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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• SPED and NF/RO systems were 
compared for brackish water 
desalination

• Reducing the recovery of NF/RO from 
30 to 10 % improved permeate quality 
and SEC

• At 50 % recovery, SPED achieved <1 g/ 
L permeate TDS for salinities up to 15 g/ 
L

• RO at 10 % recovery achieved <1 g/L 
permeate TDS for salinities up to 17.5 g/ 
L

• SPED was overall more energy efficient 
compared to NF/RO
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A B S T R A C T

Brackish water desalination is a key solution for addressing the growing demand for drinking water in areas with 
limited access to freshwater resources. In this experimental study, reverse osmosis (RO), nanofiltration (NF), and 
single-pass electrodialysis (SPED) autonomous small-scale systems were investigated for brackish water desali
nation based on salt removal, specific energy consumption (SEC), and thermodynamic energy efficiency. With a 
production capacity of 40–180 L/h at a common recovery of 30 %, RO could achieve permeate salinities < 1000 
mg/L at feed salinities up to 12 g/L, whereas NF and SPED were limited to 10 and 6 g/L, respectively. Under 
typical operation, defined here by 10 % recovery for a single NF/RO module and 50 % for a SPED system, 
permeate quality with salinity below 1000 mg/L could be achieved at ≤ 17.5 g/L for RO, and ≤ 15 g/L for NF 
and SPED. When operating at comparable recovery (30 %), SPED demonstrated lower SEC (0.7–1.4 Wh/L) than 
NF (1.8–3.2 Wh/L) and RO (2.4–3.7 Wh/L) across the investigated salinities 1–12 g/L. However, operating NF/ 
RO at 10 % doubled the SEC due to reduced permeate production, while SPED maintained a stable SEC under 50 
% recovery. For brackish water up to 12 g/L salinity, SPED showed higher energy efficiency than NF and RO 
when comparing experimental SEC with the minimum energy for desalination. These findings highlight the 
potential of SPED for low-to-moderate salinity brackish water, the suitability of NF/RO for stricter water quality, 
and the need for optimized recovery or hybrid processes to balance energy use and performance.
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1. Introduction

Four billion people live in areas that suffer from severe physical 
water scarcity [1]. This figure may increase to nearly 6 billion people by 
2050 [2]. Water scarcity is a complex dynamic driven by multiple fac
tors, including world population growth, climate change, and wasteful 
water management systems [3]. Lack of financial means to invest in 
water-supply infrastructure, especially in developing countries, is an 
additional challenge [4]. As freshwater remains essential for sustaining 
human activities [5], population growth and socio-economic develop
ment are anticipated to increase freshwater demand by 50–80 % over 
the next three decades [6,7]. At the same time, climate change in
fluences global freshwater availability due to changes in seasonal pre
cipitation, hence surface water and groundwater recharge [8–10]. In 
light of these challenges, desalination technologies are increasingly 
viewed as vital solutions. However, they risk transforming water scar
city into an energy problem if not managed properly [11]. Therefore, 
energy-efficient desalination methods are crucial to sustainably support 
the water-energy-food nexus [12].

1.1. Brackish water desalination

Desalination of seawater and brackish water can increase the avail
ability while maintaining the freshwater cycle [13], and extending 
drinking water supplies [14]. Technically, seawater desalination is 
considerably more energy-intensive than brackish water desalination, 
owing to the higher salinity of seawater, which substantially increases 
the energy required for the desalination process [15]. Yet, brackish 
water is less explored and augmented by variable water composition, 
technological adaptation, and brine disposal logistics [16]. Globally, the 
total volume of brackish groundwater (12.9 million km3) represents 55 
% of the total volume of groundwater (23.4 million km3) [17]. This 
distribution of brackish groundwater is further exacerbated by seawater 
intrusion and over-extraction of fresh groundwater [18]. Desalination of 
brackish groundwater, given its typically salinity of 1–10 g/L, has the 
potential to meet the growing water demand, particularly in dry inland 
regions [19]. Nevertheless, the water desalination industry market share 
is 21 % brackish water desalination compared to 61 % seawater desa
lination, with the remaining 18 % distributed across wastewater desa
lination and other industrial applications [20].

1.2. Brackish water membrane desalination technologies

In terms of technology, reverse osmosis (RO) is the dominant tech
nology in global desalination – accounting for 86 % (65.5 million m3/ 
day) of total production across both seawater and brackish water 
desalination – followed by nanofiltration (NF) (3 % with 2.8 million m3/ 
day desalination capacity), and electrodialysis (ED) (2 % with 1.9 
million m3/day desalination capacity) [20]. Within these capacities, 27 
% of RO and 60 % of ED desalination capacities are used for brackish 
water desalination [20], reflecting the fact that ED dominates brackish 
water desalination, while NF plays a minor role.

