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a Institute of Microstructure Technology (IMT), Karlsruhe Institute of Technology (KIT), Hermann von Helmholtz Platz 1, 76344, Eggenstein-Leopoldshafen, Germany
b Institute for Advanced Membrane Technology (IAMT), Karlsruhe Institute of Technology (KIT), Hermann von Helmholtz Platz 1, 76344, Eggenstein-Leopoldshafen, 
Germany

A R T I C L E  I N F O

Keywords:
Mobile laboratory
Photovoltaic-powered membrane filtration 
system
Desalination
Safe operating window (SOW)
Supercapacitor energy storage
Uranium removal
Concentration polarization

A B S T R A C T

The design, construction, and performance testing of a mobile, photovoltaic-powered, hybrid filtration system, 
equipped with both micro-filters and nanofiltration (NF) membranes is described. This ‘mobile lab’ enables 
autonomous research with a wide range of water sources – from desalination of brackish water to treatment of 
contaminated low salinity groundwater. Firstly, the system performance was investigated as a function of five 
different NF membranes and feedwater salinity (1–20 g/L). The importance of choosing the correct set-point in 
operating pressure for experiments is discussed in order to map out the safe operating window (SOW) of different 
system configurations (membranes, feed waters). Secondly, a case study was conducted using real water 
contaminated with naturally-occurring uranium, where the system was able to treat the water to achieve the 
World Health Organization guideline values at a specific energy consumption of 1 kWh/m3. The benefit of using 
supercapacitor energy storage for buffering solar power fluctuations was explored. Despite testing a wide salinity 
range, the system was observed to achieve drinking water standards at salinities as low as 5 g/L with the NF90 
membrane, clearly defining a SOW for treating primarily brackish water. Three membranes exhibited limited salt 
retention and only achieved satisfactory performance at the lowest NaCl salinity (1 g/L), Overall, this work helps 
pave the way for the design of photovoltaic-powered membrane filtration systems for both mobile (disaster 
relief) and stationary (drinking water provision in remote areas) scenarios supported by research that enables 
field work and excellent research training opportunities to contribute to solving global challenges.

1. Introduction

According to the latest United Nations Sustainable Development 
Goals report, about 2.1 billion people still lacked access to a safely 
managed drinking water source in 2024 [1], noting that this does not 
imply that the water is treated. At the same time, the number of people 
without access to electricity in the world decreased only slightly to 666 
million [2]. While the exact overlap between these two groups remains 
unknown, strong correlations linking the two have been observed in the 
past [3]. For this reason, water treatment technologies that can be 
powered directly from renenwable energy resources seem to be the best 
way to break out of this paradigm [4]. Indeed, the market for solar- 
powered desalination systems is expected to reach US$4.8 billion by 
the year 2031, exhibiting an annual growth rate of 7.7 % [5]. In 

particular, photovoltaic-powered membrane filtration (PV-membrane) 
systems are a promising option for the decentralised provision of 
drinking water in remote areas, which lack connection to either a reli
able electricity grid or water distribution network. Such PV-membranes 
systems are becoming increasingly popular due to modularity, energy 
efficiency and robustness, with small-scale units (producing <3 m3 per 
day) filtering brackish water with a salinity of 5 g/L total dissolved 
solids (TDS) at a specific energy consumption (SEC) of about 3–4 kWh/ 
m3 [6] and with a targeted system lifetime of 20 years [7]. The PV 
modules produce clean electricity from sunlight to power the pump in 
the system, while a range of pressure-driven membranes can be 
employed to remove the desired contaminants from the available water 
source. For example, ultrafiltration (UF) membranes typically remove 
particles, viruses and bacteria, while nanofiltration (NF) or reverse 
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osmosis (RO) membranes are for desalination, primarily retaining 
multivalent and monovalent ions, respectively. The compact nature of 
the technology also lends itself for disaster-relief applications, for 
example, with 14 PV-powered UF systems (US$25000) being deployed 
in Haiti after the 2010 earthquake [8,9].

Such work presents an excellent opportunity for out-of-the- 
laboratory student engagement and training, with design aspects and 
fieldwork challenges offering much needed graduate skills. Schäfer and 
Richards have been involved in the research on the development of PV- 
membrane systems for nearly 25 years, briefly summarised as follows 
[10]: 

• Prototype I (2001) – the authors' first proof-of-concept PV-membrane 
system [11] built by a team of interdisciplinary Bachelor students 
[10];

• Prototype II (2002) – based on a submerged UF module and a 2.5″ 
low-pressure RO membrane and powered by 255 W of PV modules 
during testing in the Australian outback [12];

• Prototype III (2004) – involved upscaling to large area UF and 4” NF/ 
RO membranes as well as a higher-pressure direct-current (DC) 
pump, but was not powered by PV [13];

• Prototype IV (2004) – was based on the previous version, but added 
air bubbling for UF membrane cleaning and a data logging system 
and was tested for trace contaminant removal in an Australian na
tional park [14];

• Prototype V (2005) – an autonomous system redesigned around a 
custom-made submersible 3-phase DC borehole pump together with 
an industry partner. Prototype V is mounted onto an off-road trailer 
and equipped with 300 W of PV panels as well as a solar-tracker [15] 
and controlled via LabView software. This system was extensively 
field-tested for treating brackish water in outback Australia [16], as a 
wind-powered version for desalination in Scotland [17], and for 
fluoride removal in northern Tanzania [18]; and

• Prototype VI (2017) – a redesigned system with improvements being 
made on the hydraulic side – e.g. a 4″ pressure-driven UF module 
with backwash – as well as enhanced electrics, e.g. through solar- 
array simulator and sensors, as well as energy storage options 
(lithium ion batteries or supercapacitors) and an industrial control 
system [19].

This work describes prototype VII, a mobile version of prototype VI 
that is designed to be a towed by a Land Rover Defender 130 four-wheel 
drive vehicle to enable field-testing at remote sites – as illustrated in 
Fig. 1. Previous system prototypes were focused only on brackish water 
desalination; however, the present system is designed to be more flex
ible, now also allowing for surface water treatment. While the tech
nology per se might not seem new, the novelty here is to; i) realise an 
autonomous mobile laboratory that can be employed for field work, 

enabling treating challenging water sources in remote relocations; 
where: ii) the water treatment technologies can be exchanged (e.g. NF 
membranes in this work, with single-pass electrodialysis being a current 
alternative [20]); and iii) different energy storage options can be trialled 
(compared to the directly-coupled configuration); while iv) still allow
ing for the solar irradiance to be controlled, thus facilitating comparison 
between different membranes. Specifically, prototype VII benefits from 
experienced gained via the development of prototypes I – VI, specif
ically: i) being able to readily interchange membranes to enable treat
ment of a wide range of water sources; ii) enabling daily permeate 
production typically in the range of 1–3 m3 per solar day; iii) having PV 
panels integrated into the roof of the trailer in a TÜV-certified design for 
ease of transport and rapid deployment; iv) significant energy storage 
capacity (2.5 kWh of supercapacitors and 2.4 kWh of lithium ion bat
teries); as well as v) integrated datalogging and system control via an 
industrial programmable logic controller. The design of the system along 
with the choice of components is discussed in detail below – along with 
testing of the system's capabilities.

In particular, uranium (U) removal from natural water by NF, which 
has been investigated from laboratory to pilot scale, is strongly affected 
by water chemistry – especially pH due to U speciation [21], and the 
nature of coexisting ligands [22] – as well as the membrane material 
[23]. Rossiter et al. demonstrated this complexity in a PV-membrane 
system operated to treat a feed water containing 780 μg/L of U yiel
ded a permeate of about 67 μg U/L – above the WHO limit – due to U 
accumulation and eventual permeation through the membrane [24]. 
The adsorption of U in NF membranes – primarily resulting from the 
attachment of positively charged U(VI) complexes, such as (UO2)3(OH)5

+

and (UO2)4(OH)7
+ formed at pH 5–7, to negatively charged functional 

groups (e.g. COO− in polyamide NF membranes [25]), should be care
fully considered when operating NF in PV-membrane systems, especially 
to enhance process reliability during fluctuating PV power supply 
conditions.

