximum permeate flow rate

(L/h) 230 250
Daily production (L) 1726.7 1965.7
Average permeate EC 0.3 0.1
(mS/cm) '
Average SEC (Wh/L) 22 1.9

Figure 31 shows the performance of the PV-membrane system on a partly cloudy day,

comparing results before and after the implementation of the control algorithm.
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Figure 31. System performance of the PV-membrane system on a very cloudy day: (a)

Passive (directly-coupled) experiment; (v) Salt rejection and Water recovery, (b)
Controlled buffering experiments; (v) Salt rejection and Water recovery.

The system was able to sustain an average salt rejection above 95% as illustrated in Figure

31 (a)(v) and (b)(v). However, there was a drop of 1.2% in the average salt rejection after

the implementation of the control algorithm due to factors such as an increase in dissolved

salts on the membrane surface. Despite the drop in average salt rejection, these results

show good performance as the PV-membrane system is operating within the preferred
limits of salt rejection > 90%. Additionally, there was an increase in average water
recovery from 40.2 % to 46.1% after the implementation of the control algorithm due to
the increase in permeate flow rate produced by the system, which still indicates a good

performance of the system.

Table 5 summarises the performance metrics of the P\V-membrane system under both

directly-coupled and controlled buffered conditions on a partly cloudy day.

Table 5. Summary of the system performance of the PVV-membrane system on a partly
cloudy day before and after control algorithm implementation: Average salt rejection
and Average water recovery.
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Passive (directly-coupled) Controlled buffering

Average salt rejection (%) 97.4 96.2

Average water recovery (%) 40.2 46.1

Passive (directly-coupled), uncontrolled buffering and controlled buffering experiments
were conducted on a sunny day (5 May 2016). On this day, the weather was characterised
by clear skies, which resulted in stable solar irradiance (SI) levels throughout the
experimental period. Due to these favourable conditions, there were no pump shutdowns,
typically occurring when solar energy production drops below operational thresholds. It
is important to note that the system did not achieve any buffering during this experiment,
thus keeping the bladder tank fully charged. The absence of Sl fluctuations due to the clear

sky meant that the hydraulic buffering system was not engaged.
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5. CONCLUSION & RECOMMENDATIONS

5.1. Conclusion

The research presented in this thesis addresses a critical challenge in sustainable water
solutions: the fluctuations in Sl that adversely affect the performance of PV-membrane
systems for water desalination. These fluctuations can lead to significant reductions in
both the volume and quality of permeate water produced and an increase in specific energy
consumption (SEC). The primary objective of this study was to develop a hydraulic
buffering control method that would enhance the operational efficiency of PV-membrane
systems during varying Sl conditions. By implementing a hydraulic energy storage system
utilising a bladder tank and a suitable control algorithm, the research demonstrated a novel

approach to effectively buffering periods of low SI.

The findings indicate that under adverse conditions, such as during periods of low Sl
typically associated with cloudy weather, the system was able to produce an additional
98.5 L of permeate (11.05% increase in production) while maintaining water quality
within acceptable limits established by the World Health Organization (WHO).
Furthermore, the average specific energy consumption (SEC) was reduced by 38%,
highlighting the effectiveness of the hydraulic buffering method. This innovative control
algorithm not only facilitated energy storage during periods of high solar output but also
ensured that system pressure remained stable, thereby preventing drops to zero pressure
during low irradiance periods. However, certain limitations must be acknowledged to
provide a balanced perspective. While the issue of pump shutdowns due to increased

pressure resistance was addressed, other factors such as the long-term degradation of the
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bladder tank and the sensitivity of the control algorithm to environmental changes were

not explored.

This research contributes significantly to the field of renewable energy and water
purification technologies, particularly in remote areas where access to clean water is a
pressing issue. The successful integration of hydraulic buffering into PV-membrane
systems represents a promising advancement toward achieving continuous and reliable
water purification solutions. This work not only provides a pathway for improving water
access but also lays the groundwork for future innovations in renewable energy
applications, particularly in enhancing the resilience and sustainability of decentralized

water treatment systems.
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5.2. Recommendations

