
Harvesting electricity from salinity gradients:

Molecular dynamics studies

M. Salanne

Laboratoire PHENIX, Sorbonne Université

Maison de la Simulation, CEA, CNRS



« Blue » or osmotic energy

River
water

Energy

Sea
water

Brackish
water

Pattle, Nature (1954)

©          Nature Publishing Group1954

DG ≈ 1 kWh/m3



« Blue » or osmotic energy

River
water

Energy

Sea
water

Brackish
water

Amazone river ~ 200.000 m3/s 
Lost power ~ 1 TW 

q ≈1-2 TW available worldwide
q Non-intermittent
q Various sources of salinity

gradients: estuaries, brines, …

Q: How to harvest it ?

DG ≈ 1 kWh/m3



Harvesting blue energy with membranes

Nature (2012)

PRO (osmosis) RED (ion separation)

Nature Rev. Chem. (2017)

Diffusio-osmosis

≈ a few W/m2 of membrane ≈ 200 W/m2

L. Bocquet (Paris)
start-up Sweetch Energy

1Department of Civil and Environmental Engineering, 212 Sackett Building, The Pennsylvania State University, University Park, Pennsylvania 16802, USA. 2Department of Chemical and 
Environmental Engineering, Yale University, New Haven, Connecticut 06520-8286, USA.

A remarkable amount of energy is available from the salinity 
difference between sea water and fresh water. In theory, up 
to 0.8 kilowatts per cubic metre could be extracted — equiva-

lent to the energy generated from water falling over a dam more than 
280 metres high1,2. The limiting factor in obtaining this energy is the 
supply of fresh water: about 2 terawatts (1 TW is equal to 1,000 giga-
watts) is available globally from rivers flowing into the sea, of which 
perhaps 980 GW could be harnessed3. In addition, wastewater release 
into the ocean could provide another 18 GW of salinity-gradient 
power. Although 800 GW of power is currently obtained from hydro-
electric processes globally, salinity-gradient energy remains a large and 
untapped resource. Capturing this energy will require the engineering 
and development of efficient energy-conversion technologies.

Several approaches to capture salinity-gradient energy are being 
developed, but the most promising are pressure-retarded osmosis 
(PRO)4,5 and reverse electrodialysis (RED)6,7. Both are relatively close 
to commercialization, but their application is limited by cost and fouling 
of membranes, reducing the useful lifetimes of the membrane-packed 
modules that both systems use. PRO uses the flow of water — but not 
ions — through the membranes to produce pressurized water that 
generates electricity using mechanical turbines. RED uses membranes 
for ion — but not water — transport, and the electrical current gen-
erated is captured directly from the flow of ions. Capacitive systems, 
which are based on alternate charging (using salt water) and discharg-
ing (using fresh water) of materials, may also contain membranes8–10, 
but are less advanced than either RED or PRO and are not covered in 
this Review. PRO and RED have been used mainly to capture natural 
salinity-gradient energy using sea water and river water3, but the use of 
thermolytic solutions offers opportunities to capture the energy from 
waste heat using these systems11–13.

Microbial fuel-cell (MFC) technologies can generate energy from 
organic matter in waste waters and biomass14. Microorganisms oxi-
dize the organic matter and release electrons outside the cell, allowing 
the generation of an electrical current that can be used for producing 
electrical power, biofuels and valuable chemical products15. In the 
United States, as much as 3% of the electricity generated (15 GW) is 
used for wastewater treatment16. If that energy was no longer needed for 
treatment, three times that amount could be saved in primary energy 
(assuming a 33% efficient power plant), with further energy produced 
from the organic matter in the waste water. The same MFC technologies 

can also be applied to capture energy from biomass, a resource that 
could contribute more than 600 GW of renewable power17. MFCs can 
be combined with other processes, such as fermentation of complex 
organic matter into soluble organics18,19, and a ‘stack’ of RED membranes 
to increase efficiency and to recover additional energy20,21.

PRO, RED and MFCs are distinct from the more common methods 
of electricity generation, which are based on harvesting non-renewable 
materials from nature. These newer processes offer the opportunity to 
generate energy from abundant but largely unused resources; however, 
they are at various stages of transfer from the laboratory bench to prac-
tical application. We review these three water-based processes and the 
challenges for their widespread application.

Power production using PRO
PRO extracts salinity-gradient energy by using semipermeable 
membranes to allow the transport of water from a low-concentration 
solution (such as river, brackish or waste water) into a high-concentra-
tion draw solution (sea water)3,22–25 (Fig. 1). Sea water can also be used 
as the low-concentration solution with brines produced from seawater 
desalination as the draw solution. In theory, the maximum extractable 
energy during the reversible mixing of a dilute stream with saline draw 
solutions is substantial, ranging from 0.75 kW-hours per cubic metre 
to 14.1 kWh per cubic metre of the low-concentration stream (Fig. 1). 
The actual energy extracted will always be lower because of inherent, 
irreversible energy losses.