To evaluate PV-membrane system performance, experiments are 
conducted using five different NF membranes and two different waters: 
i) synthetic water ranging with salinities ranging from 0.5 g/L TDS to 
very brackish (20 g/L TDS); as well as ii) a naturally occurring U con
taining water. By conducting experiments on the PV-membrane system 
performance as a function of the set-point operating pressure, the safe 
operating window (SOW) could be mapped out under all operating 
conditions. The SOW enables a better understanding of how each 
membrane performs under a wide range of hydraulic conditions – spe
cifically flux and transmembrane pressure (TMP) – which enables the 
optimum NF membrane to be chosen for each water type. Finally, as an 
example, the system performance with regard to U removal – sourced 
from natural spring water that contains an elevated uranium concen
tration of ~50 μg/L – over a typical solar day was investigated along 
with the potential for enhanced performance when using supercapacitor 

Fig. 1. Mobile lab equipped with the PV-membrane system (prototype VII) that is towed by a Land Rover Defender 130 for fieldwork in remote areas.
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energy storage. The evaluation is an example for the utilization of the 
mobile laboratory with a broad range of waters. It should be noted that 
the mobile lab was deliberately designed not to be able to treat seawater 
given that: i) small-scale PV-powered seawater reverse osmomis systems 
have been widely deployed in marine vessels; ii) such systems do not 
need to exhibit flexible design given that the composition of seawater is 
very similar world-wide [26]; and iii) there are many inland regions of 
continents – far from the coast – where non-potable water supplies 
(whether brackish groundwater or contaminated surface water) are 
abundant and there is an excellent synergy with the amount of available 
sunshine [3,11]. The research objectives of this work are defined as 
follows: 

• To design of Prototype VII and conduct full testing using five 
different types of NF membranes for brackish water desalination 
(feedwater salinities ranging from 1 to 20 g/L);

• To map out the SOW of Prototype VII in different configurations 
(membranes, feedwater salinity) under steady-state conditions;

• To determine the removal efficiency of a specific contaminant 
(naturally-occurring uranium) and compare it to World Health Or
ganization (WHO) guidelines; and to

• To evaluate the added benefit of supercapacitor energy buffering in 
stabilising PV-membrane system performance during rapid fluctua
tions in solar irradiance.

2. PV-membrane system design as a mobile lab

2.1. Mobile lab design criteria

Given that the quality of many water sources to be treated in future 
field research may range from surface waters to brackish groundwaters 
with a suite of contaminants, prototype VII of the PV-membrane system 
was designed to be as flexible and powerful as possible. In terms of water 
treatment, this meant producing 1–3 m3 of permeate from a wide range 
of feedwaters and operating pressures of up to 20 bar. In addition, the 
system that is mounted onto the trailer should: i) be modular, enabling 
other water treatment technologies also to be developed and tested in 
the future; and ii) fit onto a standard wooden transport pallet (120 cm 
long × 80 cm wide) for ease of transport.

2.2. Trailer design

As illustrated in Fig. S1 in the Supplementary Information, the twin- 

axle design has a floor area of 300 cm (length) × 135 cm (width) × 140 
cm (height) and a maximum laden weight of 3500 kg, while the empty 
trailer itself weighs 920 kg. It is equipped with off-road tyres and shock 
absorbers facilitate transportation over rough terrain. The rear door of 
the trailer opens fully for loading/unloading of equipment (ramps are 
mounted to the front of the trailer along with a toolbox), while the two 
side doors swing up for ease of access when conducting experiments in 
the field. All doors lock for security, while steel legs at each corner 
provide extra stability under windy conditions.

2.3. PV-membrane system design

The PV-membrane system is designed to treat a wide range of feed
water sources, ranging from contaminated surface water to brackish 
groundwater with salinities up to 20 g/L TDS (osmotic pressure of 16.9 
bar at 25 ◦C). This upper treatment limit is dictated by the maximum 
operating pressure of the system (20 bar). The treatment of seawater is 
therefore deliberately excluded. A system schematic is provided in 
Fig. 2. The system has a customised high-density polyethylene (HDPE) 
feed tank (RDM Producten, Netherlands), in which a helical rotary pump 
(Grundfos SQFlex 0.6-3 N, Denmark) is submerged. The selected pump 
has a maximum power consumption of P = 580 W, operates on 30–300 
VDC, and can generate a maximum pressure of 20 bar. Hence, 20 bar is 
the maximum operating pressure of the system. The “N” model of the 
pump was chosen for extra corrosion resistance. For back-pressure 
control, an actuator-controlled needle valve (MCM-S50AF-3-SS-18RF8, 
Hanbay Inc., USA) is installed in the concentrate stream. For safe 
operation (protection from overpressure), a pressure relief valve set to 
25 bar (460tGFL-15-m/f-15/15 – EPDM, Goetze KG Armaturen, Ger
many) is installed. For completeness, two additional system schematics 
are provided in the Supplementary Information (Figs. S2 and S3), while 
full lists the of hydraulic and electrical system components are provided 
in Tables S1 and S2, respectively.

As shown in Fig. 2, system control and data collection are realised via 
a programmable logic controller (PLC, Unistream 10.4″, Unitronics, 
Israel). The PLC is programmed to control the switching operation of the 
PV, SCs and the pump via the integrated solid-state relays. The PLC can 
log the analogue input data (4–20 mA) from up to 40 sensors. The 
outputs of the sensors are fed into the data acquisition (DAQ) unit of the 
PLC for further processing, logging and control operations. The signals 
from the following sensors are fed into the PLC. For water quality 
monitoring the following sensors were used; high-pressure electrical 
conductivity (EC) sensors for feed and concentrate (Type 4221, Valmet, 

Fig. 2. (A) Schematic of the mobile PV-membrane system (prototype VII). The DC high-pressure pump is submerged in the feed tank, wherefrom feedwater is driven 
first through the micro-filter (or UF module) before passing through the NF membrane module for desalination. Power can be supplied via the PV panels, or a solar 
array simulator (SAS) can be used to emulate PV power. Three sensors – flow, pressure electrical conductivity (EC), plus potentially pH (not shown here) – are 
installed on the feed, permeate and concentrate streams. (B) Photograph of the PV-membrane system before it is loaded into the trailer.
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Finland); EC sensor (Type 8222, Bürket, Germany) for NF permeate; 
high-pressure pH sensor (3300HTVP-10-30, Emerson, USA) for feed; pH 
sensor (Type 8202, Bürket, Germany) for NF permeate; and turbidity 
sensor (Type STS 1–20 mm, Seli, Germany) for NF feed. For calibration 
of EC and pH sensors, an EC standard (KCl 12.8 mS/cm at 25 ◦C, Cer
tipur®, Merck, Germany) and buffer solutions (pH 4.01, 7.00, and 11.00 
at 25 ◦C, Certipur®, Merck, Germany) were used, respectively. For 
monitoring system operation: high-pressure flow sensors (Promag H300 
5H3B08-MJL4/0, Endress Hauser, Switzerland) for feed and concen
trate, bi-directional flow sensor (MIM-1203HG4C3TO, Kobold, Ger
many) for permeate, pressure sensors (Type 8316, Bürket, Germany), 
flow meter (SFF-L00005-B08, Bibus, Germany), pressure gauge (MAN- 
RD27B9, Kobold, Germany). A sample valve (H-99S-00-SS-L-R-1/2 LF, 
Ham-Let, Germany) is used for accessing the feedwater after the pre- 
filter/UF membrane. The operation of the system is detailed step-by- 
step in Tables S1 - S3.