Based on the findings of this study, several recommendations are proposed for future
research and practical applications. Firstly, there is a need for further optimisation of
system parameters to balance pressure management and energy efficiency effectively
during buffering periods, to prevent pump shutdowns. Secondly, it is advisable to conduct
long-term field trials of the hydraulic buffering control system in diverse environmental
conditions to validate its performance and adaptability across different geographical
contexts. Such trials would provide insights into the system's resilience against varying Sl
patterns and operational demands. Thirdly, further exploration into alternative energy
storage solutions, such as advanced hybrid systems combining multiple energy storage
methods such as batteries and hydraulic accumulators, could enhance the robustness of
PV-membrane systems during prolonged periods of low solar availability. Lastly,
policymakers and stakeholders should consider investing in pilot projects that implement
these advanced control strategies in remote communities, as this could serve as a model
for scalable solutions addressing global water scarcity challenges. By fostering
collaboration between researchers, engineers, and local communities, it is possible to
create sustainable water infrastructure that meets immediate needs and contributes to long-

term resilience against climate.
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Appendix C: Experimental Starting Procedure of the PV-powered membrane in

the laboratory

The procedures outlined below explain how to switch on and start the system:

1. Switching on all system components (excluding SAS)

1.1. Verify if the DC power supply is plugged into the AC power socket. Switch on the
DC power supply by pressing the power button and inspect if it is working properly.

1.2. Inspect the entire system to verify if all the components (excluding the SAS) are
powered and working properly.

1.3. Make sure that the inlet valve from the feedwater tank is open and the outlet valve is

off. NB: All valves cannot be closed or opened at the same time.

2. Switching on and starting the SAS

2.1. Switch on the Solar Array Simulator (SAS) by pressing the power button.

2.2. Enter the desired voltage and current values using the SAS number keypad.

2.3. Start the SAS by pressing the ON/OFF button.

2.4. Lock in the values by pressing the Lock button to avoid tempering with the power

sent to the system during operation.

3. Starting the system

3.1. Go to the PLC and ensure you are logged onto the homepage overview.

3.2. Select Go to Manuals Overview.

3.3. Select the preferred mode of system operation; directly coupled PV-membrane

system or controlled mode.
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3.4. Switch on the pump by selecting the Start/stop pump button.
3.5. Verify if the pump is switched on by checking the flow rate at any of the flow meters.

The flow rate should not be 0.00.

4. Starting the recirculating chiller

4.1.Verify if the chiller is connected to the power supply.

4.2. Open the inlet and outlet valves of the chiller.

4.3. Switch on the chiller by pressing the power button.

4.4. Input the preferred operating temperature of the feedwater (usually between 19 °C—

21 °C) that will be maintained by the chiller.

5. Data sampling

5.1. Allow the system to run for 30 minutes to stabilize the system pressure before
beginning an experiment.

5.2. Inspect if there are any leakages in the system. If so, fix the leakages.

5.3. If there are no leakages, start recording the system data after 30 minutes by selecting

the Start/stop button (insert picture) on the PLC.

Great! The system is now up and running.
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Appendix D: Percentage of valve closure corresponding to different pressure values

Table 6 shows different percentage values used to close the actuator valve to achieve

different pressure levels in the system before starting an experiment.

Table 6. Percentage valve closure

Pressure Percentage Level
(bar) (%)
2 0
3 38
4 49
) 95
6 59
7 62
8 65.5
9 68.5
10 69.5
11 71.5
12 74.3
13 75
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Appendix E: Snippets of the Hardware Configuration of the PLC and Bladder

Tank Control Algorithm Implementation

Hardware Configuration

Property Value

Panel Model USP-104-B10
Panel Horizontal Resolution | 800

Panel Vertical Resolution | 600

Local 10 Units

UIA-0800N_0
MNumber Of Analog Inputs| 8
MNoise Rejection 50Hz
AIS Input 0J 0-20mA True AIZ_Medium o 1024
AIS Input 1J0-20mA True AIZ_Medium o 1024
AIB Input 2 §0-20mA True AIZ_ Medium o 1024
AIB Input 3 §0-20mA True AIZ_None o 1024
AIB Input 4 §0-20mA True AIZ_None 1] 1024
AIB Input 5§0-20mA True AIZ_None 1] 1024
AIB Input 6§ 0-20mA True AIZ_None 1] 1024
AIB Input 7§ 0-20mA False AIS_None 1] 1024

