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Abstract: The potential for lithium-ion (Li-ion) batteries and supercapacitors (SCs) to overcome
long-term (one day) and short-term (a few minutes) solar irradiance fluctuations with high-temporalresolution (one s) on a photovoltaic-powered reverse osmosis membrane (PV-membrane) system was
investigated. Experiments were conducted using synthetic brackish water (5-g/L sodium chloride)
with varied battery capacities (100, 70, 50, 40, 30 and 20 Ah) to evaluate the effect of decreasing
the energy storage capacities. A comparison was made between SCs and batteries to determine
system performance on a “partly cloudyday”. With fully charged batteries, clean drinking water was
produced at an average specific energy consumption (SEC) of 4 kWh/m3 . The daily water production
improved from 663 L to 767 L (16% increase) and average electrical conductivity decreased from
310 µS/cm to 274 µS/cm (12% improvement), compared to the battery-less system. Enhanced water
production occurred when the initial battery capacity was >50 Ah. On a “sunny” and “very cloudy”
day with fully charged batteries, water production increased by 15% and 80%, while water quality
improved by 18% and 21%, respectively. The SCs enabled a 9% increase in water production and 13%
improvement in the average SEC on the “partly cloudy day” when compared to the reference system
performance (without SCs).
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1. Introduction
1.1. Water Scarcity
The provision of potable water via brackish water desalination powered by solar
energy is an attractive option for coping with the scarcity of natural freshwater resources
in many regions worldwide. The International Energy Agency has reported that around
45% of the population of Sub-Saharan Africa lives without access to electricity, with this
figure dropping to 26% in rural areas [1]. It is estimated by the United Nations that over
330 million people in Sub-Saharan Africa are still relying on unimproved drinking water
sources (unprotected wells, springs and surface water) [2]. A direct correlation exists
between the availability of electricity and drinking water, with the effect of energy poverty
indicating that the population living with electricity is also very likely to have access to
an improved water source (and vice versa) [3]. Thus, opportunities for decentralized
technologies exist for the applications where little water and energy infrastructure exists
and the population density is sparse.
When examining desalination technologies, nanofiltration/reverse osmosis (NF/RO)
membranes have gained the highest level of acceptance due to a modular design, easy scaling of capacity and their low specific energy consumption (SEC). While several emerging
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desalination technologies—such as membrane distillation (MD), forward osmosis (FO),
pervaporation and capacitive deionization (CDI)—are being developed, only bench-scale
systems have been demonstrated [4]. MD technology is a thermal-driven process that
operates at atmospheric pressure and high salt rejection for seawater desalination, yet
it exhibits high energy consumption and low water production [5]. FO appears to be
promising for desalinating extremely saline water—containing a total dissolved solids
(TDS) of >100,000 mg/L—that cannot be treated with RO [5]. Pervaporation can cope with
a wide range of saline water with high rejection (>99.99%), but the choices of membrane
material and low flux remain as obstacles in its development [5]. CDI is an electrochemical desalination technology based on the electrosorption of ions by porous electrodes.
Several challenges exist for the identification of optimum material for manufacturing
electrodes [5]. Other electrically driven separation desalination processes—such as electrodeionization (EDI) and electrodialysis (ED)—transport charged ions in a solution by
utilizing an electric field. EDI is an energy-efficient option for brackish water desalination.
Whilst ED exhibits significant promise and is well-suited for treating lower salinity feedwater (<1700 µS/cm) [6], it remains much less developed than NF/RO membrane technology.
Many remote regions of developing countries that possess a significant solar energy
resource are also located far away from the coast, thus suggesting that the most energyefficient treatment option would be the desalination of brackish groundwater. For such
applications, pilot-scale NF/RO membrane technology has been widely used as an energyefficient and robust option for the provision of clean drinking water [7,8]. In order to make
the desalination technology more sustainable, renewable energy sources are increasingly
deployed for providing the energy requirements. When renewable energy-powered membrane (RE-membrane) systems are deployed in remote areas that lack an electricity grid,
such decentralized technologies can provide an ideal solution. In particular, photovoltaic
(PV) energy has become an affordable source of clean electricity due to steady price declines over the last decade [7] and is currently (2020 data) one of the cheapest sources
of electricity [9]. When examining energy efficiency and cost estimations, many of the
emerging technologies are based on bench-scale systems. In addition, the majority of these
technologies are typified by having a high energy consumption. Recent investigations at
the Plataforma Solar de Almeria indicated that vacuum-assisted air gap MD technology
could reduce the SEC [10,11]. The pilot MD system for seawater desalination – which
exhibited an electrical conductivity (ED) of 37–40 mS/cm – exhibited a thermal SEC of
208 kWh/m3 and an electrical SEC of 5–20 kWh/m3 [10]. However, the water cost was
hardly comparable due to the large data variations and different applications from the
literature [11]. Unfortunately, no reliable energy and cost data on a solar-powered FO
desalination system can be found. The electrical SEC of pervaporation technology indicated
a value < 0.3 kWh/m3 , but a considerable thermal energy was required for heating and
maintaining the feed stream [12]. Various models suggested have shown that CDI could
operate with a SEC of less than 1 kWh/m3 for low-salinity brackish water but remains
less energy-efficient than RO [13–15]. In a pilot 1-kW photovoltaic (PV)-powered membrane CDI system for treating 6700-µS/cm brackish water, the system exhibited a low SEC
(the sum of battery, pump and power supply associated with an electrode) in the range
of 0.7–1.1 kWh/m3 for producing 5-m3 /d potable water [16]. For other electrochemical
systems, an EDI system performed with an SEC in the range of 0.3~0.7 kWh/m3 when
treating water with a TDS of 5 g/L [17]. However, these SEC values were not consistent, as
many values stem from bench-scale systems operating with a low-feed salinity and salt
removal. Comparatively, in a field demonstration of a solar-powered ED reversal system
in rural India for treating ground water (salinity of 2100–2500 µS/cm), the solar system
produced 6 m3 /d, with a SEC of 1.7 kWh/m3 and an estimated levelized cost of water of
US$ 1.9/m3 [18]. A RO system typically exhibited a SEC in the range of 0.6–4 kWh/m3 for
desalinating brackish groundwater (depending on the salinity of the water and the size
of the system) at a low water cost of US$ 0.2–0.4/m3 [19]. Hence, PV-powered membrane
filtration (PV-membrane) systems appear attractive for small-scale (~1 m3 /d), distributed
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and robust systems where no electricity is present [20], and it is envisaged that these can
potentially help break the paradigm of the water–energy nexus [3].
1.2. Directly Coupled PV-Membrane System
The concept of directly coupled PV-membrane systems—where no energy storage
components are included—is to capitalize on the ability of the system to easily, efficiently
and cost-effectively store clean drinking water that was created during hours of sunshine,
instead of storing electricity. Several reports have demonstrated the successful operation
of directly coupled renewable energy-powered membrane (RE-membrane) systems, the
challenge of which is naturally dealing with the intermittency and fluctuations inherent to
the wind and solar energy resource [20–30]. In the group of Murdoch University, Mathew
et al. designed a PV-membrane system for brackish water desalination based on a piston
pump with 120-W PV power that was capable of producing 400 L/d of potable water with
a recovery of either 16% or 25% [24,25,27]. The group of Infield et al. designed a directly
coupled RO desalination system that could be powered by wind or PV energy [26,28,29].
Thomson and Infield reported the PV-membrane system for seawater desalination, which
produced ~1.5 m3 /day of permeate at a SEC of 4 kWh/m3 [26]. Bilton et al. designed a
battery-less PV-membrane desalination plant, which enabled a clean water production of
300 L on a sunny summer day with an overall SEC in the range of 2.5–4 kWh/m3 [31]. In
a final example, Ruiz-García and Nuez [32] investigated the long-term performance of a
RO desalination plant operating under intermittent conditions for 14 years (around nine
h/d) when treating brackish groundwater with conductivity in the range of 7–9.6 mS/cm.
The results indicated a specific energy consumption (SEC) in the range of 1.8–2.2 kWh/m3 .
Such directly coupled systems can potentially exhibit higher efficiency when no batteries or
additional electrical devices are incorporated, leading to a higher output power due to less
power loss. However, because such systems are subject to fluctuations and intermittency
from the RE source, this can result in a lower permeate quality and productivity [25,26,33].
A further economic issue is the underutilization of the equipment—due to operating only
during the day—that ultimately affects the cost of water.
1.3. Energy Storage Options for Small-Scale PV Systems
Short-term energy buffering has been introduced to PV-membrane systems via the
addition of supercapacitors (SCs) with a suitable charge controller. SCs have proven to be
good candidates for short-term energy buffering [33–36], with the technology being chosen
due to its ability to endure hundreds of thousands of charge/discharge cycles, as well as
being able to provide a large amount of instantaneous power. For example, Soric et al.
developed a regulator with the use of relays and a 250-F supercapacitor (maximum voltage
of 32 V) to stabilize the solar power supply to the pump in a PV-membrane desalination
system [36]. The system exhibited a SEC of 2.9–4.3 kWh/m3 when treating brackish
water, synthesized using 8–22 g/L of sodium chloride (NaCl). Further advantages of SCs
are the high efficiency (85–98%) of energy storage [37] and the relatively long lifetime
(8–12 years) [38,39], significantly longer than classical lead–acid (LA) batteries. However,
the disadvantage of SCs are, firstly, the high self-discharging rate, which was calculated to
be 1.5% per day in a previous work [40]. This is significantly higher than that encountered
with either LA or lithium-ion (Li-ion) batteries, which achieve 5% per month and 1% to 2%
per month, respectively [37]. Secondly, the amount of electrical energy that can be stored in
SCs is much more limited than that in batteries, typically only providing energy buffering
for a period of minutes [34].
For long-term electrical energy storage, LA batteries remain the most common solution
applied to PV systems due to their global availability and relatively low cost [37,41]. There
are several studies of the successful operation of RE-membrane systems that incorporate
LA batteries. A seawater desalination plant equipped with a 4.8-kWp PV array and 60 kWh
of LA battery storage was installed on the island of Gran Canaria, Spain, being capable
of providing 0.8–3 m3 /d of drinking water [42]. The lower limit of the amount of energy
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stored in the batteries remained ~19 kWh. This corresponds to a depth of discharge (DoD)
of 32%, a value that should be remained above in order to prevent damage and extend
the lifetime of the batteries. The batteries enabled an improvement of water production
by ~15% compared to the daily water production of 800 L without batteries being present.
A small-scale PV-membrane pilot plant that was installed at a vocational training center
in Northern Tanzania [43] was equipped with 2.25-kWp PV power and 2.2-kWh batteries
(battery technology not stated), which allowed for two hours of an additional operation
when no PV power was available. The system was operated successfully over a ninemonth period, with a water production of 2.4 m3 /d at a SEC of 4.4 kWh/m3 when treating
feedwater with an electrical conductivity (EC) of 3000 µS/cm [43]. Another small-scale
PV-membrane desalination system was designed with 2 kWp of PV power and 2.4-kWh LA
batteries in Malaysia [44]. The system was capable of producing 5.1 m3 of clean water per
day (10 h) at a SEC of 1.1 kWh/m3 while treating brackish water at a salinity of 2000 mg/L.
Batteries were used to provide a stable current supply and store energy during cloudy
weather. The total hours of autonomy via the addition of batteries during the daytime
and nighttime operation modes (10 h of operation per day) were tested to be ~22 h and
24 h, respectively; however, the number of hours of autonomy afforded by the battery bank
declined to 11 h after one year of operation during the daytime due to the high ambient
temperature (exceeding 35 ◦ C). The overall disadvantages of LA batteries are their low
roundtrip efficiency of 75–84%, limited number of charging/discharging cycles (~2000) [45],
reduced operational lifetime (three–five years) and DoD of higher than 50% [37].
Alternatively, Li-ion batteries—which are already commonplace in transportation
applications due to their high energy density—are becoming increasingly popular in ongrid PV systems. This is primarily due to their increased number of charge/discharge
cycles (4000) and long lifetimes (10 years) [46], whilst also exhibiting a higher efficiency
(>90%) [46] and DoD > 80% [47] and reduced cost per kWh [48]. In 2015, Mueller et al.
emphasized that Li-based batteries would play an increasingly important role and were
more attractive than other energy storage technologies due to their ongoing innovation [49].
Moreover, with the reduced cost per kWh of the Li-ion batteries, they are considered to
be promising energy storage units for fluctuating RE systems and will emerge as a very
competitive technology for medium- and long-term PV applications [50]. Tan et al. [51]
applied 2 kWh of Li-ion batteries as an energy storage solution for on-grid PV systems in
the range of 10–30 kWp . The batteries allowed short-term (3–30 min) power leveling of
schools and buildings that were equipped with PV generation systems. Li-ion batteries
were also employed in a residential PV system, which was analyzed by simulations to gain
insights into the sizing and grid integration issues [52]. The system was sized with 4 kWp
of PV and a Li-ion battery bank with a capacity of 4 kWh (converted by battery capacity
times voltage, Ah·V·10−3 ). The state-of-charge (SOC) of the battery was constrained to a
20–80% (of the nominal battery capacity) range and enabled an extra six hours of energy
provision at night [52].
1.4. System Control with Energy Storage Options
Several control strategies have been implemented in the RE system that are equipped
with energy storage units. SCs have been used in combination with batteries to extend the
battery lifetime by buffering the peak current pulses and reducing the charge/discharge
cycles in the battery. Glavin et al. [53] designed a hybrid SC–battery energy storage system
for a PV system, where the SCs supplied the high peak power while the battery supplied
the low power in terms of operating conditions. It was concluded that the addition of
SCs increased the battery SOC by 12% under peak load, hence reducing the size of the
battery and avoiding a deep discharge of the batteries. Bludszuweit et al. [54] proposed
a hybrid battery and SCs for large-scale grid-connected wind turbine systems in order to
smooth fluctuations. The LA batteries smoothed the power output for ~10 min, while the
SCs absorbed the short transients in energy (1–10 s) that prevented the current peaks from
reaching the battery. These applications highlight the feasibility of coupling SCs in parallel
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with batteries to RE systems to improve the performance with the inherent variability of
the resource and the ability of SCs to reduce the size of the battery so that the cost can
be reduced. Mehr et al. [55] proposed a current control scheme for Li-ion battery energy
storage systems (energy storage capacity of 0.55 kWh) that was designed based on the SOC
of the batteries for load leveling and peak shaving of the on-grid system. A bidirectional
converter was designed to transfer power in both directions by including a current control
loop. Provided the SOC is limited to the upper and lower thresholds, the simulated results
indicated that the batteries absorbed 35-W power from the grid while injecting 200 W
of power to the grid in a time period of 25 ms (corresponding to the energy capacity of
10−3 Wh). The energy transfer of the bidirectional alternating current (AC)/direct current
(DC) converter was confirmed.
1.5. Research Needs
It has been demonstrated that off-grid PV-membrane systems can function from a
varying RE source. The usage of SCs and LA batteries for storing energy has been elaborated in several studies, while the application of Li-ion batteries in off-grid PV systems—in
particular, with the impacts on the SEC, water quality and quantity—needs further investigation due to its high energy intensity and large charging/discharging cycles. Furthermore,
experiments comparing the performance of different energy storage options—SCs vs.
Li-ion batteries vs. the reference (directly coupled) system without storage—need to be
conducted. In this paper, the following research questions will be addressed:
(i)