Despite ED being claimed to consume less energy than RO at low 
salinity (≤ 5 g/L TDS) [21,22], RO is more commonly used in small-scale 
systems for brackish water desalination [23]. This could be due to the 
market size difference or likely due to the maturity of the technology, 
rather than actual performance. NF is less common for brackish water 
desalination, although it can provide comparable performance to low- 
pressure RO membranes, particularly for low salinity brackish water 
[24], and can be used in a hybrid process with RO to increase recovery 
[25], or improve the mineral composition of the permeate [26].

From an operational perspective, NF/RO and ED differ fundamen
tally in their driving forces. NF/RO require a pressure to drive water 
through to the permeate, while the solutes are retained in the concen
trate. In ED, an electrical potential is applied across a stack of cationic 
and anionic exchange membranes, transporting ions to the concentrate 

and obtaining a diluate stream [27]. In semipermeable NF/RO mem
branes, the water-salt selectivity originates from the subnanometer-scale 
voids between polymer chains that enhance transport of water mole
cules (of a radius of about 1.3 Å) compared to hydrated ions (e.g. Na+

3.6 Å and Cl− 3.3 Å [28]) [29]. In NF/RO, a critical energy barrier facing 
water molecules before being able to permeate through the 
subnanometer-scale voids is dependent on the membrane characteristics 
(pore size/volume and salt concentration) and the bulk osmotic pressure 
that controls the driving force for separation [30–32]. In NF, the non- 
steric interactions, including the electrostatic interactions of ions with 
the charged groups of the membrane material and the energy barriers 
associated with the partial dehydration of ions, play an important role in 
water-salt separation [33]. In contrast, in ED, semipermeable ion ex
change membranes (IEM) – that include a polymeric matrix, ionic 
groups fixed in the matrix, and mobile ions in the interstices – favour the 
transport of ions between two solutions, resulting in diluted and 
concentrated streams [34]. Unlike NF/RO, water transport through the 
IEM is undesirable, and it can damage and reduce the lifecycle of the 
membrane [35]. Water transport in IEM is associated with hydrostatic 
pressure difference, the osmotic pressure difference, electro-osmosis due 
to ion-water friction, and the transport of hydrated ions [36]. In IEM, 
ions are selectively transported depending on the ionic charge, the 
operational conditions (such as applied current, water flow rate), the 
membrane characteristics (such as thickness, fixed charge density), and 
the water matrix [37,38]. Increasing salinity in ED results in more ions 
transported through the membranes; hence, more energy is required, 
and the selectivity of bivalent ions is reduced in favour of the dominant 
monovalent ions, such as Na+ and Cl− [39,40].

1.3. Renewable energy-powered small-scale ED and NF/RO systems

All desalination methods are known to be energy-intensive, and a 
significant amount of carbon dioxide is emitted from brackish water RO 
desalination plants (0.4–2.5 kg CO2eq/m3 [41,42]). To address this 
challenge and break out of the water-energy nexus paradigm, using a 
more renewable (sustainable) source of energy can offset such emis
sions. In particular, photovoltaic (PV)-powered desalination systems are 
at or nearing commercial scale [43]. Small-scale PV-powered NF/RO 
systems have been extensively tested for brackish water desalination 
[23], and can tolerate intermittency when operated directly from the 
solar resource (without any energy storage) [44]. Similarly, PV-powered 
ED systems have been deployed and operated at a small scale for 
brackish water desalination, both with different configurations (batch 
and continuous operations) and with/without an energy storage strategy 
[45,46].

1.4. Energy consumption of brackish water desalination with NF/RO and 
ED

In NF, RO, and ED, energy consumption remains an issue along with 
environmental impacts [47]. Therefore, reducing the specific energy 
consumption (SEC) for such technologies is a long-standing goal [48]. 
The SEC is commonly reduced in desalination plants when upscaling, 
due to smaller losses, maximising throughput, adopting hybrid pro
cesses, and improving operation and maintenance practices [21,49].

For NF/RO, SEC can be reduced by using membranes with higher 
selectivity-permeability trade-off [50–52], adopting low-pressure 
isobaric energy recovery devices [53], considering multi-stage ap
proaches in the process [54,55], and using active-salinity-control for 
dynamic power consumption [56]. Similarly, in ED, SEC can be lowered 
by using low electrical resistance membranes with better system de
signs, such as in the case of adopting using thinner spacer [57,58], 
optimizing the operating conditions, such as current density, tempera
ture, and flow rate [39,40,59], and implementing advanced control 
strategies to help optimize ED performance [60].

The SEC of electrically-powered desalination processes (NF, RO, and 
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ED in this case) depends on i) either via the use of electricity to drive a 
high-pressure pump (NF/RO) or systems that rely on direct current (DC) 
electricity directly to realise desalination (ED), ii) feedwater salinity, 
and iii) the production capacity of the system [61]. Fig. 1 shows the 
dependence of SEC in NF/RO and ED on salinity at different system 
capacities as reported in the literature. The main observations are that i) 
SEC increases with salinity, ii) SEC decreases with scale, and iii) SEC of 
ED appears lower than that of NF/RO. System design, operating condi
tions, and membrane choice will clearly affect these results. Increasing 
salinity requires more pressure to overcome the osmotic pressure in NF 
and RO operation, which results in higher SEC. This is typical behaviour 
in NF and RO systems [62]. In ED, higher salinity results in higher ion 
transport and hence current, resulting in a higher SEC (due to dimin
ishing current efficiency) [63].