UIA-0800N_1

Number Of Analog Inputs| 8
Noise Rejection 50Hz

Name Eleciricity Type SW Smoothing Enable 4 to 20 From To

AIS Input 0§ 0-20mA True AIS_Weak o 2047
AIS Input 1§ 0-20mA True AIS_Weak o 2047
AIB Input 2 §0-20mA True AIS_Weak o 2047
AIB Input 3 §0-20mA True AIZ_None o 2047
AIB Input 4 §0-20mA True AIZ_None o 2048
AIB Input 5§0-20mA True AIZ_None o 2048
AIB Input 6§0-20mA True AIZ_None o 2048
AIB Input 7 §0-20mA True AIZ_None o 2048




UIA-0800N_2

i
]

Number Of Analog Inputs |8

Noise Rejection 50Hz

AIS Input 0J 0-20mA True AIZ Weak o 1024
AIS Input 1J0-20mA True AI3_Weak o 1024
AI8 Input 2§ 0-20mA True AIS_Weak 1] 1024
AIS Input 3 0-20mA True AIZ_Weak o 1024
AIS Input 4§ 0-20mA False AIZ_None o 8191
AIB Input 5§0-20mA False AIZ8_None o 8191
AI8 Input 6§ 0-20mA False AIS_None 1] 8191
AI8 Input 7§ 0-20mA False AIS_None 1] 8191

UIA-0800N_3

Number Of Analog Inputs | 8

Noise Rejection 50Hz

AIS Input 0J 0-20mA True AIZ Weak 1024 JO
AIS Input 1J0-20mA True AI3_Weak 1024 JO
AIB Input 2§0-20mA True AI3 Weak 1024 10
AIS Input 3 0-20mA True AIZ_Weak 4096 |0
AIS Input 4§ 0-20mA True AIZ_None 1024 JO
AIB Input 5§0-20mA True AI3_Weak 1024 JO
AIB Input 6§ 0-20mA True AI3 Weak 1024 10
AIB Input 7§ 0-20mA True AI3_Weak 1024 |0

UIA-0800N 4

Number Of Analog Inputs |8

Moise Rejection

AIB Input 0§ 0-20mA True AIS_ Weak 1] 1023
AIB Input 1§0-20mA True AIS Weak 1] 1024
AIS Input 2 | 0-20mA True AIS_ Weak 0 1024
AIB Input 3§0-20mA True AIS Weak 1] 1024
AIB Input 4§ 0-20mA True AIS Weak 1] 1024
AIB Input 5§ 0-20mA True AIS_Weak 1] 1024
AIB Input 6§ 0-20mA True AIS_ Weak 1] 1024
AIB Input 7§ 0-20mA True AIS Weak 1] 1024
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UAGXKPXXX

UIS-WCB1 5
Number Of Digital Inputs 10
Mumber Of Digital Outputs 8
Number Of Analog Inputs 2

Number Of Analog Outputs 2
MNoise Rejection 50Hz

Digital Input{0-9) Filter in msec |8

Name Electricity Type SW Smoothing Enable 4 to 20 From To
Analog Input 0] 0-20mA AIS_None True o 1024

Analog Input 1| 0-20mA AIB_None True 0 1024

Name Sensor Type Display Type From To SW Smoothing

Temperature Input 0 (RT2) | NONE N/A 77N L7 L
Temperature Input 1 (RT3) | NONE N/A Na e e

Name From To

Analog Output 0 |0 1024

Analog Output 1 ID |1024 I
Name High-Speed Type

[ A

Name High-Speed Type
HS Block 2 | Off

UIS-WCB1 6
Property
Mumber Of Digital Inputs 10

Number OF Digital Qutputs
Number Of Analog Inputs

[=2]

Number Of Analog Outputs 2
Noise Rejection 50Hz

Digital Input{0-9) Flter in msec |8

Name Electricity Type SW Smoothing Enable 4 to 20 From To
Analog Input 0 | 0-20mA AIZ_None False 0 16383

Analog Input 1|0—2[}n‘m IAIB_None I False IO |16383|
Name Sensor Type Display Type From To SW Smoothing

Temperature Input 0 {RT2) |[NONE N/A N Inaln/a
Temperature Input 1 (RT3) [NONE N/A wia o Irvaln/a

Analog Output 00 8191
Analog Output 10 8191

Name High-Speed Type

[

Name High-Speed Type

HS Block 2| Off
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