How does the addition of up to one day’s worth of energy storage via Li-ion batteries affect water production and the SEC of a PV-membrane system operated under a variety of weather conditions (so-called “partly cloudy”, “sunny” and “very
cloudy” days)?
(ii) What are the effects of using different amounts of battery storage capacity (realized
by limiting the initial SOC of the batteries) on the PV-membrane system?
(iii) What are the impacts of different energy storage options on the PV-membrane system
when compared with SCs and Li-ion batteries?
Previous research by the authors resulted in the design of a PV-membrane system
coupled with SCs [40], which, in this work, was used to investigate the performance of
such systems under real weather conditions. The system setup, including Li-ion batteries,
was based on a modified version of the system described in Li et al. [40] by (i) reconfiguring
the PV characteristics (PV maximum point voltage and current), (ii) adding a new charge
controller to regulate the power from the PV to the Li-ion batteries and load (the pump
and membrane system) and (iii) adding a DC/DC converter to boost the output voltage of
the batteries to assure the operation of the pump. This setup was used to study the impacts
of Li-ion batteries and then enable the comparison with SCs on the PV-membrane system
performance under real solar days.
2. Materials and Methods
2.1. PV Membrane System Description
The filtration experiments were conducted with a PV-membrane system—comprised
of both ultrafiltration (UF) pretreatment and NF/RO membranes—that was equipped with
either a Li-ion battery bank or SCs as energy storage components. A system schematic
is shown in Figure 1, while the majority of the present system components have already
been described in a previous paper [40]. Briefly, a solar array simulator (SAS; Chroma
62000H; Taiwan) was used to simulate the output of the PV panels (detailed below) to
ensure the reproducibility of the experiments—using real-world measured solar irradiance
(SI)—being conducted in an indoor laboratory. A helical rotor pump (Grundfos SQFlex
0.6–2 N; Denmark) was employed to achieve the desired pressure and flowrate. The pump
can be operated over a very wide voltage range (30–300 Vdc ). It should be noted that the
pump has a built-in maximum power point tracker (MPPT) that is designed to extract the
maximum power available from the PV panels.
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Figure 1. Schematic of the photovoltaic (PV)-membrane system equipped with a lithium-ion (Li-ion) battery pack or
supercapacitors (SCs) for energy storage. Note the directly coupled system is configured by connecting the solar array
simulator (SAS) to the pump, and the change between the battery and SC configurations is manually switched. All sensors
for measuring flow, pressure, conductivity, voltage (V) and current (I) are connected to a data acquisition card (DAQ) and
computer. The solid lines represent the hydraulic connections, while dashed lines represent the electrical connections. Note:
The numbers indicate the valves within the system: 1 : safety valve, 2 : check valve and 3 : needle valve for creating back
pressure. NF/RO: nanofiltration/reverse osmosis, UF: ultrafiltration and DC: direct current.