2.4. Pre-treatment options and membrane selection

Standard 4″ diameter (4040) membranes are employed in two stages 
– a pressure-driven UF membrane (DuPont dizzer/TapTec P4040–6.0, 
6.0 m2) for pre-treatment and typically either NF or low-pressure RO 
membranes for desalination – both UF and NF/RO modules are mounted 
in stainless steel pressure vessels (Inaqua PVS 4040 4″ 600 psi). The 4″ 
vessels allow an facile interchange with compatible membrane modules. 
The system is equipped with a backwash option for the UF membrane 
(not the subject of this work) via a bladder tank (Refix DD 25, Reflex 
Winkelmann, Germany). The bladder tank can be charged with UF 
permeate with a pressure of up to 10 bar and a maximum useful volume 
of 18.7 L, providing a discharge pressure of 4 bar for backwashing. For 
this purpose, a check valve (HP-Rückschlagventil SS 316/FKM, MHK, 
Germany) is installed in the feed line to ensure water flow from the 
bladder tank toward the UF membrane during backwashing. Addition
ally, one normally open (NO) solenoid valve (A3523/0804/1802-NO 24 
V-DC, Busch Jost, Germany), one normally closed (NC) solenoid valve 
(A3523/0804/1802-NG 24 V-DC, Busch Jost, Germany), and one NC 
solenoid valve with backpressure (2/918–69/0804/R270-GD-2E 24 V- 
DC, Busch Jost, Germany) are integrated to enable rapid and reliable 
switching for flow control during the backwash operation. The system 
can also be reconfigured to enable osmotic backwashing of the NF/RO 
membrane using an 8 L (Tanksdirekt, Germany) installed in NF/RO 
permeate line.

In the present work: i) the UF pre-treatment was replaced with a 1 μm 
polypropylene (PP) cartridge filter with a 10″ stainless steel housing 
(both from Wolftechnik Filtersysteme GmbH, Germany), to minimise U 
adsorption; and ii) four 4” NF membranes experimented with, specif
ically three from Nitto Hydranautics – HydraCoRe50 (HY50), Hydra
CoRe70 (HY70) – and as well as NF90 and NF270 (DuPont Filmtec, 7.6 
m2). Characteristics of the NF membranes are summarised in Table S7. It 
must be noted here that the Hydracore membranes have been added for 
potential surface water applications (future field studies using this mo
bile laboratory) where organic matter is a major contaminant. The 
cartridge filter showed a maximum pressure drop of 0.4 bar in the PV- 
membrane system when operated at a 5-bar setpoint (Fig. S31).

2.5. Power supply and energy storage options

For powering the most important electrical load in the system – the 
helical rotary pump – two options are available. Firstly, the trailer has 
600 W of PV modules (Offgridtec PCB-ETFE 100 W 39 V semi-flexible 
solar panel) that are connected in a 3-series / 2-parallel configuration 
to achieve a maximum power output of 600 W and a maximum voltage 
of 117 VDC. This setup is necessary to provide sufficient voltage and 
power to drive the helical rotary pump. When reaching the desired field- 
trip location, the side of the trailer visible in Fig. 1 should face south (in 
the northern hemisphere) in an unshaded position and the PV array 

(mounted on an aluminium frame) should be tilted to nominally match 
the latitude angle, which typically gives the best year-around perfor
mance. Secondly, the trailer is equipped with a solar array simulator 
(SAS, Chroma 62050H- 600S, Taiwan) that is able to emulate the output 
of the PV array using pre-recorded solar irradiance (SI) temperature data 
from the rear-side temperature of the PV panels. The advantage of the 
SAS is that it allows for the same “solar day” to be repeated. This is 
especially useful when wanting to compare the performance of different 
NF membranes with a water source in one location and a variation with 
available solar irradiance (SI) is not desired. Most efficient use of the 
available PV power output is enabled via the use of a maximum power 
point tracker (MPPT) charge controller (Victron Energy MPPT 150/70- 
Tr). The charge controller has a maximum input voltage of 150 VDC and 
48 VDC output, the latter designed to be compatible with 48 V energy 
storage systems. For all experiments where electrical energy storage is 
needed to buffer fluctuations in the available SI or during longer periods 
of intermittency (e.g. dark clouds, nighttime) two different technologies 
are available: i) lithium iron phosphate batteries (PowerBrick+; 48 VDC, 
50 Ah, 2400 Wh) as well as ii) a more novel supercapacitor (SC) module 
(Sirius, KilowattLabs; 48 VDC, 2500 Wh). The charging/discharging of 
both of these storage components is realised via the MPPT charge 
controller. Supercapacitors represent the next generation of energy 
buffering technologies that are starting to compete with lithium batte
ries [27], also for in the renewable energy sector [28].

For providing power to all auxiliary electrical loads – this includes 
the PLC, sensors, lighting, as well as charging laptops and mobile phones 
while undertaking field-work – a further 200 W of PV panels are 
mounted on one trailer door (plus 400 W as a roof extension) and a 24 
VDC battery bank (PowerBrick+ LFP 50 Ah, 1200 Wh) is included.

2.6. Set-point determination with variable water salinity and recovery

Before each experiment, a ‘set-point’ – the position of the back 
pressure valve on the concentrate stream, which is set to create the 
desired transmembrane pressure (TMP) – is defined. The set-point is 
specific for each system configuration as it is impacted by the amount of 
power available, the feedwater salinity, the selected membrane, and 
pump characteristics. Selecting a set-point (e.g. 8 bar) at a chosen power 
(600 W) not only provides a reference point for each experiment (e.g. 
comparing the performance of different membranes), but also impacts 
on the system performance. Since the maximum power available now 
corresponds to a maximum operating TMP, this effectively places an 
upper limit on the TMP achievable and establishes an operating range 
for the PV-membrane system under variable operating conditions. This 
then impacts on the key performance indicators influenced by the set- 
point include system recovery, permeate quality, and SEC, as detailed 
below:

System recovery and feed salinity: System recovery refers to the ratio of 
permeate water to feedwater volume. Higher recoveries are generally 
desirable because they increase the volume of clean water and reduce 
concentrate volume. However, as feed salinity increases, the osmotic 
pressure also increases, demanding more hydraulic pressure to achieve 
the same flux. Operating at a set-point of high recovery under high 
salinity conditions however can increase the risk of membrane fouling or 
scaling [29,30]. Instead, operating at low recovery may enable the 
concentrate to be used for secondary applications and thus avoiding 
further treatment. Thus, for brackish feedwater, a moderate recovery 
target – typically about 25 % – is chosen [30,31].

Production quality and feed salinity: The selection of set-point can 
directly impact permeate quality, especially under varying feed salinity 
conditions. As feed salinity increases, the osmotic pressure of the feed
water also increases, thus to maintain a positive net driving pressure 
across the membrane (which is necessary for water to permeate) the 
applied pressure (set-point) must increase proportionally [32]. Con
centration polarization will increase the osmotic pressure at the mem
brane surface and this will further reduce the effective TMP.
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Specific energy consumption and feed salinity: The SEC (kWh/m3) is the 
amount of energy (kWh) consumed per cubic meter (m3) of permeate 
produced, while the inverse SEC (m3/kWh) reflects the productivity per 
unit electricity. Since this is dependent on the operating pressure and 
flow conditions, the SEC can be directly affected by the set-point. At a 
higher salinity, there is increase in TMP which can necessitate an in
crease energy demand from the pump [33]. In such cases, maintaining a 
previously set recovery set-point could the increase SEC. Therefore, 
optimizing the set-point with respect to both current salinity and 
membrane characteristics is essential for minimising SEC while main
taining acceptable performance.