The development of PRO has been hindered for many years by the 
lack of a membrane capable of allowing an adequate flow22,23,26,27. The 
bulky support layers of the reverse-osmosis membranes cause severe 
internal concentration polarization (ICP), which markedly reduces 
permeate-water flux and therefore power density22,26,28–30. Cellulose-
acetate membranes specifically designed for forward osmosis have 
substantially reduced ICP effects, stimulating a resurgence in PRO 
research and development22,23,31. The power density has increased 
from less than 1 W m−2 to 2.7 W m−2 for river water and sea water, and, 
using a sea water reverse-osmosis brine22,31,32, the power density reached 
4–5.1 W m−2. Thin-film composite polyamide membranes may allow 
5.7–10 W m−2 to be achieved because of their higher intrinsic water 
permeabilities and lower ICP than cellulose-acetate membranes5,30,33.

The main challenges for implementing PRO for the economical 
production of energy using natural waters are the development of 

Water has always been crucial to combustion and hydroelectric processes, but it could become the source of power 
in membrane-based systems that capture energy from natural and waste waters. Two processes are emerging as 
sustainable methods for capturing energy from sea water: pressure-retarded osmosis and reverse electrodialysis. 
These processes can also capture energy from waste heat by generating artificial salinity gradients using synthetic 
solutions, such as thermolytic salts. A further source of energy comes from organic matter in waste waters, which 
can be harnessed using microbial fuel-cell technology, allowing both wastewater treatment and power production. 
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Access to sustainable, abundant and 
inexpensive sources of energy is one of 
the key challenges faced by our modern 
society. Since the beginning of the industrial 
revolution, fossil fuels (in the form of coal, 
oil or gas) have been our primary source of 
energy1. However, the high environmental 
impact of burning fossil fuels has led to 
widespread eco-friendly sentiments in the 
past decade2. Several sources of clean energy 
(associated with low post-production carbon 
emissions) have been identified, including 
solar, wind and water power1–4; however, 
to date, none of these power sources can 
replace fossil fuels, mainly because of the 
limited efficiency of generating and storing 
electrical power, their moderate availability, 
their intermittency and the prohibitive cost 
associated with energy conversion.

The salinity difference between sea water 
and river water has recently been identified 
as an additional source of clean energy, 
known as blue or osmotic energy. The cost 
of a large-scale facility is less prohibitive than 
that of solar or wind farms1, and the facility 
can be installed ideally wherever a river 
streams into the sea. Based on the entropy 
change associated with saltwater mixing, it 
is estimated that 0.8 kWh m−3 (equivalent 

Currently, several approaches have 
been proposed to harvest energy from 
a salinity gradient, most of which are 
based on separation processes that make 
use of membranes11–14. The two main 
methodologies currently used to extract 
and convert osmotic energy are pressure 
retarded osmosis (PRO) and reverse 
electrodialysis (RED). Both approaches 
involve the use of partially permeable 
membranes with sub-nanoscale pores to 
separate two reservoirs filled with fresh and 
salty water (FIG. 1). In PRO (FIG. 1a), water 
moves through a semipermeable membrane, 
driven by the large osmotic pressure due to 
the salinity difference between the two sides 
of the membrane. At the sea–river interface, 
the osmotic pressure drop can be as large as 
30 bars and is even larger in the presence of 
brines or wastewaters. Water flows from the 
low-salinity reservoir to the high-salinity 
reservoir, and this flux is then used to move 
a turbine connected with the latter reservoir, 
thereby generating electrical power. PRO 
has been tested for large-scale energy 
production by a pilot plant developed by 
Statkraft in Norway and by the Mega-ton 
Water System project in Japan. The 
Norwegian plant generates an average of less 
than 1 W m–2 of the separating membrane, 
which is substantially lower than the 
target power density of 5 W m–2 needed 
to make PRO economically profitable15–17, 
and Statkraft has recently suspended the 
project. In RED, ions are driven across a 
stack of alternating cation-selective and 
anion-selective membranes under a salt 
concentration gradient (FIG. 1b). The salinity 
gradient thus allows the separation of anion 
and cation fluxes across the membranes, 
generating a net electric transport that 
can be collected using suitable electrodes. 
One of the main advantages of the RED 
approach is that the charge separation 
driven by osmotic pressure is directly 
converted into electrical energy. Recent 
advances have enabled power outputs 
in the range of several watts per square 
metre4. In model configurations using silica 
nanochannels, this power can even reach 
larger values of ~8 W m–2 (REF. 18). The 
company REDStack in the Netherlands is 
currently exploring this approach on a large 
scale, with a prototype plant built over the 

to 3 kJ per litre of water) can be produced 
at the sea–river interface5. Although this 
energy density is typically 4–5 orders of 
magnitude lower than that available by 
burning fossil fuels, the abundance of fresh 
and salty water makes this energy source 
very appealing. For example, the transfer 
of non-salty water from the Amazon River 
alone into the Atlantic sea translates to a 
power of ~1 TW; this is equivalent to 1,000 
nuclear reactors and is constantly wasted. 
Most of this blue energy cannot be easily 
recovered, but estimates suggest that more 
than 1 TW can be harvested worldwide, 
corresponding to an available energy of 
~8,500 TWh (REF. 4). To better appreciate 
the potential of osmotic power, this value 
is twice as large as the total hydroelectric 
energy consumption in 2016, and 10 and 25 
times larger than the total wind and solar 
energy consumption, respectively6.