For electrical energy storage, two lithium iron-phosphate (LiFePO4 ) battery packs
(Power Brick 24 Vdc and 50 Ah, PowerTech Systems, France) were connected in parallel to
provide a maximum battery capacity of 100 Ah for the PV-membrane system. A charge
controller (Victron MPPT 100/20, the Netherlands) was used to regulate the charging and
discharging behaviors of the batteries with a maximum current up to 20 A (claimed—this
was actually 15 A in practice). A DC/DC converter (MeanWell SD-500L-48, Taiwan) was
used to convert the battery voltage from 24 Vdc up to 48 Vdc in order to supply a suitable
voltage to drive the pump. Pairs of current (DRF-IDC, Omega, Bridgeport, N.J., USA) and
voltage (DRF-VDC, Omega, Bridgeport, N.J., USA) sensors were installed to measure the
electrical characteristics of both batteries and pump. These sensors were monitored to
determine the status of the pump and batteries (charging or discharging).
The other energy storage option was twelve SCs (Maxwell Boostcap BPAK0058-E015B01; San Diego, California, USA) connected in a series to achieve a maximum output
voltage of 180 V and a capacitance of 4.8 F. A charge controller was designed based on preset
voltage thresholds to control the state of the pump (on/off) and the charging/discharging
behaviors of the SCs, as described previously [40]. It should be noted that the switching of
the energy storage options (Li-ion vs. SC vs. reference) is carried out manually.
Inline sensors for measuring the pressure, flowrate and EC were installed in feed,
permeate and concentrate streams of the PV-membrane system to monitor instantaneous
performances during transient periods (details found in [40]). All the sensors exhibited
a response time of 1 s or less, and their outputs were recorded using a data acquisition
card (DAQ, National Instruments 6229; Austin, Texas, USA) and displayed instantaneously
on a computer running LabVIEW for data logging and control. A needle valve in the
concentrate stream (see 3 in Figure 1) was used to regulate the desired back pressure
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for the system. Throughout all the experiments, the permeate and concentrate streams
flew back into the feed tank to maintain a constant feed concentration. The feedwater
temperature was maintained at 20 ± 0.5 ◦ C via a chiller (Julabo, FC600).
2.2. Water Quality and Membrane Type
The feedwater was prepared using deionized water and NaCl (Sigma-Aldrich, general
purpose grade) to create synthetic brackish water with a salt concentration of 5 g/L.
The concentration was calculated from EC values that were measured with conductivity
electrodes (Bürkert 8222, Germany) using a conversion factor of k = 0.59, determined by
calibration with NaCl dissolved in deionized water (BWT Moro 350, Germany) at 20 ◦ C.
The UF membrane (DuPont Dizzer P4040-6.0, Wilmington, Delaware, USA, membrane
area: 6 m2 [56]) was chosen as a pretreatment to remove large particles and protect the RO
membrane against fouling, while a loose 4” spiral-wound brackish water RO membrane
(DuPont BW30-4040, Wilmington, Delaware, USA, [57]) was used for desalination. The
BW30 membrane exhibited 24% recovery and 97.5% retention when treating 5-g/L NaCl
saline feedwater with the system operating at 300 W of power and a transmembrane
pressure (TMP) of 10 bar under steady-state conditions [40]. The membrane-specific
parameters (flux, TMP, retention, recovery and SEC) were calculated using well-known
relationships, detailed in Equations (1) to (5) [58,59] below.
J=

QP
,
A

(1)

where J represents the flux (L/m2 ·h), A is the membrane-active area (m2 ), and Qp is the
permeate flowrate (L/h).
TMP =

Pinter−vessel + PC
− Pperm ,
2

(2)

where TMP represents the transmembrane pressure, Pinter-vessel is the pressure after the UF
membrane (bar), PC is the pressure in the concentrate stream (bar), and Pperm is the relative
pressure of the permeate side (0 bar)


ECP
R = 1−
× 100 % ,
(3)
ECF
where R represents the recovery (%), ECP and ECF represent the electrical conductivity of
permeate and feed (µS/cm), respectively.