Inevitably, system capacity plays a key role. In RO, increasing system 
size generally reduces SEC because larger pump stations achieve greater 
efficiency [62]. In contrast, in ED, SEC at a given (e.g., 5 g/L) tends to 
increase with capacity because the current efficiency in ED is strongly 
related to productivity, being greatly enhanced by larger current den
sities [63]. Additionally, pumping the different streams is required for 
ED operation, and this can make a significant contribution to the overall 
SEC, particularly for small-scale systems [64].

Improving the energy efficiency of NF/RO and ED desalination 
processes – by reducing the SEC toward the theoretical absolute mini
mum amount of energy required for water-salt separation – is essential 
for the sustainability of desalination technologies, as it helps lower both 
operating costs and the carbon footprint.

1.5. Thermodynamic minimum energy requirements of desalination

The thermodynamic limit – defined as the difference between the 
Gibbs free energy of the mixture (water and salt in this case) and the 
Gibbs free energy of each component – is based on the second law of 
thermodynamics of real processes involving entropy generation (loss of 
energy) [65,66]. Approaching this thermodynamic limit represents 
achieving the minimum specific energy consumption (SECmin) required 
for salt-water separation (regardless of the process) [67], and mini
mizing the energy barriers of water transport in NF/RO and selective ion 
transport in ED must be targeted.

The SECmin for seawater RO desalination operating at 50 % recovery 
with a feed salinity of 35 g/L is approximately 1.14 Wh/L [48]. The 
state-of-the-art seawater RO desalination with 50 % recovery exhibits 
~3 Wh/L [53], which is equivalent to ~31 % energy efficiency. With 
ED, this can be achieved by a multi-stage configuration exhibiting 3 Wh/ 
L at 40 % water recovery [68,69]. Applying the same calculation 
approach as Wang et al. [48], the SECmin for brackish water desalination 

with a salinity range of 1–20 g/L varies between 0.03 and 0.65 Wh/L at 
50 % water recovery. Increasing the water recovery results in increased 
SECmin [70].

Given the wide variability in brackish water quality and the scal
ability of different desalination technologies, there remains a lack of 
consistent experimental data directly comparing NF, RO, and ED under 
controlled and comparable conditions. Such a comparison is essential to 
accurately evaluate the energy efficiency of brackish water desalination 
under realistic operating scenarios. When comparing the technologies, 
the specific research questions to be addressed are: (i) what is the SEC of 
ED versus NF/RO as a function of salinity?, (ii) how does the SEC of ED 
and NF/RO compare to SECmin as a function of salinity?, and (iii) to what 
extent does the typical recovery used for small-scale NF/RO and ED 
systems affect the process performance, in terms of salt removal and 
energy consumption? The outcomes of this study provide experimental 
evidence clarifying how salinity and recovery influence the energy ef
ficiency of the investigated brackish water desalination technologies. 
The findings contribute to a more robust understanding of process se
lection for energy-efficient brackish water desalination.

2. Materials and methods

A description of the small-scale NF/RO and ED systems, both 
designed to be coupled with PV panels in a mobile system, is presented, 
with a particular focus on the limitations that arise when comparing 
these technologies at the same recovery of 30 % and during operation at 
typical recoveries based on the actual system scale, 10 % for NF/RO and 
50 % for ED.

2.1. Nanofiltration/reverse osmosis system

A small-scale NF/RO system, built in-house, was used, which consists 
of a membrane system NF/RO with a pre-treatment step using ultrafil
tration (UF) and system control. A system schematic is shown in Fig. 2A. 
The system has a customized feed tank (RDM Producten, The 
Netherlands) with external dimensions (l × w × h) of 1.4 × 0.5 × 0.7 m 
(490 L), and two stainless steel pressure vessels (PVS 4040 rated at 41.4 
bar, Inaqua, Germany), housing a 4” NF/RO module and a UF membrane 
module. The 4” NF/RO membranes had an active filtration area of 7.6 
m2 and were selected based on the high salt rejection characteristics at 
relatively high flux, suitable for brackish water desalination – either 
NF90 (NF membrane) and BW30 (RO membrane), both supplied from 
DuPont (Germany). The properties of the membranes are summarised in 
Table S2.