Wastewater and brines, such as those 
extracted from oil drilling or generated by 
desalination plants, can be seen as additional 
energy reservoirs6,7. Therefore, harnessing 
osmotic energy from such sources may also 
benefit the challenging disposal of complex 
industrial wastewaters, such as those from 
the oil and gas industries8–10.

New avenues for the large-scale 
harvesting of blue energy
Alessandro Siria1, Marie-Laure Bocquet2 and Lydéric Bocquet1

Abstract | Salinity gradients have been identified as promising clean, renewable 
and non-intermittent sources of energy — so-called blue energy. However, the low 
efficiency of current harvesting technologies is a major limitation for large-scale 
viability and is mostly due to the low performances of the membrane processes 
currently in use. Advances in materials fabrication with dedicated chemical 
properties can resolve this bottleneck and lead to a new class of membranes for 
blue-energy conversion. In this Perspective, we briefly present current technologies 
for the conversion of blue energy, describe their performances and note their 
limitations. We then discuss new avenues for the development of a new class of 
membranes, combining considerations in nanoscale fluid dynamics and surface 
chemistry. Finally, we discuss how new functionalities originating from the exotic 
behaviour of fluids in the nanoscale regime can further boost energy conversion, 
making osmotic energy a tangible, clean alternative.
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inexpensive sources of energy is one of 
the key challenges faced by our modern 
society. Since the beginning of the industrial 
revolution, fossil fuels (in the form of coal, 
oil or gas) have been our primary source of 
energy1. However, the high environmental 
impact of burning fossil fuels has led to 
widespread eco-friendly sentiments in the 
past decade2. Several sources of clean energy 
(associated with low post-production carbon 
emissions) have been identified, including 
solar, wind and water power1–4; however, 
to date, none of these power sources can 
replace fossil fuels, mainly because of the 
limited efficiency of generating and storing 
electrical power, their moderate availability, 
their intermittency and the prohibitive cost 
associated with energy conversion.

The salinity difference between sea water 
and river water has recently been identified 
as an additional source of clean energy, 
known as blue or osmotic energy. The cost 
of a large-scale facility is less prohibitive than 
that of solar or wind farms1, and the facility 
can be installed ideally wherever a river 
streams into the sea. Based on the entropy 
change associated with saltwater mixing, it 
is estimated that 0.8 kWh m−3 (equivalent 

Currently, several approaches have 
been proposed to harvest energy from 
a salinity gradient, most of which are 
based on separation processes that make 
use of membranes11–14. The two main 
methodologies currently used to extract 
and convert osmotic energy are pressure 
retarded osmosis (PRO) and reverse 
electrodialysis (RED). Both approaches 
involve the use of partially permeable 
membranes with sub-nanoscale pores to 
separate two reservoirs filled with fresh and 
salty water (FIG. 1). In PRO (FIG. 1a), water 
moves through a semipermeable membrane, 
driven by the large osmotic pressure due to 
the salinity difference between the two sides 
of the membrane. At the sea–river interface, 
the osmotic pressure drop can be as large as 
30 bars and is even larger in the presence of 
brines or wastewaters. Water flows from the 
low-salinity reservoir to the high-salinity 
reservoir, and this flux is then used to move 
a turbine connected with the latter reservoir, 
thereby generating electrical power. PRO 
has been tested for large-scale energy 
production by a pilot plant developed by 
Statkraft in Norway and by the Mega-ton 
Water System project in Japan. The 
Norwegian plant generates an average of less 
than 1 W m–2 of the separating membrane, 
which is substantially lower than the 
target power density of 5 W m–2 needed 
to make PRO economically profitable15–17, 
and Statkraft has recently suspended the 
project. In RED, ions are driven across a 
stack of alternating cation-selective and 
anion-selective membranes under a salt 
concentration gradient (FIG. 1b). The salinity 
gradient thus allows the separation of anion 
and cation fluxes across the membranes, 
generating a net electric transport that 
can be collected using suitable electrodes. 
One of the main advantages of the RED 
approach is that the charge separation 
driven by osmotic pressure is directly 
converted into electrical energy. Recent 
advances have enabled power outputs 
in the range of several watts per square 
metre4. In model configurations using silica 
nanochannels, this power can even reach 
larger values of ~8 W m–2 (REF. 18). The 
company REDStack in the Netherlands is 
currently exploring this approach on a large 
scale, with a prototype plant built over the 

to 3 kJ per litre of water) can be produced 
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osmotic energy from such sources may also 
benefit the challenging disposal of complex 
industrial wastewaters, such as those from 
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From membranes to capacitors: CapMix

Energy Environ. Sci. (2012)

Understand and predict ion adsorption and charge storage
in nanoporous carbon electrodes

Capacitive Mixing

Exploiting the spontaneous potential of the electrodes used in the capacitive
mixing technique for the extraction of energy from salinity difference†