QP
Y=
× 100 % ,
(4)
QF
where Y represents the recovery (%), QP and QF represent the flowrate of permeate and
feed stream (L/h), respectively.
Ppump
SEC =
,
(5)
QP
where SEC represents the specific energy consumption (kWh/m3 ), Ppump is the electrical
power of pump motor (W).
2.3. Solar Energy and “Solar Days”
Solar irradiance data with 1-s resolution were collected via an irradiance sensor
(meteocontrol; SI-12-TC, Germany) at the KIT Solar Park—a 1-MW PV system located on
the KIT campus in Karlsruhe, Germany (latitude: 40◦ 000 33.73”, longitude: 82◦ 40 15.98” E)—
and used as the input for the SAS. The SI data were converted into a current–voltage (I–V)
curve via the built-in Sandia formula [60], while the module temperature was provided via
an external temperature sensor.
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There were two different settings for the SAS for the experiments conducted using i)
batteries and ii) SCs (as well as the battery-less reference directly coupled with the pump).
Both configurations rely on simulated PV panels with a 500-W maximum point power (Pmp )
under standard solar radiation conditions (SI = 1000 W/m2 ) and a module temperature of
25 ◦ C. The SAS parameters used for battery configurations were set as follows: Vmp = 75.2 V
(voltage at maximum power) and Imp = 6.6 A (current at maximum power), with a fill
factor (FF) of 75% and a relative temperature coefficient of the maximum power (Pmp )
−0.41%/◦ C. For the SC configurations, the SAS was used to simulate the output of an
array of five 100-W silicon PV modules (Sunmodule SW100 Poly [61]) connected in a
series. These PV modules resulted in a high system voltage at the maximum power point
(Vmp = 188 Vdc ) that could be used to charge the SCs. The PV module specifications—Pmp ,
FF and temperature coefficient—were kept the same as mentioned above, along with the SI
used as inputs for the SAS. The FF is defined as the ratio of the Pmp of the solar cell to the
product of the open-circuit voltage (VOC ) and short-circuit current (ISC ) and is essentially a
measure of the efficiency of PV modules. The temperature coefficient affects the output
power of the PV panels, such that, as the temperature of the PV panel increases, the output
power decreases. Note that the PV settings for the batteries were based on those used
for previous SC experiments [40]; however, here, the PV area was scaled up by 25% in
order to get a higher current and maintain the same voltage; hence, four PV panels were
connected in a series to obtain a PV power of 500 W. The SAS combines all of these inputs
to determine the PV power output at all times of the day.
The SI data were chosen to represent very different levels of fluctuations that occurred
within one year of data (2016) —namely, (i) a “sunny day” (5 May), (ii) a “partly cloudy
day” (26 May) and (iii) a “very cloudy day” (13 October), as illustrated in Figure 2A. To
demonstrate the impacts of SI on the performance of the system without Li-ion batteries, the
PV output power on the three “solar days” is plotted in Figure 2B. The module temperature
data is presented in Figure 2C for further comparisons. Note that the measurements can be
slightly different from real weather conditions due to the occurrence of dust or shadows
on the PV panels. On the “partly cloudy day”, several sharp drops in the SI occurred in
the periods around 8:30, 11:00–13:00 and 14:30. The timeframe of these fluctuations in the
SI was typically seconds to minutes. The SI on a “very cloudy day” exhibited periods of
large fluctuations as thick clouds passed overhead from 7:30 to 14:30, and subsequently,
the already low SI dropped steadily from 14:30 to 15:30. The “sunny day” illustrated a
typical SI in the range of 100–900 W/m2 . The SI does not reach 1000 W/m2 due to the
season in this latitude (beginning of May in Germany) and the temperature exceeding
25 ◦ C (see Figure 2C). It can be seen from Figure 2B that the maximum PV power output
maintains ~400 W when it reaches the maximum SI, and the power saturation occurs at
SI > 800 W/m2 . Note that saturation is defined as the state when no more PV power can be
used. The testing durations on “very cloudy”, “partly cloudy” and “sunny” days were 8 h
30 min, 9 h and 11 h, respectively—the latter two being significantly longer, as May is closer
to the summer equinox (21 June). It should be noted that all experiments commenced after
7 a.m., when the SI > 300 W/m2 , in order to have adequate power to start the system and
produce permeate.
When these varied “solar days” were reflected in a regional climate, a rough and
simplified estimation of the distribution of the three different weather conditions was
carried out based on an 18-month research campaign in Tanzania 2012–2014 [62]. The “very
cloudy day” (daily average solar irradiance of 4 kWh/m2 /d, assuming 10 h of sunshine)
was an indicator for a typical day in the rainy seasons, of which there are two in Northern
Tanzania, with an amount of rainfall from 50–200 mm per month. The “short” rainy season
occurred from mid-November to mid-January, while the “long” rainy season was from
March to May. The “sunny day” (average solar irradiance of 7 kWh/m2 /d, assuming
10 h of sunshine) was indicative of the performances during the dry season. Hence,
seven months of each year were estimated to encompass the dry seasons in Northern
Tanzania. Consequently, the annual solar irradiance was added up to 2070 kWh/m2 /y,
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which roughly agrees with previously published annual solar irradiance values (the city
of Arusha exhibited an annual solar irradiance of 2420 kWh/m2 /y) [63]. Therefore, for
this location, roughly 210 days were estimated to be “sunny days”, and the rest of the
days were “very cloudy days”. However, it needs to be noted that this is a very rough and
simplified estimate as an example, and the distribution of solar days is very dependent on
local weather conditions.

Figure 2. Variations of the amount of sunlight (plotted as (A): solar irradiance, (B): PV power and
(C): temperature) as a function of time on different “solar days”, illustrating a “sunny day”, “partly
cloudy day” and “very cloudy day”. Data were taken from the KIT Solar Park on 5 May 2016,
26 May 2016 and 13 Oct 2016, respectively.

2.4. Lithium-Ion Batteries Sizing
In order to estimate the capacity that is required for batteries to supplement the PV
output power under a worst-case scenario (“very cloudy day”) and to bring it up to the
amount generated under a best-case scenario (“sunny day”), the total additional energy
required for one solar day (Etot ) is calculated in Equation (6):
Etot =

Z

Psunny dt −

Z

Pvery cloudy dt,

(6)

where Psunny and Pvery cloudy represent the PV output power (W) on a “sunny” and a “very
cloudy” day, respectively, while t is the operation time (h) over the entire day. The estimated
total additional energy required during one solar day was calculated to be ~1.5 kWh
(marked in Figure A1 in Appendix A.1).
An equation that is commonly used to determine the battery capacity and that
accurately selects and sizes the battery pack for the stand-alone system is given by
Equation (7) [64]:
Etot
Taut
Cx =
·
,
(7)
Vdc DoDmax
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where Cx is the required battery capacity (Ah) at a specified discharge rate x, Etot is the total
energy required over one day, as mentioned above (Wh), Vdc is the dc nominal voltage (V),
Taut is the number of days of autonomy and DoDmax is the maximum depth of discharge of
the battery (%). Assuming the battery voltage = 24 V, Taut = 1 (assuming that there will
always be some power generated by the PV panels, even during a worst-case scenario like
on a “very cloudy day”) and DoDmax = 80%, the total battery capacity is calculated to be
~84 Ah (energy capacity of 2 kWh). Hence, two batteries connected in parallel exhibit a
voltage of 24 V and a nominal battery capacity of 100 Ah (energy capacity of 2.4 kWh), and
the discharge rate x is calculated to be 0.2 C, assuming the maximum required discharge
current from the pump is 20 A (detail found in the datasheet [65]).
2.5. State-of-Charge Estimation
One way of expressing the energy storage capacity of a battery is via the SOC. An
alternative way to represent the capacity is the DoD, which is most frequently applied
when discussing the lifetime of a battery after repeated use. The SOC indicates the amount
of capacity available in the battery as a fraction of the total nominal capacity, while the
DoD indicates the usage of the battery capacity as a fraction of the initial total nominal
capacity. Here, the initial SOC was varied in order to simulate having a battery bank with
a range of energy storage capacities. The initial SOC of the Li-ion batteries was calculated
based on the VOC method that was used by Baccouche et al. [66] at the beginning of each
experiment. The SOC-VOC characteristics of a Li-ion cell were divided into eight segments
by approximating the piecewise linear curve, with each segment expressed as a linear
relationship, as shown in Equation (8):
SOC = f (Voc ) = a·Voc − b,

(8)

where the varying coefficients a and b (%/V) are dependent on the VOC intervals [66,67].
Assuming a single lithium-ion cell has a VOC of 3.6 V [68], the equation is adapted with a
factor of 7 to have an output voltage of 24 V. The VOC was firstly measured, and then, the
initial SOC was calculated based on this method, which was implemented in a computer
running LabVIEW. The calculations of the SOC during the experiments were estimated by
the Coulomb counting method [66]:
SOC = SOC0 +