An UF membrane with multibore structure made of polyethersulfone 
(PES) with an active filtration area of 6.0 m2 and pore size of 20 nm 

Fig. 1. Experimental SEC values for NF/RO and ED desalination systems from the literature – some powered with PV – as a function of salinity. The systems are 
classified into small (<1 m3/day), medium (1–5 m3/day), and large (5–20 m3/day). The data points, along with the references, are provided in Table S1.
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(Dizzer P4040–6.0, Inge-DuPont, Germany) was used for pre-treatment 
and to protect the NF/RO membranes.

The system performance and operation can be monitored and 
controlled using a programmable logic controller (PLC, Unistream 10.4″, 
Unitronics, Israel), enabling process visualisation, real-time data pro
cessing, and control for up to 32 analog inputs (4-20 mA or 0-10 V). 
Through the expansion modules, 16 digital outputs were integrated, 
which allows the control of the relays and actuator valve control in the 
system setup. For monitoring system operation, high-pressure flow 
sensors (Promag H300 5H3B08-MJL4/0, Endress Hauser, Switzerland) 
for feed and concentrate flowrate, bi-directional flow sensor (MIM- 
1203HG4C3TO, Kobold, Germany) for permeate flowrate with a mini
mum electrical conductivity (EC) requirement of 20 μS/cm that measure 
pressure relative to atmospheric pressure, and pressure sensors (Type 
8316, Bürket, Germany) for feed and concentrate pressures. For back 
pressure control, an actuator-driven valve (MCM-S50AF-3-SS-18RF8, 
Hanbay, USA) in the concentrate stream and connected to the PLC is 
used. For water quality monitoring, high-pressure EC sensors for feed 
and concentrate (Type 4221, Valmet, Finland), EC sensor (Type 8222, 
Bürket, Germany) for NF/RO permeate, a high-pressure pH sensor 
(3300HTVP-10-30, Emerson, USA) for feed, and pH sensor (Type 8202, 
Bürket, Germany) for NF/RO permeate are installed in the system.

In terms of power supply options, the system is designed to be (i) 
coupled with a solar array simulator (SAS) (62050H- 600S, 0–600 V, 

0–8.5 A, Chroma, Taiwan), a 5 kW-rated programmable DC power 
supply that enables the simulation of real-world solar panel character
istics, solar irradiance (SI), and temperature for laboratory experiments, 
and (ii) connected to PV panels in a mobile system using a trailer. In this 
work, the SAS was used to simulate the output of silicon PV panels 
(Offgridtec 100 W, 39.6 V, Offgridtec GmbH, Germany) under standard 
test conditions, with a fixed solar irradiance of 1000 W/m2 and a cell 
temperature of 25 ◦C, to generate a constant maximum power output. 
The configuration was arranged in three series-connected and two 
parallel-connected modules, achieving a total power of 600 W (Pmp) 
with corresponding parameters of Vmp = 118.8 V and Imp = 5.89 A. Two 
different helical rotor pumps – Grundfos SQFlex0.6-2 N (Pmax = 420 W; 
1–12 bars) and Grundfos SQFlex0.6-3 N (Pmax = 580 W; 8–20 bars) – 
were used to overlap the required pressure for the treatment of salinity 
from 1 to 20 g/L, corresponding to an osmotic pressure (π) range of 
0.9–17.8 bar. The pump curve characteristics of these two pumps are 
shown in Fig. S1. The pumps can operate at a DC voltage within the 
range of 30–300 V, and can generate a maximum feed flow rate (Qf) of 
600 L/h (at 20 bar maximum with Sqflex0.6-3 N) and (at 12 bar 
maximum with Sqflex0.6-2 N).

Given the focus of this work is to investigate the system performance 
at fixed recovery rates, the fixed recovery setpoint method was adopted. 
This is contrary to the constant power set-point strategy, adopted in the 
previous works [71,72]. The constant recovery setpoint control strategy 

Fig. 2. Schematic flow diagram of (A) the NF/RO and (B) the ED systems, showing the main system components, pump(s), UF membrane, NF/RO membrane for the 
NF/RO system, and membrane stacks for the ED system. The data acquisition system is connected to a computer running LabVIEW for ED, while the PLC is used for 
the NF/RO system. EC denotes electrical conductivity.
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maintains a consistent recovery rate of permeate regardless of varying 
feed water quality. For this, the pumps were allowed to draw up to the 
maximum power that could be supplied by the SAS (emulating the 420 
W for SQFlex0.6-2 N and 580 W for SQFlex0.632 N supply from the PV), 
hence a fixed feed flow rate (Qf ~ 600 L/h), while the back pressure 
control valve was adjusted until the required permeate flow rate (Qp) 
defined the controlled recovery. The system was kept running for 15 min 
to allow the readings to be at a steady state before data acquisition was 
carried out.