Set-point methodology: A series of experiments were conducted, aimed 
to assess how variations in operating set-point influence the system 
performance across different salinities and membrane types. This relies 
on the set-point methodology adapted from Richards et al. [34], sum
marised below with more a detailed step-by-step guide provided in 
Section S2 of the Supplementary Information. The SAS was used to 
emulate the real-world characteristics of the PV array. For set-point 
experiments, the SAS settings were selected to match Standard Test 
Conditions (STC ≡ a fixed SI of 1000 W/m2 and PV module temperature 
of 25 ◦C), thus producing 600 W. This enabled the pump to receive 
constant input power from the SAS and achieve the maximum feed flow 
rate of 600 L/h from the pump. It should be noted that the NF modules 
are being operated at significantly less than the maximum feed flow rate 
of 3600 L/h [30,31], which reduces crossflow velocity and may exac
erbate concentration polarization. Then, the system performance – 
defined in terms of permeate flux, EC retention, and SEC – is then 
mapped out at different set-points (TMPs of 5, 6, 7, 8, 9, 10, 11, 12 bar) 
was investigated over a wide range of salinities for the selected mem
branes as a function of pressure. For this, NaCl of general-purpose grade 
(VWR, Germany) was diluted in deionised water (pH 6.1, 0.1 μS/cm) to 
prepare the feed solutions with NaCl concentrations of 1, 2.5, 5, 7.5 and 
10 g/L. The selection of the set-point is based on the resultant recovery 
that was chosen to be <30 %, which is in line for maximising the 
operational lifetime of the NF membranes [30,31]. Subsequently, to 
determine the limits of the PV-membrane system, a much higher NaCl 
concentration of 20 g/L was tested, for which two higher set-points of 14 
and 20 bar were used.

2.7. Safe-operating window (SOW)

The performance information gained from the brackish water set- 
point experiments above are important in determining an optimal 
operating set-point to maximise the system performance, by identifying 
the operational constraints that can allow the system to operate within a 
SOW [17,34]. The SOW is the defined set of limits for key process pa
rameters within which the membrane module and system can operate 
while maintaining: i) desired permeate quality; ii) sustainable flux (i.e. 
minimising scaling and/or fouling); iii) membrane integrity; and could 
also be extended to comply with iv) an acceptable cleaning frequency as 
well as v) the membrane manufacturer's warranty. An example of the 
SOW is illustrated in Fig. 3, determined via mapping out the operating 
constraints, embodying the hydraulic, electrical, and membrane- 
performance characteristics of the PV-membrane system, which are 
detailed as follows: i) the minimum pump power to overcome osmotic 
pressure and produce a permeate flow. However, this constraint is 
usually superceded by: ii) the minimum retention that is required to 
attain drinkable permeate. Constraints iii) and iv) are defined by the 
minimum and maximum pressure set-points achievable with the system, 
respectively, while v) is the maximum desired recovery (e.g. to avoid 
scaling) and vi) is constrained by the maximum electricity consumption 
of the pump. It should be noted that temperature and pH were not 
considered in the SOW determination here.

For autonomous operation, the SOW for the PV-membrane system 
defines the operational limits, within which the system can both operate 
and also produce clean drinking water that meets the chosen standard 

and remain within the recommended limits for minimising scaling/ 
fouling. The SOW was originally theoretically proposed by Feron for 
wind-powered membrane filtration systems [35] and expanded upon 
experimentally [17,34], but neither for PV-membrane systems nor over 
a wider salinity range. In addition, previous research assumed that if 
permeate was produced then the water must meet the drinking guideline 
values, which is not strictly true when the amount of PV power available 
varies contunuously. In this work, a total dissolved solids (TDS) value of 
1 g/L was selected as the desired water quality target. Thus, any oper
ating condition inside the highlighted SOW (Fig. 3) – for any particular 
combination of salinity and membrane choice – is regarded as safe 
drinking water. The method for mapping out the SOW for the PV- 
membrane system was adopted from earlier experimental work 
applied to wind-membrane systems [34]. It is worth noting that while 
the SOW concept is applicable to any pressure-driven membrane system, 
it needs to be appreciated that by changing any of the following pa
rameters – feedwater salinity, pump type, pump motor, or the mem
brane – will impact on the SOW. In this work, the feedwater salinity and 
the membrane type were varied and the resulting SOW are reported in 
Sections 3.2 and 3.3, along with Section S9 in the Supplementary 
Information.

2.8. Solar day choice for direct coupling and energy buffering

For solar day experiments, previously measured SI data from one day 
(26 May 2016) at the KIT Solar Park in Karlsruhe, Germany was 
collected from sunrise to sunset at 1 s resolution. This partly cloudy day 
(Fig. 4A) was chosen as i) there is typically a high amount of SI available, 
and ii) passing clouds cause eight fluctuations near midday (Fig. 4B), 
resulting in large drops in the availability of PV power, which, in turn, 
will challenge the hydraulic performance of the system [36]. Note, the 
temperature plotted in Fig. 4A is not the ambient air temperature – it is 
the measured temperature on the rear-side of the silicon PV modules 
installed in the KIT Solar Park [37].

Two operation modes characterized these experiments, i) directly- 
connected and ii) energy buffering.

Fig. 3. Graph outlining the boundary conditions of the experimentally- 
determined safe operating window (SOW) of a PV-membrane system as a 
function of transmembrane pressure (TMP) and feed flowrate. The constraints 
from the following factors define the SOW: i) the minimum pump power 
required to produce a permeate flow; ii) the minimum retention that is required 
to attain drinkable permeate; iii) the minimum pressure set-points achievable 
with the system; iv) the maximum pressure set-points achievable with the 
system; v) maximum desired recovery; and vi) maximum electicity consump
tion of the pump – as discussed in detail in the main text.
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The option of using SCs for energy buffering will be investigated 
using two NF membranes with different permeabilities: NF270 and 
HY50. This investigation aims to determine how membrane selection 
affects PV energy utilization by the SC module. Additionally, during 
buffering operation, the charge-discharge characteristics of the SC 
module, the SEC, and the quality of the permeate produced (measured in 
terms of EC) – will be monitored.

2.9. Water source and water quality analysis

For these experiments, a real water source with a challenging 
naturally-occurring contaminant, uranium (U), was located near the 
Krunkelbach Pit in Menzenschwand region of south-west Germany, as 
shown in Fig. S4. The Krunkelbach Pit in the Menzenschwand area was 
renowned for its exploration and utilization of uranium reserves [38]. 
For the PV-membrane experiments conducted here, about 1000 L was 
collected from a location nicknamed ‘Waterfall’ (Coordinates: N 
47◦50.317′ E008◦02.812′). The water quality data is provided in 
Table S9, indicating a very low salinity and a typical U concentrating of 
~60 μg/L, which is twice the WHO guideline value [39]. The experi
mental design for these solar day experiments is summarised in Table S8.