1
Qrated

Z t0 + τ
t0

Ib dτ ·100

(9)

where SOC0 is the initial SOC, Qrated is the rated capacity of the battery (Ah; here, higher
than Cx ), Ib is the current of the battery (A), t0 is the initial time (h) and τ is the time interval
of charging/discharging (h).
2.6. Supercapacitors Energy Buffering and Charge Controller
For the final experiments conducted in this work, SCs were applied as the other
energy storage option in the PV-membrane system to buffer short-term fluctuations and
intermittency on the “partly cloudy day”. A charge controller based on preset voltage
thresholds (Vpump_off , Vpump_on , Vcharging_off and Vcharging_on ) was designed to control the
state of both the pump (on/off) and the SCs (charging/discharging). Full details about
the charge controller and flow chart detailing all the operational states can be found in
a previous paper [40]. In the present work, the difference of the charge controller is that
the charge off/on thresholds were activated in order to control the depths of the charging
and discharging of SCs throughout the whole day. In order to avoid previously reported
conflicts with the built-in MPPT of the pump [40], a positive temperature coefficient (PTC)
lamp was connected in a series with the pump to increase the inner resistance. The variable
resistance was used to buffer the sudden changes caused by the built-in MPPT between
the SCs and SAS. This leads to an average power loss of ~50 W via the PTC lamp on this
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solar day; thus, ultimately, an improved control system is required in the future that does
not induce such a large loss.
2.7. Experimental Design
Experiments were carried out to evaluate the impacts of Li-ion battery storage on the
system performance when incorporating fluctuations and intermittency (different “solar
days”), focusing on the impact on water production and SEC. Particularly, on the “partly
cloudy day”, the final tests were conducted with SCs to enable comparisons with the results
of the batteries. The experiments conducted are specified below:
(i)

Operation on the “partly cloudy day”: The system performance using the BW30
membrane (5-g/L NaCl feedwater) on the “partly cloudy day” was determined to
examine the directly coupled system performance (no energy storage) when subjected
to real weather conditions. Comparisons of the system performance—in particular,
the permeating production and SEC—were made between the reference (directly
coupled without energy storage) and fully charged Li-ion batteries on that day.
(ii) Operations on other “solar days”: The experiments (using the BW30 membrane and
5-g/L NaCl feedwater) were conducted with and without fully charged batteries
(100% SOC) on the “very cloudy” and “sunny” days to evaluate the impacts of
batteries on the dynamic characteristics of the PV system when subjected to different
solar conditions.
(iii) Operation with different battery capacities: The initial SOC varied over a wide
range (70%, 50%, 40%, 30% and 20%) and was tested on the “partly cloudy day” to
investigate how the PV-membrane system would respond if it was equipped with a
smaller capacity battery bank—in particular, with respect to the SEC, permeating EC
and production. The varied initial SOCs correspond to the energy storage capacities
of 1.7, 1.2, 1, 0.7 and 0.5 kWh of the Li-ion batteries.
(iv) Comparison between Li-ion batteries and SCs: To examine the impacts of different
energy storage technologies on the PV-membrane system, the system performances
were compared when equipped with SCs and a charge controller and fully charged
Li-ion batteries on the “partly cloudy day” with the same PV power rating.
3. Results and Discussion
3.1. Operation Carried out on the “Partly Cloudy Day” (With and without Fully
Charged Batteries)
To demonstrate the effects of adding one day’s worth of energy storage to the water
production and SEC to the PV-membrane system, comparisons of the system performance
on the “partly cloudy day” were performed as shown in Figure 3. When batteries were
used, the motor power consumption remained constant around 350 W throughout the
entire period (Figure 3A, black curve). This is ~20 W higher than the motor power when no
batteries were implemented in the system during the middle of the day (Figure 3A, grey
curve). This occurred, because the pump was always seeking to extract the desired current
from the power source (both PV and batteries). Hence, the discharging current of the
batteries was added to the PV current to supply the pump. As a result, the batteries were
discharged continuously throughout the day, resulting in the drop of the SOC from 100% to
20% (Figure 3B). Comparing the maximum PV output power (light blue in Figure 3A) and
the pump power, this resulted in ~50 W power losses in the additional electronics—namely,
the batteries (efficiency of 96% [65]), DC/DC converter (efficiency of 88% [69]) and charge
controller (efficiency of 98% [70]). This resulted in a total efficiency of power delivery to
the pump motor of 83%. A further reason for high power consumption is that the motor is
supplied with a constant voltage of 48 Vdc when connected to batteries. This relatively low
voltage limits the ability of the pump motor to start [71] and also draws a higher current,
which, in turn, reduces the motor efficiency further and results in greater resistive losses.
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Figure 3. Performance of the PV-membrane system shown, firstly, with fully charged battery storage (100% initial stateof-charge (SOC), black curves) and, secondly, the reference system without energy storage (grey curves) on the “partly
cloudy day”: (A) power, (B) SOC, (C) transmembrane pressure of UF membrane (TMPUF ), (D) transmembrane pressure
of RO membrane (TMPRO ) (E) flux of RO membrane (fluxRO ), (F) flux of UF membrane (fluxUF ), (G) retention/recovery,
(H) permeate electrical conductivity (EC), (I) production and (J) specific energy consumption (SEC).

As a result, the low system efficiency leads to a low TMPRO and, hence, a RO flux (black
curve in Figure 3C,D). In comparison, the TMPRO and RO flux (grey curve in Figure 3C,D)
followed the same trend as the changes in the SI when the system was operated without
batteries. This is due to the driving force that change with the variations of the SI for the
desalination process by providing the hydraulic pressure needed to overcome the osmotic
pressure of the feedwater, hence affecting the recovery and retention that are controlled by a
mass transfer at low pressure (grey curve in Figure 3E) and ultimately result in fluctuations
in the permeate EC (grey curve in Figure 3F) and SEC (grey curve in Figure 3H).
Further, it can be seen from the weather conditions on the “partly cloudy day” that
the motor power (grey curve in Figure 3A) directly followed the changes in SI when no
batteries were deployed. It dropped to 0 W several times during periods of fluctuations and
intermittency due to the lack of energy from the PV panels, resulting in system shutdowns.
The impact of adding batteries was clearly reflected in the TMP and flux (black curve in
Figure 3C,D), where the operation was very constant due to the fact that power could be
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drawn from the batteries continuously throughout the day. Overall, the recovery of ~30%
(Figure 3G) resulted in an average permeate EC of 294 µS/cm (Figure 3H (World Health
Organization guideline value of 1000 mg/L (1700 µS/cm) [72]) and SEC of ~4 kWh/m3
(Figure 3J).
Another concern for the system operations is the potential brine disposal, which is a
crucial environmental issue and, in more concentrated seawater applications, may comprise
up to 33% (worst case) of the total cost of the seawater desalination process [73]. In largescale seawater desalination plants, brine is commonly discharged into the sea, with costs
ranging from US$ 0.05/m3 to US$ 0.3/m3 [74,75], causing significant environmental issues
on marine ecosystems [73]. In small-scale brackish water desalination plants, brine can be
discharged into the sewer system (if available), with disposal costs between US$ 0.3/m3
and US$ 0.7/m3 [74,75]. For inland plants, deep-well injection and evaporation ponds
are suitable brine disposal choices, with a wide range of costs (US$ 0.5–10/m3 ) [74,75],
respectively. Land applications are mainly used for low brackish water brine volumes,
as well as the availability of suitable land and groundwater conditions, which cost in the
range of US$ 0.7–2/m3 [74,75]. In this work, the relatively low recovery of low-pressure
RO or NF membranes assures a low salinity concentrate stream, and the possibilities for
using the disinfected waste stream for washing and livestock watering can result in zero
concentrate generation, depending on the feedwater quality [58]. A general guide for
groundwater salinity and stock tolerances in South Australia has been reported [76]. For
example, it is noted that the requirements to maintain the conditions of sheep and beef
cattle are up to 21,600 and 8300 µS/cm, while the maximum values for health growth are
10,000 µS/cm and 6700 µS/cm, respectively [76]. Hence, a concentrate stream can be used
for these purposes when the value remains at a level below these limits. In summary, fully
charged batteries enabled an increase of production by ~16%, from 664 to 767 L/d, with
the water quality also improving by just over 3%, from 304 to 294 µS/cm. The average
parameters are summarized in Table 1 in Section 3.3.
Table 1. The overall average performance of the photovoltaic (PV)-membrane system with/without batteries over the three
“solar days”. FluxRO : flux of RO membrane, TMPRO : transmembrane pressure of RO membrane, SOC: state-of-charge and
EC: electrical conductivity.