2.2. Electrodialysis system

A single-pass ED system (Deukum GmbH, Germany) for treating 
brackish water was employed with a maximum production of 100 L/h 
(Fig. 2B). The system is composed of two rectangular tanks for electrode 
rinse (35 L) and feed (85 L) solutions, and equipped with cationic (FKS- 
130, Fumatech, Germany) and anionic (FAS-130, Fumatech, Germany) 
ion-exchange membranes in two stacks (TYPE 1800, Deukem GmbH, 
Germany) in series for continuous operation. The first stack has 30 cell 
pairs (total area 10.8 m2) while the second has 15 cell pairs (total area 
5.4 m2) of membranes. This is comparable in membrane area to two 4” 
NF/RO modules (7.6 m2 each). Three brushless-DC magnetic pumps 
(GRI PUMPS INTG3–70, USA) are used for pumping diluate, concen
trate, and electrode rinse solutions through the membrane stacks. The 
diluate pump is powered by a variable DC power supply (VOLTCRAFT 
DPPS 32–15 DC, Germany), while two variable DC power supplies 
(BASETECH BT-305, Germany) are used for the concentrate and elec
trode rinse pumps.

To simulate the DC power supply from the PV panels to the ED stacks, 
one SAS (62020H–150S, 0–150 V; 0–40 A, Chroma, Taiwan) was used 
per stack. The maximum potential needed for the ED membrane stacks is 
1 V/cell pair [73], while the maximum current depends on the salinity of 
the feedwater. At each stage, the applied electric potential can be 
adapted to the feed salinity and can then be operated at its optimum 
condition to achieve highest removal and lowest energy consumption. 
The potential required to drive the ED system was set based on the 
limiting current density (LCD), which determines the optimum potential 
to achieve high removal and protect the stacked membranes, required 
for each stack based on the feed salinity. This means that each stack of 
the ED system was working at the LCD, which was determined by the 
polarization curve [74]. The LCD results can be seen in Fig. S3 for the 
30 % recovery and Fig. S4 for the 50 % recovery. For system perfor
mance monitoring, sensors are used to measure pressure (PU5415, ifm 
electronic, Germany), flow rate (SM4100, ifm electronic, Germany), and 
EC (CR-GT and CR-EC, JUMO, Germany). The signals emitted by the 
sensors are read by the software LabView (v2018, National Instruments, 
USA) through a data acquisition (DAQ) card (USB-6218, National In
struments, USA).

2.3. System operation at variable water recovery

For NF/RO experiments, the system was operated at 10 % and 30 % 
recovery. With a fixed Qf of 600 L/h, the 10 % recovery corresponded to 
Qp of 60 L/h and flux of 8 L/m2.h, while 30 % corresponded to Qp of 180 
L/h and flux of 24 L/m2.h. The selected recoveries for NF/RO were 
based on the worst-case scenario, which is BW30 of low water perme
ability operated at a maximum pressure of 20 bars. For this reason, the 
investigations were limited to 12 g/L NaCl (corresponding to an osmotic 
pressure (π) of 10.0 bar at 22 ◦C) at 30 % recovery and 20 g/L NaCl 
(corresponding to π of 16.6 bar at 22 ◦C) at 10 % recovery. To validate 
the performance of the NF/RO system, the experiments at 10 % recovery 
were carried out in a different system of similar size and specifications. 
Details on the system design used for this comparison were previously 
published by Ogunniyi and Richards [75]. For ED experiments, the re
covery was fixed at 30 % with a diluate flow rate (Qd) of about 42 L/h 
and Qf at 140 L/h. Further experiments were carried out at the 

maximum water productivity of the system according to the supplier (Qd 
100 L/h), which corresponded to a recovery of 50 %. Performance pa
rameters relevant to NF/RO system operation, such as transmembrane 
pressure (TMP) and water flux, and to ED system operation, such as 
current density, in addition to salt removal, solute flux, SEC, and energy 
efficiency, are summarised in Table S3. Error analysis was evaluated 
based on the absolute errors for the measured quantities and the 
calculated parameters using Table S4.

2.4. Solution chemistry

Feed solutions were freshly prepared with deionized (DI) water (EC 
< 1 μS/cm, pH 6.2 ± 0.4) and sodium chloride (NaCl, VWR chemicals, 
purity ≥99.9 %, Germany) at salinities varied from 1 g/L to 20 g/L, 
without the addition of bicarbonates. The selected NaCl concentrations 
(1–20 g/L NaCl; corresponding to an osmotic pressure (π) range of 
0.8–16.6 bar at 22 ◦C) cover a wide range of brackish water salinities. 
The correlation between EC and NaCl concentrations of the feed solu
tions is shown in Fig. S2.

3. Results and Discussion

A comparative study was conducted to evaluate the desalinated 
water quality and energy consumption of small-scale desalination sys
tems using NF, RO, and ED technologies. The energy efficiency was 
assessed relative to theoretical energy limits, emphasizing the impact of 
salinity, system size, and water recovery. To enable a fair comparison of 
NF, RO, and ED technologies, initial experiments were conducted at a 
uniform recovery of 30 %.