D. Brogioli,*a R. Ziano,a R. A. Rica,a D. Salerno,a O. Kozynchenko,b H. V. M. Hamelerscd and F. Mantegazzaa

Received 31st July 2012, Accepted 21st September 2012

DOI: 10.1039/c2ee23036d

The ‘‘capacitive mixing’’ (CAPMIX) technique is aimed at the extraction of energy from the salinity

difference between the sea and rivers. It is based on the voltage rise that takes place at the electrodes

when changing the salt concentration of the solution in which the two electrodes are dipped. In this

paper, we focus on activated carbon electrodes, produced with various methods and treatments, and we

measure their behaviour in CAPMIX experiments. We find that they behave as polarizable electrodes

only on time scales of the order of minutes, while on longer time scales they tend to move to a specific

‘‘spontaneous’’ potential, likely due to chemical redox reactions. This analysis sheds light on the charge

leakage, i.e. the loss of the stored charge due to undesired chemical reactions, which is one of the main

hurdles of the CAPMIX technique when performed with activated carbon electrodes. We show that the

leakage finds its origin in the tendency of the electrode to move to its spontaneous potential. Our

investigation allows us to completely get rid of the leakage and demonstrates the striking result that

CAPMIX cycles can be performed without an external power supply.

I. Introduction

The mixing of saltwater with freshwater, which takes place at the

river estuaries, is accompanied by a huge loss of free energy, due to

the entropy increase experienced by the solutions, when the ions

become free to move in a larger volume. The free energy change

uponmixing is around2.4kJwhen one liter of freshwater is poured

into the sea.1The total free energy dissipated by all the rivers of the

world is around 2 TW, a relevant part of the global energy need.2,3

This promising source of energy has been noticed since the

1950s,4–6 but a commercially viable technology to tap this energy

source has not yet been found. In order to harvest the available

free energy, it must be intercepted by interposing a suitable

device between the salt and the freshwater, so that the mixing

takes place in a controlled way.

In pressure-retarded osmosis (PRO),7–9 a semi-permeable

membrane is interposed between the flows of salt and freshwater.

aDipartimento di Medicina Sperimentale, Universit!a degli Studi di Milano
– Bicocca, Via Cadore 48, Monza (MB) 20900, Italy. E-mail: dbrogioli@
gmail.com
bMAST Carbon International Limited, Viable Estate, Jays Close,
Basingstoke, Hampshire RG22 4BA, UK
cWetsus – Centre of Excellence for Sustainable Water Technology, Agora
1, 8900 CC Leeuwarden, The Netherlands
dWageningen University, 6708 HD Wageningen, The Netherlands
† Electronic supplementary information (ESI) available. See DOI:
10.1039/c2ee23036d

Broader Context

The controlled mixing of the water from a river and from the sea can be used for producing electrical energy. In the twomain existing

technologies, namely ‘‘pressure retarded osmosis’’ and ‘‘reverse electrodialysis’’, the control of the mixing is obtained by interposing

membranes which can be crossed by either the water or the ions. In the recently proposed ‘‘capacitive mixing’’ (CAPMIX) technique,

the freshwater and the saltwater flow through the cell in alternating phases. The mixing is obtained by electrically storing the ions

inside two electrodes during the saltwater flow and releasing them during freshwater flow. The electrodes can be either chemically

inert porous materials [D. Brogioli, Phys. Rev. Lett., 2009, 103, 058501], or membrane-based ion-selective electrodes [B. B. Sales

et al., Env. Sci. Techn., 2010, 44, 5661], or chemically active materials, like in batteries [F. La Mantia et al., Nano Lett., 2011, 11,

1810]. In this paper, we present the analysis of activated carbon materials produced with various methods and treatments and we

show that their behavior in CAPMIX experiments can display features coming both from the electric double layer and from chemical

reactions, including redox reactions and chemical adsorption. By exploiting the new information, we are able to improve the energy

extraction, up to the value of 50 mW per square meter of electrode.

9870 | Energy Environ. Sci., 2012, 5, 9870–9880 This journal is ª The Royal Society of Chemistry 2012
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Extracting Renewable Energy from a Salinity Difference Using a Capacitor

Doriano Brogioli
Dipartimento di Medicina Sperimentale, Università degli Studi di Milano-Bicocca, Via Cadore 48, 20052 Monza, Italy

(Received 10 April 2009; published 29 July 2009)

Completely renewable energy can be produced by using water solutions of different salinity, like river

water and sea water. Many different methods are already known, but development is still at prototype

stage. Here I report a novel method, based on electric double-layer capacitor technology. Two porous

electrodes, immersed in the salt solution, constitute a capacitor. It is first charged, then the salt solution is

brought into contact with fresh water. The electrostatic energy increases as the salt concentration of the

solution is reduced due to diffusion. This device can be used to turn sources of salinity difference into

completely renewable sources of energy. An experimental demonstration is given, and performances and

possible improvements are discussed.

DOI: 10.1103/PhysRevLett.103.058501 PACS numbers: 92.05.Jn, 89.30.!g, 82.47.Uv

A massive dissipation of free energy takes place at the
estuary of rivers: fresh and salt water mix, giving rise to
the less ordered state constituted by water of uniform
salinity, thus dissipating about 2.2 kJ of free energy per
liter of fresh water dispersed into the sea [1]. Since the
1970s, it has been recognized that it is possible to interpose
a suitable device between the flow of fresh water and the
salt water, in order to exploit the free energy connected
with the salinity difference as a completely renewable
energy source. Already described techniques are
pressure-retarded osmosis [2,3], based on semipermeable
membranes, reverse electrodialysis [4], based on ion se-
lective membranes, concentration electrochemical cells
[5], devices exploiting difference in vapor pressure [6].
Such devices generate a power of the order of 1 kW with
a fresh water flow of 1 l=s.