In addition to the inline water quality sensing, samples were taken 
periodically for further analysis. Inductively coupled plasma mass 
spectrometry (ICP-MS, 7900, Agilent, Japan) was employed for multi
element analysis, including uranium (see Table S9). For this, a standard 
reference (ICP standard solution VI 30 elements, 9.9 ± 0.5 mg/L of U, 
Certipur®, Germany) was used for calibration. The limit of detection 
(LoD) for the U analysis was deternined to be 0.5 μg/L, and a recovery 
test was performed as detailed in Fig. S5. For permeate sampling for U 
monitoring (samples for ICP-MS analysis), a sample every 15 min during 
the 12-h solar day (48 samples). In addition, one sample was taken every 
30 s during the period with fluctuating SI during the middle of the day 
(~90 min; equivalent to 180 samples). The pH and EC were measured 
using a multi-parameter portable meter (WTW ProfiLine pH/Con 3320, 
Germany) with waterproof electrode SenTix™ pH-Electrode (0–14, 3 
mol/L KCl, Ag+ free, WTW, Germany) for pH measurements and Tet
raConc® 325 (1 μS/cm – 2 S/cm, cell constant 0.475/cm, WTW, Ger
many) for EC measurements. The multi-parameter portable meter was 
also used to verify the EC and pH readings from the sensors of the PV- 
membrane system. All experiments with U-containing water were con
ducted under KIT safety guidelines, with liquid waste below exemption 
limits (1 Bq/g [40], ~45 mg/L U), and standard laboratory and waste 
management procedures were strictly followed.

3. Results and discussion

Each system has intrinsic performance characteristics due to the in
dividual design. For this reason the novel mobile laboratory will be 

characterized in detail prior to the example application for low salinity 
groundwater containing uranium.

3.1. Performance of PV-membrane system under different set-point 
operating pressures

An example of varying the set-point operating pressure on the PV- 
membrane performance is illustrated in Fig. 5. Different set-points 
(selected pressures between 5 and 12 bars at a maximum flow rate of 
600 L/h) were investigated initially at 5 g/L NaCl for the four different 
NF membrane types (NF90, NF270, HY70, HY50) and plotted as a 
function of TMP. The pump power electrical consumption rises with 
increase in pressure (Fig. 5A). This is to be expected as the hydraulic 
power – defined as the product of the flowrate and pressure – is also 
rising. The feed flowrate increased linearly with rising TMP (Fig. 5B), 
with the highest flowrates of 600 L/h still being able to be maintained by 
the pump even at high TMPs. This result contrasts with earlier published 
results using a helical rotary pump from another manufacturer (NOV/ 
Mono Pumps), where the feed flow steadily reduced as the TMP 
increasedRichards et al. (2014) [34]. This was likely due to the lower 
power (300 W) motor used in the earlier work, compared to the 500 W 
maximum observed here (Grundfos pump). The flux – defined as the 
permeate flow rate divided by the membrane area – commenced after 
the osmotic pressure (~2.1 bar for 5 g/L NaCl) was overcome (Fig. 5C).

The flux varied little with the operating point as this is primarily a 
function of the intrinsic permeability of a chosen membrane. As the TMP 
rises the flux increases from ~2 L/m2.h (the minimum that can be read 
out from the permeate sensor) to ~42 L/m2.h at a TMP of 12 bar. The 
recovery – defined as the volumetric fraction of permeate produced – 
increased steadily as a function of TMP, with values over 8 bar exceeding 
the desired 30 % limit (Fig. 5D). To reach the 1 g/L TDS target value 
with 5 g/L feedwater, a retention of 80 % is required. This is achieved for 
all set-point values; at the minimum set-point, a TMP of about ≥4 bar is 
required to achieve the desired retention of about 80 % for 5 g/L con
centration (Fig. 5E). The TMP demand to realise this retention increases 
gradually as the set-point increases and a maximum retention of >90 % 
can be achieved. When it comes to SEC (Fig. 5F), it can be seen that 
higher set-points yield a lower SEC (as low as 1.5 kWh/m3 for a set-point 
of 12 bar) and that beyond a TMP of 8 bar the SEC value plateaus for 
each of the set-point values. Fig. 5G demonstrates that at higher set- 
point pressures (e.g. 11–12 bar), the permeate EC is excellent, remain
ing within the target value of 1.1 mS/cm down to 6 bar. Prdictably, at 
lower set-point pressures (e.g. 6 bar) the system will not often have 
enough power and will typically operate in the 2–4 bar range where the 
permeate quality is poor. Finally, Fig. 5H demonstrates a new figure-of- 
merit – the inverse SEC – clearly showing that under the best operating 
conditions (12 bar set-point) a value of 0.6 m3/kWh can be achieved, but 
drops to only one-third of this at low set-point pressures.

Fig. 4. (A) Measured solar irradiance (SI) and rear-side PV module temperature data of the partly solar day which exhibit (B) eight abrupt SI fluctuations in the 
middle of the day (data taken from KIT Solar Park on 26 May 2016, Karlsruhe, Germany).

B.S. Richards et al.                                                                                                                                                                                                                             Chemical Engineering Journal 528 (2026) 172387 

6 



The performance of the PV-membrane system for desalinating 5 g/L 
feedwater equipped with the three other NF membranes (NF270, HY50, 
HY70) is given in Figs. S6–S8. These were investigated under the same 
set-points, and the pump attained the maximum feed flow (600 L/h) 
during each test condition. However, membrane performance showed 
variations, with the main concern being that the maximum retention 
achieved was below the requirement to produce drinkable water for 
these three membranes, and this not producing potable water. This is 
due to the salt retention characteristics of these membranes (NF270, 
HY50, HY70), which limit desalination performance to feed salinities 
below 5 g/L. The low salt retention observed is primarily attributed to 
the higher molecular weight cut-off (MWCO) – or larger effective pore 
size – compared with the tighter NF membrane (NF90), leading to 
reduced size exclusion, as commonly known for NF membranes with 
larger pores [41]. In addition, surface-charge screening at high ionic 
strength diminishes electrostatic repulsion, further lowering salt reten
tion [42]. The choice of NaCl to characterize a system that is applied to 
low salinity water with more complex contaminants bears limitations 
that require further consideration. Thus, a SOW is not achievable under 
these performance conditions for the 5 g/L concentration (and above).

Subsequently, the feedwater salinity was varied to lower values (1 g/ 

L and 2.5 g/L) and then higher values (7.5 g/L and 10 g/L) for all four NF 
membranes, with all performance maps being supplied in the Supple
mentary Information (Figs. S9–S24). For a feed salinity of 1 g/L, natu
rally all membranes produced drinkable permeate regardless of the 
retention levels, since the target permeate salinity is also 1 g/L. The 
performance covers most surface and low salinity groundwaters, where 
typically other contaminants than NaCl are of concern, as illustrated at 
the example later. At a feed salinity of 2.5 g/L, a minimum retention of 
40 % is required to achieve the target permeate quality. This level of 
retention was achieved only by the NF90 and NF270 membranes, 
whereas the HY50 and HY70 membranes fell below this threshold. This 
indicates that only some NF membranes can operate within a SOW at 
this feed salinity.

Finally, the performance maps at the highest TDS concentration of 
20 g/L were determined experimented with the NF90 membrane only at 
the 14 bar and 20 bar set-points (Figs. S25 – S26). The high TMP 
operation will improve the retention of the NF membrane at high feed 
salinity (20 g/L) where the effective TMP is reduced by the high osmotic 
pressure and diffusive transport reduces the observed retention. For this 
feed salinity, a minimum retention of 95 % is needed to realise a 
permeate of about 1 g/L. However, for both TMP up to 20 bar, the 

Fig. 5. Steady-state performance of the PV-membrane system operated over the set-point range of 5–12 bar (NF90, 5 g/L NaCl, feedwater temperature 22 ◦C ±
1.5 ◦C): (A) pump power, (B) feed flowrate, (C) flux, (D) recovery, (E) retention, (F) SEC; (G) permeate electrical conductivity; and (H) inverse SEC. In (E) and (G) the 
required retention and permeate EC limits, respectively, to achieve the desired WHO target are also plotted, while the 30 % upper limit on recovery in shown in (G).
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permeate quality is not drinkable with this NF membrane. This indicates 
that this salinity is outside the limits of this system.