3.1. Desalination performance of single-pass NF/RO and ED systems at 
identical recovery

The small-scale NF, RO, and ED systems were evaluated to determine 
to what extent the target desalination of 1000 mg/L (WHO recom
mended upper limit for TDS based on palatability [76]) and the resulting 
driving forces (pressure for NF/RO and current for ED) when treating 
brackish water with salinity ranging from 1 to 12 g/L. All systems were 
operated at 30 % water recovery (Fig. 3). It should be noted that the 
experiments carried out at 30 % recovery were limited to 12 g/L salinity 
because of the pressure limitations of the NF/RO system (20 bar) to 
achieve a controlled permeate flow rate of 180 ± 20 L/h. The supple
mentary data on the stability of the operating and other water quality 
parameters are reported in Figs. S5 and S6 for NF/RO experiments and 
Figs. S7 and S8 for ED experiments, while mass balance evaluation is 
reported in Fig. S9.

As expected for NF and RO, the required TMP (at fixed recovery) 
increased with increasing salinity (Fig. 3A). Similarly, in the ED, the 
current density increased with salinity in both stacks (Fig. 3B), in which 
stack 2 exhibited a larger current since it received the desalinated water 
from stack 1. In terms of water quality, the WHO TDS recommendation 
for acceptable drinking water of <1000 mg/L was achieved with BW30 
over the salinity range of 1–12 g/L. In contrast, NF performance was 
limited to salinities ≤10 g/L, whereas ED could only achieve the 
required water quality up to 6 g/L (Fig. 3C). The step observed with ED 
from 3 to 4 g/L was caused by the different applied potential, varied 
from 3 V at 3 g/L to 4 V at 4 g/L, to operate the ED system at the LCD of 
the stacks. The decrease of salinity removal with increasing NaCl con
centration was expected for NF, RO, and ED due to concentration po
larization, enhancing salt transport in NF/RO membranes [32], and ion 
exchange membranes [77].

Overall, at this stage, it is evident that the water quality achievable 
through brackish water desalination is constrained by both the feed 
water salinity and the choice of desalination technology (NF, RO, ED). 
The SEC associated with each technology is therefore assessed in the 
following section to better understand the trade-offs between water 
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quality and energy demand.

3.2. SEC comparison of NF/RO and ED for brackish water desalination at 
identical recovery

To evaluate the energy requirements of NF/RO and ED systems 
operated at different feed salinities, the power consumption and SEC 
were investigated over the salinity range of 1–12 g/L NaCl (Fig. 4).

The power consumed, either by the DC pump to drive NF and RO or 
the ED stacks, increased with NaCl concentration and reached a plateau 
for NF and RO in the range of 8–12 g/L NaCl (Fig. 4A). This plateau 
could be due to improved pump efficiency at higher pressures (Fig. S1), 
which restricts further increases in power demand at higher salinities. In 
contrast, in the ED system, the power consumed by the DC pumps used 
to generate flow rates in different streams was the major contributor to 
the total power consumption within the salinity range of 1–6 g/L, 
remaining constant at approximately 25 W (Fig. 4A). As a result, ED 

exhibited lower SEC, falling within the reported range for brackish 
water desalination by ED (0.4–4 Wh/L [78]), compared to NF and RO 
(Fig. 4B). This lower SEC can be explained by the fact that the power 
required for ED was ten times lower than that for NF and RO, while Qd 
was only five times lower than Qp.

Overall, the SEC comparison of NF, RO, and ED for brackish water 
desalination confirms that RO is the most energy-intensive, while ED is 
the least. However, at the investigated scale of the ED systems, the total 
SEC is still largely dominated by the power consumption of the stacks 
rather than the pumps. To further understand these energy demands in 
relation to theoretical energy demands, the energy efficiency of these 
processes was investigated in the following section using the principles 
of the thermodynamic limit.

3.3. Thermodynamic energy efficiency at different salinities

The thermodynamic energy efficiency (η) is defined as the ratio of 

Fig. 3. Desalination performance parameters as a function of NaCl concentration: (A) NF/RO transmembrane pressure compared to the osmotic pressure of the feed 
water, (B) current density exhibited in the ED stacks, (C) permeate quality, and (D) salt removal comparison (30 % recovery, Qp-NF/RO 180 ± 20 L/h, Qd-ED 42 ± 2 L/ 
h, Ustacks1–3 g/L NaCl 3 V, Ustacks 4–12 g/L NaCl 4 V).

Fig. 4. (A) Power consumption and (B) SEC in ED (total, of the stacks and of the pumps) and NF/RO (pump) as a function of NaCl concentration. (30 % recovery, Qp- 

NF/RO 180 ± 20 L/h, Qd-ED 42 ± 2 L/h, Ustacks1–3 g/L NaCl 3 V, Ustacks 4–12 g/L NaCl 4 V).The shaded areas in (B) indicate the SEC values where the WHO target (< 1000 
mg/L) was not achieved.
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the SECmin for the chosen salinity and recovery to the measured 
experimental SEC for a particular system at the same salinity and re
covery. To evaluate the energy efficiency of the three processes (NF, RO, 
and ED), the SECmin and η were calculated, based on the obtained 
experimental performance, and investigated over the NaCl concentra
tion 1–12 g/L (Fig. 5). It should be noted that the reported η values lie 
well below 100 % due to practical constraints – including frictional 
losses in the systems, pump efficiency, membrane resistance to water 
and ion transport – which cannot be individually distinguished in the 
present experimental conditions.