Recently this energy source received renewed interest
[7,8], leading to the development of prototype plants [9].
High membrane cost and short life due to fouling are the
main problems that prevented a large-scale utilization of
membrane-based techniques, while the vapor pressure
method relies on a very small pressure difference, and its
application is quite challenging [8]. Here I propose a novel
method that can make practical applications feasible, based
on electric double-layer (EDL) capacitor technology
[10,11]. The EDL capacitor is constituted by activated
carbon electrodes immersed in sea water. It stores the
charge in the EDLs constituted by counter ion distributions
close to the electrode surfaces [12]. Following the method
here proposed, the salt solution is then brought into contact
with fresh water. Salt ions diffuse away from the elec-
trodes, against the electrostatic force: the electrostatic
energy of the whole system increases. I show experimental
evidence of this energy increase, and that the surplus
energy can be extract from the capacitor, thus converting
the salinity difference into usable power. Extrapolation
from the experimental apparatus to a real working device
suggests that this method can produce a power of the same
order of membrane-based methods.

An analogy can help to describe the physical principle of
the method. Consider an electrostatic capacitor, made of
two conductive plates with a solid dielectric medium in
between, which can be inserted or extracted. When the
plates constituting the capacitor are charged, the electro-
static force attracts and keeps the dielectric medium inside
the capacitor. The work done to extract the dielectric is
converted into electrostatic energy, appearing as an in-
crease of voltage between the plates, while the accumu-
lated charge remains constant. This kind of device is thus
able to transform mechanical work into electrostatic
energy.
The dielectric medium of the capacitor described in this

Letter is substituted by salt water. After the capacitor has
been charged, the solution is brought into contact with
fresh water, so that salt ions diffuse away from the capaci-
tor. I will show that, in analogy with the previous case, the
ion removal, performed by diffusion, increases the voltage
between the plates, at the expense of free energy of the two
solutions involved in the process, namely, salt and fresh
water.
Figure 1 shows the device used to experiment the above

described physical principle. The cell contains two elec-
trodes, and is filled with the changeable solution. Two
water reservoirs, with two solutions at different NaCl
concentration representing salt and fresh water, are con-
nected to the cell by means of pumps, which are activated
in sequence, so that the concentration of the solution in the
cell can be changed from a low concentration to a high
concentration and vice versa. The electrodes are made of
activated carbon, an extremely porous conductor, shaped in
2 mm-diameter disks, 0.1 mm thick. A switch can tempo-
rarily connect the electrodes to a charge or a discharge
circuit. The load is represented by the resistor R ¼ 1 k!,
through which charge and discharge currents flow.
The two electrodes immersed in the solution constitute a

capacitor. When a current flows through the capacitor, each
electrode repels ions of same charge, and attracts ions of
opposite charge, thus forming an oppositely charged ionic

PRL 103, 058501 (2009) P HY S I CA L R EV I EW LE T T E R S
week ending
31 JULY 2009
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Reverse process: desalination

Fresh water

Energy

Brine

Brackish
water

The Future of Seawater
Desalination: Energy, Technology,
and the Environment
Menachem Elimelech* and William A. Phillip†

In recent years, numerous large-scale seawater desalination plants have been built in water-stressed
countries to augment available water resources, and construction of new desalination plants is
expected to increase in the near future. Despite major advancements in desalination technologies,
seawater desalination is still more energy intensive compared to conventional technologies for the
treatment of fresh water. There are also concerns about the potential environmental impacts of
large-scale seawater desalination plants. Here, we review the possible reductions in energy demand
by state-of-the-art seawater desalination technologies, the potential role of advanced materials and
innovative technologies in improving performance, and the sustainability of desalination as a
technological solution to global water shortages.

Water scarcity is one of the most serious
global challenges of our time. Present-
ly, over one-third of the world’s pop-

ulation lives in water-stressed countries and by
2025, this figure is predicted to rise to nearly two-
thirds (1). The challenge of providing ample and
safe drinking water is further complicated by pop-
ulation growth, industrialization, contamination
of available freshwater resources, and climate
change. At the same time, greater recognition of
the broad societal and ecological benefits that
stem from adequate water resources—economic
vitality, public health, national security, and eco-
system health—is motivating the search for tech-
nological solutions to water shortages.

Several measures to alleviate the stresses on
water supply should be implemented, including
water conservation, repair of infrastructure, and
improved catchment and distribution systems.
However, while these measures are important,
they can only improve the use of existing water
resources, not increase them. The only methods
to increase water supply beyond what is available
from the hydrological cycle are desalination and
water reuse (2). Of these, seawater desalination
offers a seemingly unlimited, steady supply of
high-quality water, without impairing natural
freshwater ecosystems. Desalination of brackish
groundwaters is also an option to augment wa-
ter supply for inland regions; however, the man-
agement of brines from inland desalination plants
is a major challenge because these plants are
placed far from the coast.