3.2. Safe operating window of PV-membrane system when treating 5 g/L 
feedwater

All of the performance mapping data in Fig. 5 (NF90) along with 
Figs. S6–S8 (for NF270, HY70, HY50 respectively) was then used to 
create the SOW plot for treating 5 g/L feedwater as shown in Fig. 6. For 
each membrane, the SOW is realised by plotting the feed flowrate 
against the TMP with the constant set-point values (5–12 bar) marked as 
dashed lines. Other key parameters that define the SOW are also plotted 
(e.g. recovery and pump power limits) while other indicators (flux, 
retention, SEC) are indicated as well.

For the NF90 membrane (Fig. 6A), it can be seen that the limiting 
factors that define the SOW in this case are primarily the pump power 
(both minimum and maximum) and the maximum desirable recovery of 
30 %. There is a possibility of increased water production at higher re
coveries – in other words a larger SOW would be possible – however, 
higher recoveries come with a higher risk of scaling, especially at the 
comparatively low crossflow velocities. The minimum retention of 80 % 
required to produce safe drinking water that meets the desired 1 g/L 
target value (from 5 g/L feed salinity) is realised at minimum SEC of 3.0 
kWh/m3. The water quality was achieved across all the investigated 
operating set-points of 5–12 bar, making this set-point ideal for treating 
5 g/L feed salinity with the NF90 membrane.

In terms of the other membranes, the NF270 membrane (Fig. 6B) 
displayed a different performance profile with a lower retention of 
approximately 55 % and a maximum recovery also around 55 % across 
the set-points investigated. Although a low SEC of about 1.5 kWh/m3, 
was achieved at high set-point, notably due to the low retention, the 
permeate produced across all the set-points is not suitable for drinking, 
and thus a SOW of the membrane for 5 g/L feed salinity cannot be 

mapped out. The retention of HY70 was even lower at around 25 %, 
while the maximum recovery increased to approximately 15 %, the flux 
remained low at 10 L/m2.h, and the SEC increased to about 4.0 kWh/m3 

(Fig. 6C). Inevitably, no SOW could be achieved for this membrane 
within the investigated operating set-points up to 12 bar. The lowest 
retention performance is observed with HY50 membrane over the same 
operating set-point range as shown Fig. 6D. This exhibited a reduced 
retention of about 20 % across all the set-points. Although, a desirable 
recovery of 30 % (increased flux compared to HY70), was realised at low 
SEC of 2.0 kWh/m3, however, the quality of permeate produced across 
these set-points is not be suitable for drinking. This makes the SOW for 
treating brackish water of feed salinity of 5 g/L impossible with this 
membrane, and thus no ideal set-point can be recommended. It should 
be noted here that the membranes are evaluated in light of the relevance 
for surface water treatment, notably organic matter removal. The in
vestigations at brackish water salinities serve as an example for a case 
where a SOW cannot be achieved.

3.3. Safe operating window of PV-membrane system operation at 
different salinities

The SOW of PV-membrane system operation depends strongly on the 
feedwater salinity as this can directly influence the retention of the 
membrane. The SOWs of the PV-membrane system using NF90 mem
brane at different feed salinities 1, 2.5, 7.5 and 10 g/L are plotted in 
Fig. 7. As indicated above, at low feed salinity of 1 g/L (Fig. 7A), a SOW 
for drinkable permeate is achieved as the feed salinity is already within 
the palatable salinity of drinkable water. When the feed salinity in
creases to 2.5 g/L (Fig. 7B), a minimum retention of 60 % is required by 
the system to attain the palatable limit. At both of these low concen
trations it can be seen that the desired maximum recovery of 30 % is a 
key limiting factor. The size of the SOW region reduces as the salinity 
increased to 7.5 g/L (Fig. 7C), where a minimum retention of 87 % is 

Fig. 6. Safe operating windows that were mapped out for the PV-membrane system operated over the set-point range of 5–12 bar and equipped with different NF 
membranes using brackish feedwater with a salinity of 5 g/L NaCl (feed temperature 22 ◦C ± 1.5 ◦C). (A) NF90, (B) NF270, (C) HY70 (D) HY50.
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required to produce drinkable permeate. In Fig. 7D, no SOW could be 
realised at 10 g/L using the NF90 membrane. This is because the 
retention across all the set-points is below the desired 90 % value 
required to achieve drinking water that meets the palatable limit. 
Altogether, the results shown in Fig. 7 highlight the importance of 
matching the correct membrane to the feedwater quality.

To determine the set-point role in limiting the performance at high 
salinities, the PV-membrane system was now tested using the NF90 
membrane to in treat feedwater with 20 g/L salinity. A set-point of 14 
bar was mistakenly used at the beginning, which is less than the osmotic 
pressure of the feedwater (about 15.5 bar) that needs to be overcome. 
Thus, the performance at this setting (Fig. 8A) is poor – both the 

recovery and retention are very low, meaning that although some 
permeate is produced this is brackish. When the set-point was increased 
to 20 bar (Fig. 8B), the performance improves markedly, with flux, re
covery and retention all increasing significantly and the SEC decreasing 
markedly. Although the maximum retention of 83 % fell just short of the 
90 % required to meet the 1 g/L permeate salinity target, this experi
ment demonstrates the value of choosing the correct set-point. As the 
pump and all of the sensors in the PV-membrane system are limited to 
20 bar maximum operating pressure it was not possible to go to a higher 
set-point in order to realise a SOW at this salinity.

Given the relatively poor performance of the looser NF membranes 
(NF270, HY70, HY50) for treating water with salinities higher than 1 g/ 

Fig. 7. Safe operating windows that were mapped out for the PV-membrane system operated over the set-point range of 5–12 bar and equipped with NF90 
membrane using a range of brackish feedwater salinities (feed temperature 22 ◦C ± 1.5 ◦C). (A) 1.0, (B) 2.5, (C) 7.5, and (D) 10.0 g/L NaCl.

Fig. 8. Safe operating windows that were mapped out for the PV-membrane system equipped with NF90 membrane using brackish feedwater with a salinity of 20 g/ 
L NaCl (feed temperature 22 ◦C ± 1.5 ◦C) and operated at the maximum set-points of: (A) 14 bar, (B) 20 bar.

B.S. Richards et al.                                                                                                                                                                                                                             Chemical Engineering Journal 528 (2026) 172387 

9 



L, these SOW results are provided only in the Supplementary Informa
tion (Figs. S27–S29). Overall, increasing the salinity reduced the flux, 
recovery and retention, while the SEC increased. Typically, the salt 
retention was too poor and the resulting permeate did not meet the 1 g/L 
target value. Indeed, a maximum recovery of 30 % – recommended for 
an operational lifetime of 1–2 years for membranes [30,31] – was ach
ieved at TMP ≤5 bar only for the 1 g/L feedwater salinity.

3.4. System performance over a solar day for treatment of groundwater 
containing uranium

The SOW studies above revealed that for the low salinity feedwater 
of 1 g/L, a set-point of 5 bar was recommended for operating the PV- 
membrane system using the different NF membranes. In the following 
section, natural groundwater contaminated with uranium and 

Fig. 9. Solar day experiments were conducted using the PV-membrane system equipped with different NF membrane types to treat Menzenschwand water (set-point 
5 bar, 50 ± 5 μgU/L, pH 7.5 ± 0.4, EC 83 ± 9 μS/cm, TDS 42 mg/L, 17–32 ◦C): (A) motor power, (B) TMP, (C) feed flow, (D) flux, (E) recovery (F) permeate EC, (G) 
permeate uranium concentration and (H) SEC. The WHO (red dashed line) and German (red dotted line) guideline values for the uranium concentration in drinking 
water are also plotted in (G).
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exhibiting low salinity (TDS < 0.1 g/L) was treated with the PV- 
membrane over the course of one “solar day” (sunrise to sunset). To 
evaluate the PV-membrane system performance with different NF 
membranes under the selected set-point conditions (5 bars at optimum 
PV conditions of 1000 W/m2 and 25 ◦C), Menzenschwand water was 
treated on this solar day. The solar day – which relies on pre-recorded SI 
data – can be repeated in the field, thanks to the SAS. Without this, the 
constantly changing weather would render it impossible to achieve any 
meaningful comparison between the four membranes, for which 11 h is 
required for each experiment (not including set-up time).