The SECmin, calculated based on the salt removal obtained experi
mentally from operating NF, RO, and ED systems, shows a clear linear 
increase with rising NaCl concentration from 1 to 12 g/L (Fig. 5A). This 
trend reflects the growing minimum energy demand required to remove 
higher salt loads from brackish water as salinity increases. When eval
uating the (thermodynamic) energy efficiencies, RO and ED exhibit a 
wide range depending on salinity: η in RO varies between 2 and 20 %, 
while η in ED spans from 11 to 60 % (Fig. 5B). These values align well 
with reported literature ranges for similar salinities in the literature, 
where η in RO falls between 10 % and 45 %, and in ED efficiency be
tween 4 % and 46 % at around 15 g/L NaCl [70]. Notably, ED consis
tently outperforms NF and RO in terms of energy efficiency, particularly 
at lower salinities (1–6 g/L), where it successfully meets the WHO 
recommendation. This is largely attributed to the low experimental SEC 
values observed for ED under these conditions.

To ensure a fair comparison of NF, RO, and ED, the previous ex
periments were carried out at the same recovery of 30 %, which is above 
the design specifications of one 4” NF/RO module (≤15 % to achieve 
≤24 L/m2.h for desalination [79]). Exceeding this recommended limit 
for one 4” NF/RO module, especially for long-term operation, enhances 
the formation of scaling when dealing with natural brackish water, and 
hence reduces the module lifetime due to regular cleaning requirements 
[80]. NF/RO systems can operate at recoveries ≥30 % for brackish water 
desalination by adding more modules and meeting the increased elec
trical pumping requirements [81]. Small-scale ED systems, on the other 
hand, can be operated at higher recoveries (50–90 %) [45]. The 
following section evaluates the performance of NF, RO, and ED for 
brackish water desalination across salinities ranging from 1 to 20 g/L, 
using a more representative recovery to practical applications: 10 % for 
NF and RO, and 50 % for ED.

3.4. Performance of single-pass NF/RO and ED at typical recovery

The performance, in terms of driving forces, salt removal, and energy 
requirement, of NF, RO, and ED is typically affected when varying the 
recovery of the process. For this, the small-scale NF, RO, and ED systems 
were operated at typical recovery conditions (10 % for NF/RO and 50 % 

for ED) to desalinate feed waters with 1–20 g/L salinities and compared 
to the results obtained at 30 % recovery (Fig. 6). Supplementary data on 
operating parameters and water quality are reported in Figs. S9-S12.

The required TMP for operating NF and RO decreased when adopting 
low recovery (10 %) (Fig. 6A), which is attributed to the reduced flux 
produced under these conditions (Fig. 6D). In contrast, for ED, the 
required current density increased in both stacks when operating at a 
higher recovery of 50 % (Fig. 6B), reflecting the greater driving force 
needed for ion transport at elevated recovery. Regarding water quality, 
the WHO recommendation (<1000 mg/L TDS) was achieved with BW30 
at salinities up to 17.5 g/L, while NF90 met this standard only at sa
linities ≤15 g/L (Fig. 6C). The quality of permeate was better in 10 % 
recovery than in 30 % recovery for NF and RO, due to low solute flux 
(Fig. 6F). This improved quality at lower recovery (10 %) is likely due to 
reduced concentration polarization (CP), resulting in enhanced salt 
removal efficiency (Fig. 6E). In the case of ED, increasing the recovery 
from 30 % to 50 % led to improved permeate quality, with the WHO 
recommendation achieved at salinities ≤15 g/L (Fig. 6C). This 
improvement corresponds to the increase in salt removal (Fig. 6E), and 
can be attributed to the higher current density applied to drive ion 
migration through the membranes.

To elucidate the energy consumption at different recoveries, the SEC 
was determined for the experiments at 10 % recovery for NF and RO and 
50 % recovery for ED. For this, the SEC was investigated over NaCl 
concentrations of 1–20 g/L (Fig. 7).

When operating the NF/RO system at 10 % recovery and ultimately 
lower flux, the pump required less power due to the reduced TMP 
necessary for operation (Fig. 7A). In the case of ED, the low power de
mand observed at 30 % recovery, particularly at salinities of 8–12 g/L, is 
attributed to the low current density applied to drive the ED stacks 
(Fig. 7A).