Solar Day

Initial
SOC
(%)

Avg.
FluxRO
(L/m2 ·h)

Avg.
TMPRO
(bar)

Avg.
Perm. EC
(µS/cm)

Avg.
Retent.
(%)

Perm.
Prod.
(L)

Avg.
SEC
(kWh/m3 )

Full-Power
Duration
(hh:mm)

Partly
cloudy

20
30
40
50
70
100
Ref.

7.3
7.4
9.0
9.9
11.8
12
10.7

6.6
6.7
7.2
8.2
8.9
9.4
8.4

328
336
335
330
287
274
310

96.2
96.0
95.9
95.9
96.3
96.4
96.3

402
443
557
669
725
767
663

4.8
4.7
4.5
4.4
4.1
4
3.7

1:55
3:02
5:09
7:22
8:16
9:20
–

Very cloudy

100
Ref.

11.8
7.3

9.4
6.5

274
347

96.3
95.9

646
396

4.1
4.6

8:00
–

Sunny

100
Ref.

11.3
10.2

9.1
8.2

290
353

96.4
95.8

892
770

4.3
4.0

11:00
–

3.2. Operations on Other “Solar Days” (With and without Fully Charged Batteries)
The aim of this section is to investigate the effects of very different solar radiation
conditions on the system performance, again both in the directly coupled configuration and
with fully charged batteries. Figure 4 indicates the cumulative permeate water production
and permeate EC and SEC of the PV-membrane system over the “very cloudy” and the
“sunny” days. From the top two graphs of Figure 4, it can be seen that, when incorporating
the batteries into the system, the motor power was maintained constantly at 350 W through-
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out the day, despite two different weather conditions (Figure 4A,F). This was ~20 W higher
than the motor power without batteries present in the system during the middle of the day.
This is for the same reasons as discussed in the previous section, 3.1 (Figure 3A). When
comparing the values at which the motor power is saturated with that from the “partly
cloudy day”, it was observed that the saturation in Figure 4A,F was more pronounced. It
can be found that the saturation occurred at a SI > 800 W/m2 , where the shortest duration
appeared on the “partly cloudy day” (see Figure 2B). Furthermore, a high temperature
(above 40 ◦ C; see Figure 2C) also resulted in a low PV voltage (~10 V lower when reaching
saturation), hence reducing the power input to the pump (see Figure 2).

Figure 4. Cumulative performance of the PV-membrane system with/without (grey curves) fully charged battery storage
(100% initial SOC, black curves) on the “very cloudy day” (left graph) and “sunny day” (right graph) in terms of (A,F) the
motor power and SOC, (B,G) TMPRO , (C,H) production, (D,I) permeated EC and (E,J) SEC.

On the “very cloudy day”, the performance with batteries improved as follows:
production increased by 81% from 395 to 714 L/d, the average permeate EC was improved by 27% from 347 to 274 µS/cm and the average SEC was reduced by 17 % from
4.8 to 4.1 kWh/m3 as well. Again, the average parameters are summarized in Table 1
in Section 3.3. Additionally, on the “sunny day”, as is shown in Figure 4H, it was noted
that the permeate production without batteries was lower in the morning due to the low SI;
then, it approached the same level as the case with the batteries at 4:00 p.m. This occurred
during the time periods (9:30 to 15:15) when the TMPRO without batteries exceeded the
TMPRO with batteries (see Figure 4G). This is due to the fact that the directly coupled
PV-membrane system exhibited a higher efficiency, as discussed above, thus producing a
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much higher permeate for most of the day (from 9:30 to 15:15) at SI > 800 W/m2 . Amongst
these three “solar days”, the SEC with batteries on the “sunny day” exhibited the highest
value. This occurred as the high-average SI was capable of providing a higher current
to the pump from the PV and a small current from the batteries, hence slowing down
the discharging rate of the batteries (a fraction of ~20% of the current supplement to the
pump when the SI reached the maximum value during the middle of the day). Thus, the
batteries played a minor role in producing sufficient permeate throughout the day, but
losses were still encountered, resulting in an increase of the SEC. It indicated the likelihood
of system redundancy by involving an additional device. The performance on the “sunny
day” indicated that the water production increased from 770 to 892 L/d, the permeate EC
improved from 353 to 290 µS/cm and the average SEC increased from 4.0 to 4.3 kWh/m3 .
This represented an improvement in the water production by 15.8% and average permeated
EC by 17.8%, respectively (see Table 1 in Section 3.3).
From the operation of the system with/without batteries over the three different days,
it can be concluded that batteries play a significant role in smoothing fluctuations and
intermittency, reducing shutdown events of the pump and improving the water quantity
and quality. These results are not surprising, given the fact that Li-ion batteries exhibit a
high efficiency and energy intensity. Nevertheless, the main drawback was the expense
of increasing the cost of the system due to its special packaging and internal overcharge
protection circuits, which ultimately affected the cost of the water (discussed in Section 3.4).
This is anticipated to reduce over time as the technology matures.
3.3. Operation with Different Energy Storage Capacities
The next task was to evaluate the impacts of different energy storage capacities—
realized by varying the initial SOC of the battery bank—on the PV-membrane system
performance when operated throughout the “partly cloudy day”, with a particular focus on
the SEC and permeate production. The results can be seen from Figure 5, which starts with
the batteries at an initial SOC of 50%. The batteries were capable of providing full power
to the pump for 7 h 20 min (see Figure 5A) before reaching the limits of their capacities.
Thus, after 14:00, the pump was directly subjected to the fluctuations in the SI and repeated
attempts at charging and discharging of the batteries. This was compared to a pump that
was operated at full power for 9 h 20 min with fully charged batteries (see Figure 3A).
As indicated in Figure 5B, a positive current value represented the PV-membrane system
source current via photocurrent generation (Ipv ), while a negative current occurred during
the discharging of the batteries. From the beginning of the day until around 14:00, the
batteries were discharged continuously at a maximum current up to 20 A (see Figure 5B).
This corresponded with the decline of the SOC to 0% at 14:15 (Figure 5D). Subsequently,
oscillations occurred due to the batteries reaching the lower threshold of DC/DC converter
(20 V). Then, the PV membrane started charging the batteries and caused the shutdown
of the pump. These power fluctuations were encountered due to the charge controller
not being able to power the pump and charge the batteries simultaneously, indicating a
system shortcoming that needs to be improved for future research. The flux and TMP of the
RO membrane followed the same pattern as the pump discussed above (see Figure 5E,F).
Overall, the system produced 669-L permeate, which was comparable with the production
(663 L) when the system was operated without batteries. The SEC was increased by
15.9% from 3.7 to 4.0 kWh/m3 . Hence, it is recommended to use batteries with an initial
SOC > 50% (energy capacities > 1.2 kWh) to further enhance the water quality and quantity.
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Figure 5. The performance of the PV-membrane system equipped with batteries at a 50% SOC on the “partly cloudy day”,
indicating (A) the pump power, (B) battery current, (C) battery voltage, (D) SOC, (E) FluxRO , (F) TMPRO , (G) production
and (H) SEC. Note that the black curves on graphs (A), (E) and (F) are the moving average values of 10 points, while the
grey curves are the original measurement data from the sensors.