There has been rapid growth in the install-
ation of seawater desalination facilities in the
past decade as a means to augment water sup-
ply in water-stressed countries (1, 3, 4). Notable
examples are the large-scale seawater reverse
osmosis (SWRO) desalination plants recently
constructed in Spain (5) and Israel (6, 7). In 2016,
the global water production by desalination is
projected to exceed 38 billion m3 per year, twice
the rate of global water production by desalina-
tion in 2008 (3).

Early large-scale desalination plants, mostly
in the arid Gulf countries, were based on thermal
desalination, where the seawater is heated and

the evaporated water is condensed to produce
fresh water (8). Such plants, still in operation in
the Gulf countries, consume substantial amounts
of thermal and electric energy, which result in a
large emission of greenhouse gases (9). Exclud-
ing those in the Gulf countries, the vast major-
ity of desalination plants constructed in the past
two decades, as well as future planned facilities,
are based on reverse osmosis technology (Fig. 1),
where seawater is pressurized against a semi-
permeablemembrane that lets water pass through
but retains salt (4). Reverse osmosis technology
has improved considerably in the past two decades,
and current desalination plants can desalinate
seawater with much less energy than thermal
desalination (4, 9). At present, reverse osmosis
is the most energy-efficient technology for sea-
water desalination and is the benchmark for com-
parison for any new desalination technology.

In this review, we assess the energy efficien-
cy, the state of the technology, and the environ-
mental challenges of seawater desalination. We
highlight the main open questions, how future
studies might address them, and what new ap-
proaches are needed to advance the science and
technology of seawater desalination.

What Is the Current Energy Efficiency of
Desalination and Can It Be Improved?
The amount of power needed to drive desalina-
tion in SWROplants has declined dramatically in
the past 40 years (Fig. 2A) (4, 8, 10, 11). This
decrease in energy consumption is attributed to
continual technological improvements, including
higher-permeability membranes, installation of
energy recovery devices, and the use of more
efficient pumps (4). The potential to operate the
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Fig. 1. Conceptual drawing of an SWRO desalination plant showing the various stages—seawater intake,
pretreatment, reverse osmosis, posttreatment, and brine discharge—and their interactions with the
environment. The thickness of the arrows for the energy consumption represents the relative amount of
energy consumed at the various stages.
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seawater with much less energy than thermal
desalination (4, 9). At present, reverse osmosis
is the most energy-efficient technology for sea-
water desalination and is the benchmark for com-
parison for any new desalination technology.
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cy, the state of the technology, and the environ-
mental challenges of seawater desalination. We
highlight the main open questions, how future
studies might address them, and what new ap-
proaches are needed to advance the science and
technology of seawater desalination.

What Is the Current Energy Efficiency of
Desalination and Can It Be Improved?
The amount of power needed to drive desalina-
tion in SWROplants has declined dramatically in
the past 40 years (Fig. 2A) (4, 8, 10, 11). This
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continual technological improvements, including
higher-permeability membranes, installation of
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CDI (Capacitive Deionization)



Predicting capacitance & salt adsorption

Continuous solvent models of the interface

q point ions: Debye-Hückel, Gouy-Chapman

q cap concentration: modified Poisson-Boltzmann

Equilibrium between bulk and micropores

q modified Donnan model, fitted to experiments



Experiments vs standard models

CDC-800 electrodes, NaCl in water

Capacitance (F g-1)

0.5 mol/L 1.0 mol/L

Experiments 113 ± 2 121 ± 3 

Debye-Hückel 997 ± 1 1409 ± 2

Poisson-Boltzmann 381 ± 0.3 373 ± 1

Modified Donnan 36 ± 1 38 ± 1

None of these models can predict the order of magnitude 

and the trend with salt concentration



Molecular simulations with electrodes

Physicochemical parameters

q Electrode material (CDC)

q Salt concentration

q Specificity

Properties of interest

q Electrical capacitance

q Salt adsorption capacity

q Microscopic structure

q Charging dynamics

 

Blue Energy and Desalination with Nanoporous Carbon Electrodes:
Capacitance from Molecular Simulations to Continuous Models
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Capacitive mixing (CapMix) and capacitive deionization (CDI) are currently developed as alternatives to
membrane-based processes to harvest blue energy—from salinity gradients between river and sea water—
and to desalinate water—using charge-discharge cycles of capacitors. Nanoporous electrodes increase the
contact area with the electrolyte and hence, in principle, also the performance of the process. However,
models to design and optimize devices should be used with caution when the size of the pores becomes
comparable to that of ions and water molecules. Here, we address this issue by simulating realistic
capacitors based on aqueous electrolytes and nanoporous carbide-derived carbon (CDC) electrodes,
accounting for both their complex structure and their polarization by the electrolyte under applied voltage.
We compute the capacitance for two salt concentrations and validate our simulations by comparison with
cyclic voltammetry experiments. We discuss the predictions of Debye-Hückel and Poisson-Boltzmann
theories, as well as modified Donnan models, and we show that the latter can be parametrized using the
molecular simulation results at high concentration. This then allows us to extrapolate the capacitance and
salt adsorption capacity at lower concentrations, which cannot be simulated, finding a reasonable
agreement with the experimental capacitance. We analyze the solvation of ions and their confinement
within the electrodes—microscopic properties that are much more difficult to obtain experimentally than
the electrochemical response but very important to understand the mechanisms at play. We finally discuss
the implications of our findings for CapMix and CDI, both from the modeling point of view and from the
use of CDCs in these contexts.