The key performance parameters investigated were hydrodynamics 
(TMP, flow rates, flux), recovery, SEC, and permeate water quality (both 
as TDS as well as U concentration) – as plotted in Fig. 9, against the back- 
drop of the solar irradiance (taken from Fig. 4A). Additional supple
mentary data – including the daily cumulative permeate production, 
water permeability, feedwater temperature, feed and permeate pH, as 
well as EC retention – are reported in Fig. S30. It can be seen that the 
motor power (Fig. 9A) and hydrodynamics (feed flowrate and TMP 
shown in Fig. 9B and Fig. 9C, respectively) mimicked the solar day – 
including the fluctuations in the middle of the day – regardless of the 
membrane type. The observed flux and SEC (Fig. 9D, H) were propor
tional to membrane permeability (Table S7). The obtained SEC of NF, 
which varied from 1 to 4 kWh/m3 during maximum power input during 
the solar day, could be higher than the minimal energy input required 
for conventional technologies, such as ion exchange, adsorption, and 
chemical precipitation, in particular seeing the very low concentrations 
of this water that merely served as an example application in this work. 
However, these conventional methods regularly require regeneration, 
chemicals, skilled operation, and reliable supply chains, which are 
limiting factors for remote applications compared to the PV-membrane 
system. In addition, NF membranes can achieve a uranium removal of 
≥95 %, such as in the case of PV-membrane operated with NF90 at ~35 
L/m2.h and with ~1 kWh/m3 SEC, which is very comparable to previ
ously mentioned conventional methods [43], while powering the system 
with PV enables fully off-grid treatment.

In terms of water quality, permeate EC (Fig. 9F) and uranium in the 
permeate (Fig. 9G) followed the salt retention characteristics of the 
membranes. Three membranes – NF270, NF90, and HY70 – achieved 
both the German and WHO guidelines for uranium in drinking water. In 
contrast, the results achieved for HY50 lay just above the German 
guideline. From Fig. 9F it should be noted that the the permeate EC 
quality remains relatively stable for a large fraction of the day, roughly 
from 7:00 to 17:00. This is despite the large fluctuations during the 
middle of the day and regardless of membrane choice. Outside the 
aforementioned time window the level of solar irradiance is too low (<
250 W/m2), then the electrical power availability limits the system not 
produce enough power to maintain the same permeate EC as during the 
middle of the day. In particular, U removal was dependent on the 
membrane molecular weight cut-off (MWCO) (or pore size): tighter NF 
membrane (NF90) with the lowest MWCO (90–180 Da) achieved low U 
concentration in the permeate, while the NF membrane with the highest 
MWCO (HY10, 3000 Da) exhibited high U concentration in the 
permeate. This observation supports the important role of size exclusion 
in the separation mechanisms for U removal by NF, as previously re
ported [44,45]. The recovery (Fig. 9E), in particular, which is linked to 
the selected SOW, was higher than 30 % for NF270, NF90, and HY50, 
while HY70 was below 30 % and hence within the SOW. The impact of 
the energy fluctuations on water quality during PV-membrane system 
operation to treat Menzenschwand water was investigated in detail in 
the following section.

3.5. Uranium removal with PV-membrane system during solar irradiance 
fluctuations

To evaluate the influence of the variable operation of the PV- 
membrane system on U removal from low salinity Menzenschwand 

water, uranium in feed, permeate, and concentrate as well as permeate 
EC were monitored over the solar day, with an increased number of 
samples being taken during the period of fluctuations (Fig. 10). The U 
concentration after the cartridge filter was deemed to be very similar to 
that in the feedwater, thus indicating negligible U adsorption. The U 
concentration – in the feed, permeate and concentrate – did not vary 
over the solar day, compared to permeate EC that increased gradually 
toward the end of the day (Fig. 10A). While fluctuations resulted in 
increased permeate EC – particularly with NF270, HY50, and HY70 – the 
U concentration was within the same range over the solar day including 
the period of fluctuations (Fig. 10A). This highlights effective removal, 
presumably due to size exclusion. The U concentration in the concen
trate of NF270 and NF90 was higher compared to the feed, due to 
retention by the membrane.

For the HY50 and HY70 membranes, the U concentration in 
concentrate was similar to that in the feed, while the permeate U con
centration was low, suggesting that adsorption may have contributed to 
removal. Differences in U adsorption are likely influenced by the 
membrane polymer materials, including both active layer and support 
layer materials [22], which is the subject of parallel investigations. From 
the energetical point of view, to maintain the same water quality in the 
permeate during PV-membrane system operation an energy buffering 
strategy to mitigate the fluctuations can be employed - this is investi
gated in the following section. The repeatability of the results obtained 
using Prototype VII are detailed in Section S12 and Fig. S32 in the 
Supplementary Information. The slight differences in performance 
(power consumption, flux, recovery, permeate EC, and SEC) are all 
attributed to variations in feedwater temperature (ΔT ~ 7.5 ◦C).

3.6. Performance of the PV-membrane system with energy buffering

Energy buffering can improve the performance of PV-NF membrane 
systems, especially in terms of improving salt retention and reducing the 
SEC caused by the fluctuations on a cloudy day. In the case of U retention 
however, the achievable improvement is bound to be minimal, as this is 
not affected by fluctuations. For this reason, U concentrations were not 
monitored for the energy buffering experiments. Nevertheless, the 
buffering is included for this application in order to describe the meth
odology that would be identical for other waters.

For the SC energy-buffering analysis on the PV–membrane system 
treating Menzenschwand feedwater, two membranes (NF270 and HY50) 
with poor retention but good recovery were selected for two main rea
sons: i) to investigate the potential of energy buffering to improve 
retention while maintaining high recovery, and ii) because NF270 has 
approximately twice the permeability (and therefore recovery) of HY50, 
making it relevant to examine how this difference influences the utili
zation of photovoltaic (PV) energy, particularly in relation to SC energy 
buffering and powering the overall system. The SC was programmed to 
switch in to boost the PV power supply when the PV power supply 
threshold (PPVtresh.) reaches a certain limit requires to produce the 
permeate. This was determined ~300 W at ~5 bar TMP. At this point, 
the SC is activated to buffer the system performance. Buffering is 
enabled during the peak period of the solar day, which is prone to SI 
fluctuations (in this case, this happened between 07:30 and 14:30, i.e., 7 
h). While the buffering time (timebuff.) remains within this set duration 
(timeset) duration of 7 h, and the PV power supply PPV is above the 
maximum pump power with under SC energy supply (Ppumpmax), the SC 
automatically recharges via the MPPT charge controller. Otherwise, the 
SC discharges to compensate for low PV power supply. The SC stops 
buffering when the timeset elapses or when the SC voltage (Vsc) reaches 
the minimum cut-off voltage (Vscmin) at about 45 V. This lower limit was 
not reached during the experiments, so the charge–discharge behavior 
was evaluated within the time boundary. The process control flow chart 
is shown in Fig. 11.