The impacts of different energy storage capacities (varied SOC) on the PV-membrane
system—in particular, the average SEC and water quality and quantity—are presented in
Figure 6. It can be clearly seen that the water production declined with the decrease of the
initial battery SOC (see Figure 6A). Compared to the reference, the increase of the water
production started at an initial SOC > 50%. The average permeate EC was less affected by
the SOC (see Figure 6B) due to the dense membrane with high retention (BW30) used in
these experiments. The SEC (see Figure 6C) was increased with the decrease of the SOC,
indicating that the lower SOC reduced the flux and increased the SEC. It is perhaps intuitive
that the SEC is expected to return to the state of the reference case after the batteries are
empty. However, this will only happen when the batteries are no longer coupled with
the pump so that they do not have the same voltage potential, avoiding the repeatable
attempts of the charging and discharging behaviors.
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Figure 6. Key performance indicators of the PV-membrane system as a function of the initial energy
storage capacity of the batteries (different SOC) on the “partly cloudy day”: (A) water production,
(B) permeate EC and (C) SEC. Note that the Ref. represents the directly coupled system performance
(without batteries), as discussed in Section 3.1.

The remaining performance graphs of the PV-membrane system in terms of the
varied initial SOC (70%, 40%, 30% and 20%) are provided in Appendix A (Figures A2–A5)
for further comparisons. In order to have a clear overview of the system performance
when batteries are present in terms of the varied energy storage capacities over the three
“solar days”, the overall average performance values are summarized in Table 1. The
improvements of the production and water quality were discussed above. The SEC of the
reference exhibited the highest value on the “very cloudy day”, which is likely attributed
to (i) the flux decreasing instantaneously with a significant reduction in the power input
due to large fluctuations of the SI (not shown in graphs), (ii) the reduction of the flux to
0 L/h·m2 due to insufficient effective pressure for producing permeate and (iii) several
shutdown events occurring due to insufficient power to achieve the system pressure, which
resulted from large variations of the SI, hence causing the slow recovery (resilience) of the
system to be able to produce adequate permeate due to the input power discontinuity [77].
The average retention and permeate EC indicated no big differences, due to the tight
membrane with high retention used being more resilient to variations in the permeate
quality [77].
Once batteries were added, the influence of changing the energy capacity (varied
initial SOC from 100% full down to 20% full) on the “partly cloudy day” became more
apparent. The permeate production gradually increased from 402 to 767 L due to the pump
drawing the power through the batteries and PV source, enabling the pump to run at full
power during the entire period. This can be seen from the full-power duration that is shown
in Table 1. On the contrary, the average SEC declined from 4.8 to 4.0 kWh/m3 as the system
spent more time operating on full power. The average values of the RO flux exhibited the
same trends as the permeate production. When comparing the SEC with fully charged
batteries and the directly coupled reference case, it was found that, for the “sunny” and
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“partly cloudy” days, the reference SEC was lower than with the batteries. However, for
the “very cloudy day”, the reference SEC was significantly higher. This underlines the role
of incorporating Li-ion batteries to gain more permeate as a result of providing constant
power vs. the additional power that the pump consumes in terms of the fluctuations in
the SI. It highlights the design of systems with a focus on energy consumption and the
enhancement of the water quality and quantity, which can be achieved at the expense of
system efficiency and the potential of underutilizing the energy storage units.
From the experiments conducted above, it can be seen that further improvements of
the charge controller to avoid power fluctuations need to be carried out. For example, a
buck-boost converter needs to be designed to control the bidirectional power from the PV
and batteries to improve the system performance. Moreover, the system performance can
be improved by connecting the batteries in a series to have a higher voltage output (48 Vdc ),
eliminating the need of the DC/DC converter, as the pump indicates a wide operating
voltage range (30~300 Vdc ). In this case, the lower limit voltage of the batteries was not
constrained at 20 V, which avoided repeatable charging and discharging behaviors. Further,
the power loss was reduced due to less electronics deployed in the system. The minor
disadvantages are: (i) this battery configuration increases the failure rate if one battery is
dysfunctional, resulting in a voltage collapse and the battery pack turning off [78], and
(ii) careful cell matching is required for connections in a series, especially when drawing
heavy loads [78]. Therefore, a trade-off between a robust long-term system operation and
performance needs to be determined.
3.4. System Performance Comparisons of Batteries and SCs
The final important result can be drawn from the comparisons of the system performance when equipped with batteries or SCs, as indicated in Figure 7. It is worth noting that
these two system setups have the same PV power rating (500 W), but the PV voltage settings are different due to the voltage constraints between the SCs and batteries (discussed
in Section 2.6).
The power consumption of the motor pump with batteries remained constant around
350 W (black curve in Figure 7A), as in the previous experiments discussed above. The
pump with batteries worked at a constant voltage of 48 Vdc (see Figure 7B), and the PV
provided the photocurrent (see Figure 7D) to the pump as required. Meanwhile, the
batteries were capable of providing a continuous current to the pump during the entire day
(see Figure 7E) due to high energy storage capacity (2.4 kWh), whereas the motor power
with SCs largely followed the changes in the SI trend (plotted earlier in Figure 2). This is
due to the fact that the pump with SCs operated in terms of the PV voltage (controlled by
preset voltage thresholds, as discussed in Section 2.6; see grey curves in Figure 7C) and
mainly extracted the current from the PV, hence resulting in a higher power consumption
of the pump. In addition, a PTC lamp was connected in a series with the pump to increase
the inner resistance, which buffered the sudden changes caused by the built-in MPPT
between the SCs and SAS (with the resistance values throughout the day provided in
Figure A7). However, this was at a cost of an average power loss of ~50 W on this solar
day. As indicated in Figure 7E, the SCs were discharged promptly at the beginning of the
day. During the periods of 11:00 to 12:30, when large fluctuations occurred, the SCs started
discharging to the pump for energy buffering, with the SOC dropping to ~85%, which was
limited by the preset voltage threshold settings (Vcharging_off ) to prevent deep discharging of
the SCs, and hence, a big voltage drop of the pump can be avoided. This was implemented
on the charge controller settings, as the pump always extracts the maximum power from
the power sources (both PV and SCs); consequently, the SCs cannot step in for energy
buffering when encountering the next large fluctuation. As a result, the pump with SCs
worked continuously (no shutdown events), despite the occurrence of large fluctuations.
The benefits of eliminating the shutdown events were reducing the potential damage to
the pump and RO membrane [79], as well as improving the permeate water quality and
quantity [30].
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Figure 7. Performance of PV-membrane system with fully charged Li-ion batteries (black curve) compared to the system
with SCs and the charge controller (grey curve) on the “partly cloudy day”, and the results shown for (A) the motor power,
(B) voltage of pump (VPump ), (C) voltage of PV equipped with battery (VPV_Battery ), (D) current of PV equipped with battery
(IPV_Battery ), (E) SOC, (F) TMPRO , (G) fluxRO , (H) permeate EC, (I) permeate production and (J) SEC.