DOI: 10.1103/PhysRevX.8.021024 Subject Areas: Computational Physics,
Energy Research,
Physical Chemistry

I. INTRODUCTION

Electric power production from salinity gradients—by
harvesting the free energy lost during the mixing of river
with sea water in estuaries—in principle, has the potential
of becoming a significant source of electricity on the global

scale [1–5]. The main technologies developed for that
purpose to date, namely, pressure-retarded osmosis and
reverse electrodialysis, exploit the osmotic pressure differ-
ence using hydrostatic pressure or electric potential
differences applied across membranes [6]. Despite the
promises of these approaches—in particular, thanks to
the control of flow through single nanotubes for the design
of improved membranes [7]—a completely different strat-
egy is also under consideration, to avoid the efficiency loss
induced by membrane fouling. In 2009, Brogioli demon-
strated the feasibility of capacitive mixing (CapMix) from
cycling charge-discharge of a capacitor at high-low salinity
[8]. Since then, both the fundamental understanding and
practical improvement of this idea have been remark-
able [9–11]. In the reverse process, capacitive deionization
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Experiments vs simulations

Good agreement at high concentrations

Simulations cannot be performed at lower concentrations

Salt concentration
(mol/L)

Capacitance (F.g-1)

MD simulations Experiments

0.05 – 80 ± 3

0.1 – 96 ± 4

0.5 103 ± 2 113 ± 2

1.0 107 ± 2 121 ± 3

CDC-800 electrodes & aqueous NaCl



Implications for blue energy harvesting

Modified Donnan model fitted on MD at high concentration
reasonably reproduces the experiments at lower concentrations,

without experimental input

Energy per CapMix cycle

Capacitance (F/g)

Concentration
(mol/L)

MD m-Donnan
from MD

Exp

0.005 -- 61 --

0.02 (river) -- 70 --

0.05 -- 78 80

0.1 -- 83 96

0.5 (sea) 103 100 113

1.0 107 109 121



Implications for blue energy harvesting

Traditional models should be used with caution for CDCs

mD fitted on MD è reasonable (but expensive!) predictions

Energy per CapMix cycle

Method DEcycle (J/g)

Experiments 0.6

DH 44

PB 0.1

mD fitted on MD 0.3

Results for
q Criver = 0.05 mol/L

q Csea = 0.5 mol/L
q Dj = 300 mV



Solvation inside the nanopores

Limited desolvation of Na+ and Cl- inside pores
Similar results with LiCl and KCl

6
5.8
5.5

7.4
7
7



Work in progress: (dis)charging dynamics

Two-slice model in good agreement with MD è Rl

Extrapolation to 100 µm width è t ~ 1-10 s

Response to change in voltage & equivalent circuit model

For RTILs: Péan et al., ACS Nano (2014)



Work in progress: Molecular DFT 3

c) d)
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Figure 2. Densities at �V = 0.0 V. Top: In-plane-
averaged equilibrium densities of H (a) and O (b) of water
along the z direction. The MD results are in full red and
the MDFT results are in dashed black. Bottom: Slices of
oxygen density computed by MDFT (c) and MD (d) lo-
cated at z ⇡ 2.5 Å, the purple balls represent the graphene
carbon atoms.

it. The predicted number of water molecules is 560±1
for all values of the applied potential. In MD, the time
step is 1 fs and statistics are accumulated for at least
400 ps after 50 ps of equilibration.

Periodic boundary conditions (PBC) are only ap-
plied in the x and y directions, i.e parallel to the elec-
trodes. In MDFT, the excess solvent-solvent term is
computed through the use of discrete Fourier trans-
form implying a 3D spatial periodicity. To be con-
sistent with the 2D-PBC of the external potential we
suppress the undesired periodicity along the z-axis by
doubling the box size in this direction and imposing
a vanishing density by adding an infinite external po-
tential when z > 60 Å.

We first examine the in-plane-averaged equilibrium
densities of the H and O sites of water along the z
direction, defined as

nA(z) =
1

LxLy

¨
⇢A(r,⌦)

⇢bulk
A

dxdyd⌦ (5)

where Lx and Ly are the dimensions of the box in the
x and y directions, ⇢A is the 3D density of oxygen or
hydrogen and ⇢bulk

A is the corresponding density in the
bulk solvent. In MD this quantity can be computed
through binning of the particles positions.