The results of the system investigation without SC and with SC are 
presented in Fig. 12. Under no-buffering conditions (Fig. 12A-E), 
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representing the directly-coupled PV–membrane system, the system 
operated under partly cloudy SI conditions (Fig. 12A), which subjected it 
to noticeable SI fluctuations. The corresponding pump power con
sumption for both membranes was unstable for most of the solar day 
(Fig. 12B); however, the consumption was capped at approximately 300 
W, especially for the NF270 membrane. For HY50, the power con
sumption was slightly higher, with a correspondingly higher TMP de
mand of ~6 bar compared to ~5 bar for NF270 (Fig. 12C). This behavior 
is expected because a membrane with lower permeability (or recovery) 
requires a higher TMP to achieve a given flow rate (e.g., ~600 L/h in 
Fig. 12D), which in turn leads to higher pump power demand. The dif
ference in permeability between both membranes is reflected in the 
maximum fluxes of ~18 L/m2.h (HY50) and ~ 38 L/m2.h (NF270) 
(Fig. 12E).

With SC buffering, the system was operated under the same SI con
ditions and the same membrane TMP setpoint of ~5 bar for both 
membranes. The SC charge and discharge response to SI fluctuations and 
pump demand is shown in Fig. 12F. Although the SC did not charge 

consistently during the middle of the day, this was due to the limited 
extra PV power available to drive the pump and charge the SC simul
taneously. Following the control algorithm described in Fig. 11, buff
ering was initiated once the PV power reached approximately 300 W. 
There was a clear increase in pump power demand under buffering 
(Fig. 12G) because the pump was now able to draw its full operational 
power, which it could not achieve under the direct-coupled configura
tion (without buffering). Similar to the no-buffering system, the peak 
power and pressure demand of HY50 (Fig. 12H) were slightly higher due 
to its lower permeability. Both systems maintained an approximate feed 
flow rate peaking at ~600 L/h (Fig. 12I), and the corresponding fluxes 
started at around 18 and 38 L/m2.h and increased to approximately 20 
and 42 L/m2.h for HY50 and NF270, respectively (Fig. 12J). The steady 
rise in flux is attributed to the increasing feedwater temperature during 
the buffering period, which rose from ~20 ◦C to ~25 ◦C. The additional 
average performance metrics of the membranes monitored over the 
same 7-h period for both system configurations are summarised in 
Table 1.

Fig. 10. Uranium concentration in feed, permeate, and concentrate during treatment of Menzenschwand water using a PV-membrane system equipped with different 
NF membrane types (A) as a function of solar time over the whole solar day and (B) the period of fluctuations. (C) and (D) plot the permeate EC over the same time 
periods, respectively (set-point 5 bar, 50 ± 5 μgU/L, pH 7.5 ± 0.4, EC 83 ± 9 μS/cm, TDS 42 mg/L, 17–32 ◦C): The WHO (red dashed line) and German (red dotted 
line) guideline values for the uranium concentration in drinking water are also plotted in (A) and (B).

Fig. 11. Flow chart diagram of the process control of SC energy storage for buffering as implemented in the study.
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Fig. 12. Experimental investigation of energy buffering on PV-membrane system equipped with two high-permeability membranes – HY50 and NF270 – under two 
configurations: (left column) No energy buffering (i.e. directly coupled) and (right column) buffering using supercapacitors: (A,F) Solar irradiance and SC voltage, (B, 
G) Pump power, (C,H) TMP, (D,I) Feed flow, (E,J) Flux (average feed EC: ~90 μS/cm, peak permeate EC: ~30–42 μS/cm, feed temperature: 18–25 ◦C).
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4. Conclusions

This paper describes the design of Prototype VII of an autonomous 
PV-powered membrane filtration system that is mounted onto an off- 
road trailer such that it can be taken to remote field sites. Prototype 
VII brings together all of the experience gained via the design, con
struction and field testing on Prototypes I – VI (spanning twenty years).

Prototype VII was designed to be a mobile lab that could be towed by 
a four-wheel drive vehicle to remote testing sites. The design features: i) 
600 W of PV panels integrated into the roof for powering the pump, 
while another 600 W is available for power auxiliary loads in the field; 
ii) the high-pressure pump can provide up to 20 bar pressure and all 
sensors are also rated to handle this pressure as well; iii) two pretreat
ment options – a 4” UF membrane and a micro-filter; iv) one 4” NF or 
low-pressure RO module for treatment of surface and groundwater with 
variable water quality challenges, in this work uranium removal from a 
low salinity groundwater; and v) with the option of ~2.5 kWh of both 
supercapacitors and lithium ion batteries for energy storage. The PV- 
membrane system was powered using a SAS using measured solar irra
diance data. A wide range of experiments were conducted to verify the 
performance of the PV-membrane system when pairing five NF mem
branes (NF90, NF270, HY70, HY50, HY10) with different water sources 
– synthetic brackish feedwater with a NaCl concentration of 1 g/L up to 
20 g/L.

For the autonomous operation of the PV-membrane system, the se
lection of a set-point operating pressure is important, limited by the 
pump characteristics, available power, water quality and the selected 
membrane. The methodology was described in detail such that this can 
be applied for any membrane or water. These steady-state set-point 
experiments were carried out using emulated solar irradiance of 1000 
W/m2 (producing 600 W of PV power) that was used to map out the 
SOW of each configuration, noting that the SOW definition here was 
now expanded to include sufficient retention as a boundary condition. 
HY10 did not exhibit any NaCl retention and was not investigated 
further for brackish water desalination (with NaCl as the chosen solute). 
At a 10 bar set-point for NF90 of high retention characteristics, SEC 
below 3 kWh/m3 was naturally achieved at low salinities (1–5 g/L), but 
the recommended recovery of 30 % for safe operation was only achieved 
at 5 g/L and an operating pressure below 6 bar. Although feedwater 
salinities of up to 20 g/L were attempted, the highest possible salinity 
that could be desalinated using NF90 was 7.5 g/L. For higher salinity 
feedwaters a RO membrane (such as BW30) would need to be integrated 
into the system, while this is usually not the case for surface or low 
salinity ground waters, where other contaminants are of interest. The 
HY50 and HY70 NF membranes exhibit limited salt retention and only 
exhibit satisfactory performance at the lowest NaCl salinity of 1 g/L, 
while NF270 was able to desalinate 2.5 g/L feedwater.

The NF membranes were applied to a real water example, in this case 
to remove a specific contaminant, naturally-occurring uranium,from 
contaminated groundwater in Menzenschwand (Black Forest, south- 
west Germany). Experiments were conducted over a solar day, which 
included large fluctuations due to passing clouds. Three membranes – 
NF270, NF90, and HY70 – were able to achieve both the German and 

WHO guidelines for uranium in drinking water with a SEC as low as 1 
kWh/m3. The remaining two NF membranes (HY10 and HY50) were not 
able to meet either guideline. The permeate water quality and produc
tion were not significantly affected by fluctuations, although it should be 
noted that inline measurement of the U concentration is not possible. 
Nevertheless, U concentrations in the permeate remained below the 
WHO guideline value, except when using the HY10 membrane. Finally, 
two membranes (NF270, HY50) were tested further in the PV-membrane 
system when supercapacitors were implemented to buffer fluctuations 
in solar irradiance, demonstrating the flexible design of the mobile PV- 
membrane system.
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Table 1 
Average membrane performance of HY50 and NF270 membranes under 
directly-coupled and SC buffering configurations.

Average membrane 
performance

HY50 NF270

Directly- 
coupled

SC 
buffering

Directly- 
coupled

SC 
buffering

Feed flow (L/h) 555 585 560 592
Flux (L/m2.h) 14.3 17.9 35.3 41.3
SEC (kWh/m3) 3.07 2.61 1.19 1.15
Recovery (%) 18.5 22.2 46.1 53.0
Retention (%) 60.4 68.5 67.2 59.4
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