The desalination performance of the PV-membrane system was determined by the
SOC of the energy storage components, which were dependent on the availability of the
power from the PV. The TMPRO (Figure 7C), which was the driving force, determined the
RO flux (Figure 7E) and permeate EC (Figure 7F). Furthermore, as the permeate production
with SCs approached the same value as the batteries (see Figure 7G), it indicated that
the system with SCs produced much higher permeate for most of the day. The SEC with
batteries was much lower than the value with SCs, suggesting that less energy was required
to produce a unit of clean water. When compared to the directly coupled system without
SCs (see Figure A6), the use of SCs to buffer those fluctuations resulted in a 9% increase
in water production and 13% improvement in the SEC. As discussed in Section 3.1, the
improvement of the batteries was due to the improved power quality supplied to the
membrane system as a result of providing energy and constant power over the entire day.
The water quantity increased by 16% with the Li-ion batteries (energy capacity of 2.4 kWh)
when compared to the reference. It can be anticipated that there is a region where the Li-ion
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batteries overlaps with SCs if the batteries have small capacities (such as ~1 Ah providing
five min of power to the system). Therefore, it is recommended to employ Li-ion batteries
instead of SCs as energy storage units in this PV-membrane system due to their high energy
intensities, charge/discharge cycles and reduced costs per kW.
It is intuitive that increasing the size of the energy storage units would provide power
for longer periods of fluctuations. This would be a trade-off between the benefits of
increasing the storage time vs. the added cost of the energy storage capacity. As indicated
in a recent report, the capital cost of SCs was estimated to be relatively stable at US$
1600/kWh [80]. The cost of Li-ion batteries reached US$ 135/kWh in 2020 and is projected
to fall below US$ 100/kWh in 2024. This was attributed to the technological advancements
and economies of scale [81]. The operation and maintenance (O&M) costs of the SCs were
~US$1/kW-yr [80], while the O&M costs of the Li-ion batteries were in the range of US$
6-14/kW-yr in 2017 [82], with further cost reductions anticipated, to attain US$ 8/kW-yr by
2025 [80].
Further work is required to (i) choose a better version of the charge controller for
batteries with high voltage outputs, such as 48 Vdc , (ii) sense the preset voltage slopes
for the charge controller to avoid the prompt discharging of SCs at the start of the day
and (iii) examine the effects of integrating Li-ion batteries and SCs on the PV-membrane
system performance and the overall improvements in water quality and quantity. An
energy management system is required to distribute the energy flow among the pump,
batteries and SCs to provide higher water quality and quantity.
4. Conclusions
The suitability of two different electrical energy storage options—Li-ion batteries
and SCs—to improve the water quantity of a PV-membrane system was investigated and
compared to a battery-less performance. The tests with/without energy storage were
conducted under varied weather conditions using high-temporal-resolution (one-s) SI data.
The addition of one day’s worth of energy storage (2.4 kWh) Li-ion batteries enabled the
full-power operation of the pump for 8–11 h over the three “solar days”, which exhibited
different levels of fluctuations in solar irradiance. Consequently, the fully charged batteries
allowed a 15–80% increase in the permeate production and a 3–27% increase in the permeate
quality. The average permeate quality with/without Li-ion batteries all fulfilled the WHO
guidelines, which highlights the good system design and appropriate choice of membrane
and PV array sizing. In particular, the effects of varied energy storage capacities on the
PV-membrane system on the “partly cloudy day” were investigated. It was found that
the improvement of water production occurred at an initial SOC higher than 50% (energy
capacity of 1.2 kWh), while the lower initial SOC and, therefore, the low energy storage
capacity caused a system shutdown after fully discharging due to repeated attempts of
charging and discharging behaviors. Finally, the system performance comparisons on the
“partly cloudy day” between the additions of Li-ion batteries and SCs were studied. The
use of SCs for short-term energy buffering resulted in a 9% increase in water production
and 13% improvement in the SEC. This was compared with Li-ion batteries for providing
long-term power, which resulted in a 16% increase in water production and an 8% increase
in the SEC.
In summary, Li-ion batteries are an interesting energy storage option for PV-membrane
systems, due to their high energy intensity, large number of charging/discharging cycles
and their steadily decreasing costs. When considering long-term system operations for
periods up to 20 years in remote regions, the option of oversizing the PV array and allowing
for a directly coupled PV-membrane system potentially offers a more reliable solution.
Further investigations on this sizing approach and the associated life cycle costs need
to be carried out. Moreover, the option of combining SCs and Li-ion batteries should
be examined, which would enable the short-term delivery of large amounts of power
(buffering) and longer-term energy storage. This approach would require further research
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and development on a suitable energy management system to distribute the energy flows
required.
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Appendix A.
Appendix A.1. The Calculation of the Total Amount of Energy Required from the Batteries (Etot )
The Etot is the integrated area between the “very cloudy” and “sunny” days. This
is used to estimate the amount of energy that needs to be supplied from the batteries to
supplement the PV power generated under the worst-case conditions (the “very cloudy
day”) and to increase this to the amount generated under the best-case conditions (the
“sunny day”), as indicated in Figure A1.

Figure A1. Total amount of energy required (Etot ) over the entire day, indicating the energy capacity
required from the batteries.
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Appendix A.2. The Performance of the PV-Membrane System at 70% of the SOC on the “Partly
Cloudy Day”
The additional performances of the PV-membrane system with the Li-ion batteries at
a 70% SOC (energy capacities of 1.7 kWh) are presented here as supplementary results for
Section 3.3.

Figure A2. The performance of the PV-membrane system on the “partly cloudy day” equipped with batteries at 70% SOC,
indicating (A) the motor power, (B) battery current, (C) battery voltage, (D) SOC, (E) RO flux, (F) TMPRO , (G) production
and (H) SEC. Note that the black curves on graphs (A), (E) and (F) are the moving average values of 10 points.

Appendix A.3. The Performance of the PV-Membrane System at 40% of the SOC on the “Partly
Cloudy Day”
The additional performances of the PV-membrane system with the Li-ion batteries at
a 40% SOC (energy capacities of 1 kWh) are presented here as supplementary results for
Section 3.3.
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Figure A3. The performance of the PV-membrane system on the “partly cloudy day” equipped with batteries at 40% SOC,
indicating (A) the motor power, (B) battery current, (C) battery voltage, (D) SOC, (E) RO flux, (F) TMPRO , (G) production
and (H) SEC. Note that the black curves on graphs (A), (E) and (F) are the moving average values of 10 points.

Appendix A.4. The Performance of the PV-Membrane System at 30% of the SOC on the “Partly
Cloudy Day”
The additional performances of the PV-membrane system with the Li-ion batteries at
a 30% SOC (energy capacities of 0.7 kWh) are presented here as supplementary results for
Section 3.3.

Figure A4. The performance of the PV-membrane system equipped on the “partly cloudy day” with batteries at 30% SOC,
indicating (A) the motor power, (B) battery current, (C) battery voltage, (D) SOC, (E) RO flux, (F) TMPRO , (G) production
and (H) SEC. Note that the black curves on graphs (A), (E) and (F) are the moving average values of 10 points.
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Appendix A.5. The Performance of the PV-Membrane System at 20% of the SOC on the “Partly
Cloudy Day”
The additional performances of the PV-membrane system with the Li-ion batteries at
a 20% SOC (energy capacities of 0.5 kWh) are presented here as supplementary results for
Section 3.3.

Figure A5. The performance of the PV-membrane system on the “partly cloudy day” equipped with batteries at 20% SOC,
indicating (A) the pump power, (B) battery current, (C) battery voltage, (D) SOC, (E) RO flux, (F) TMPRO , (G) production
and (H) SEC. Note that the black curves on graphs (A), (E) and (F) are the moving average values of 10 points.

Appendix A.6. Performance of the Directly Coupled PV-Membrane System without SCs on the
“Partly Cloudy Day”
The additional performances of the directly coupled PV-membrane system without
SCs are presented here as supplementary results for Section 3.4.
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Figure A6. The directly coupled PV-membrane system performance on the “partly cloudy day” without SCs, indicating (A)
the solar irradiance, (B) motor power, (C) TMPRO , (D) FluxRO , (E) production and (F) SEC.

Appendix A.7. Varied Resistances of the Positive Temperature Coefficient Lamp Coupled in a Series
with the Pump
An additional PTC lamp was connected to minimize the effects of a built-in MPPT on
the charge controller and SCs.

Figure A7. Varied resistances with the PTC lamp connected in a series with the feed pump in the
PV-membrane system, indicating (A) solar irradiance (W/m2 ) and (B) resistance (Ω).
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