The SEC for ED did not change much when the recovery was 
increased from 30 to 50 %, especially at salinities 1–8 g/L (Fig. 7B). This 
stability can be explained by the similar current density applied in both 
recovery settings within this range. At 10 % recovery, NF and RO 
exhibited a significant increase in SEC (Fig. 7B). This rise in energy 
consumption is linked to the low permeate production (Qp 60 L/h) 
compared to operation at 30 % recovery (Qp 180 L/h). Similar findings 
have been reported for other small-scale NF/RO systems for brackish 
water desalination when comparing performance across different re
coveries [82,83].

These results highlight the strong influence of the system scale on the 
energy performance of desalination technologies. While lower recovery 
can improve water quality by reducing CP and TMP, it also led to higher 
SEC for NF and RO due to reduced permeate production. In contrast, ED 
remains less sensitive to recovery changes within the studied salinity 
range, maintaining stable SEC values. Therefore, optimizing recovery is 

Fig. 5. (A) theoretical minimum SEC (SECmin) and (B) energy efficiency (η) in ED (for stacks with pumps) and NF/RO (pump) as a function of NaCl concentration (30 
% recovery, TNF/RO 20–29 ◦C, TED 22 ± 1 ◦C, Qp-NF/RO 180 ± 20 L/h, Qd-ED 42 ± 2 L/h, Ustacks1–3 g/L NaCl 3 V, Ustacks 4–12 g/L NaCl 4 V).
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crucial for balancing water quality targets with energy efficiency, and 
the choice of technology must consider the interplay between salinity, 
recovery, and energy demands. In addition to salinity, real brackish 
water contains multivalent ions such as Ca2+, Mg2+, and SO₄2− , which 
increase scaling tendencies in NF/RO systems, resulting in higher 

hydraulic resistance and thus elevated SEC [84]. Similarly, in ED sys
tems, multivalent ions can reduce ion mobility and current efficiency 
[39,40]. As a result, the overall energy efficiency could be reduced 
compared to membrane processes treating feed solutions containing 
NaCl only. While this study intentionally used simplified feed 

Fig. 6. Desalination performance parameters as a function of NaCl concentration: (A) NF/RO transmembrane pressure, (B) current density exhibited in the ED stacks, 
(C) permeate quality, and (D) NF/RO flux, (E) salt removal, and (F) solute flux (NF/RO: Qp 60 L/h, 10 % recovery; ED: 50 % recovery, Qd 100 L/h, Ustacks1,2, 1–2 g/L 

NaCl 6 V, Ustack2, 5–20 g/L NaCl 7 V, Ustack1, 5–7.5 g/L NaCl 7 V, Ustack1, 10–12.5 g/L NaCl 8 V, Ustack1, 15–20 g/L NaCl 10 V; T 22 ± 1 ◦C). The data points in grey are from Fig. 3
for comparison.

Fig. 7. (A) Power consumption and (B) SEC in ED (for stacks with pumps) and NF/RO (pump) as a function of NaCl concentration. (NF/RO: Qp 60 L/h, 10 % 
recovery; ED: 50 % recovery, Qd 100 L/h, Ustacks1,2, 1–2 g/L NaCl 6 V, Ustack2, 5–20 g/L NaCl 7 V, Ustack1, 5–7.5 g/L NaCl 7 V, Ustack1, 10–12.5 g/L NaCl 8 V, Ustack1, 15–20 g/L NaCl 10 
V; T 22 ± 1 ◦C). The data points in grey are from Fig. 4 for comparison.
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compositions to isolate the impact of salinity on SEC, future in
vestigations using real brackish water matrices would be valuable to 
quantify the influence of multivalent ions on both performance and 
long-term operational stability.

4. Conclusions

A side-by-side comparison for desalination and energy efficiency, 
elucidated from the theoretical and experimental SEC, of NF, RO, and ED 
processes, was conducted for brackish water desalination. At a 
controlled recovery of 30 %, RO was the most effective in meeting the 
WHO guideline of 1000 mg/L TDS across the investigated salinity range 
(1–12 g/L), but it exhibited the highest SEC (2.4–3.7 Wh/L) compared to 
NF (1.8–3.2 Wh/L) and ED (0.7–1.4 Wh/L). Analysis of the experimental 
SEC relative to the minimum SEC revealed that ED achieved the highest 
energetic efficiency (up to 60 %), outperforming NF and RO, though it 
remained limited to low-salinity brackish water (1–6 g/L). When oper
ated under typical recovery conditions dictated by system design—10 % 
for a single 4” NF/RO module and 50 % for a single-pass ED system
—SEC increased notably for NF and RO due to reduced permeate pro
duction, whereas ED maintained stable SEC and achieved superior salt 
removal.

These results highlight the trade-offs between energy consumption, 
recovery, and water quality, underlining the potential of ED for low- 
salinity brackish water desalination and the suitability of NF/RO for 
achieving stricter water quality targets despite higher energy demands. 
Future work on such small-scale NF/RO and ED systems ought to focus 
on optimizing strategies for long-term operation and exploring hybrid 
configurations to balance energy efficiency and water quality across a 
broader salinity range.
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