Figure 2 compares nH and nO computed with MD
and MDFT for �V = 0.0 V (oxygen densities for other
values of applied voltage are given in supplementary
materials). Both density profiles are symmetric with
respect to the center of the cell since the two electrodes
are identical; applying a non-zero potential difference
breaks this symmetry as illustrated in SM. The two
methods give results in qualitative agreement with two
marked solvation peaks beyond which the homoge-
neous densities are quickly recovered. A closer look
reveals some discrepancies. For the oxygen density in

0 0.5 1 1.5 2
∆V (V)

-1

0

1

2

3

4

5

6

7

σ
 (

µ
C

/c
m

2
)

4.2 µF/cm
2

5.0 µF/cm
2

Figure 3. Surface charge density on the positive electrode
as a function of the applied potential difference. The MD
results are the red square and the error bars represent the
standard deviation. MDFT results are the black circles.
The solid red line and the dashed black line are linear fits
of the data. The corresponding slopes are the capacitances

Figure 2.a, the maximum of the first peak is located
at 3.0 Å with MDFT, slightly closer to the electrode
than with MD (3.2 Å). This first pick is also sharper in
MDFT than in MD. These results are consistent with
previous work showing that MDFT tends to predict
over-structured solvation shells around hydrophobic
solutes23, this is particularly true at solid interfaces.
For the hydrogen density profile in Figure 2.b, the
agreement is also qualitative since MDFT tends to
predict slightly less structured solvation shells: The
two main peaks of the density profile are smaller than
in MD.

Despite those differences the agreement between
MD and MDFT is good, as confirmed by the 3D den-
sities. In Figure 2 c-d we present the oxygen densi-
ties in planes perpendicular to the electrode located
at z ⇡ 2.5 Å computed at �V = 0.0 V. Note that if
the two figure are extremely similar, the legend differ.
Both methods predict an higher density at the center
of the hexagonal ring of graphene and lower density
on top of the carbon-carbon bonds. As evidenced in
Figure 2.c-d, the MDFT is well defined, while the MD
densities, computed after 9 ns of simulation would re-
quire more sampling to be fully converged. The effect
of the evolution of the density with the sampling time
is given in SM.

We now turn to the performance of the water ca-
pacitor. Figure 3 displays the charge density � on the
positive electrode as a function of the applied poten-
tial difference. Of course, the negative electrode bears
an opposite charge density. With both methods the
charge density varies linearly with the applied poten-
tial, which implies a constant value of the differential
capacitance over the range of studied applied poten-
tials. Capacitances are computed through linear re-
gression of the data, with the results C = 5.0 µF.cm�2

for MD and C = 4.2 µF.cm�2 for MDFT.
Knowing the charge distribution on each electrode,

it is possible to sum it with that of the solvent com-
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oxygen density computed by MDFT (c) and MD (d) lo-
cated at z ⇡ 2.5 Å, the purple balls represent the graphene
carbon atoms.

it. The predicted number of water molecules is 560±1
for all values of the applied potential. In MD, the time
step is 1 fs and statistics are accumulated for at least
400 ps after 50 ps of equilibration.

Periodic boundary conditions (PBC) are only ap-
plied in the x and y directions, i.e parallel to the elec-
trodes. In MDFT, the excess solvent-solvent term is
computed through the use of discrete Fourier trans-
form implying a 3D spatial periodicity. To be con-
sistent with the 2D-PBC of the external potential we
suppress the undesired periodicity along the z-axis by
doubling the box size in this direction and imposing
a vanishing density by adding an infinite external po-
tential when z > 60 Å.

We first examine the in-plane-averaged equilibrium
densities of the H and O sites of water along the z
direction, defined as

nA(z) =
1
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⇢bulk
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where Lx and Ly are the dimensions of the box in the
x and y directions, ⇢A is the 3D density of oxygen or
hydrogen and ⇢bulk

A is the corresponding density in the
bulk solvent. In MD this quantity can be computed
through binning of the particles positions.

Figure 2 compares nH and nO computed with MD
and MDFT for �V = 0.0 V (oxygen densities for other
values of applied voltage are given in supplementary
materials). Both density profiles are symmetric with
respect to the center of the cell since the two electrodes
are identical; applying a non-zero potential difference
breaks this symmetry as illustrated in SM. The two
methods give results in qualitative agreement with two
marked solvation peaks beyond which the homoge-
neous densities are quickly recovered. A closer look
reveals some discrepancies. For the oxygen density in
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as a function of the applied potential difference. The MD
results are the red square and the error bars represent the
standard deviation. MDFT results are the black circles.
The solid red line and the dashed black line are linear fits
of the data. The corresponding slopes are the capacitances

Figure 2.a, the maximum of the first peak is located
at 3.0 Å with MDFT, slightly closer to the electrode
than with MD (3.2 Å). This first pick is also sharper in
MDFT than in MD. These results are consistent with
previous work showing that MDFT tends to predict
over-structured solvation shells around hydrophobic
solutes23, this is particularly true at solid interfaces.
For the hydrogen density profile in Figure 2.b, the
agreement is also qualitative since MDFT tends to
predict slightly less structured solvation shells: The
two main peaks of the density profile are smaller than
in MD.

Despite those differences the agreement between
MD and MDFT is good, as confirmed by the 3D den-
sities. In Figure 2 c-d we present the oxygen densi-
ties in planes perpendicular to the electrode located
at z ⇡ 2.5 Å computed at �V = 0.0 V. Note that if
the two figure are extremely similar, the legend differ.
Both methods predict an higher density at the center
of the hexagonal ring of graphene and lower density
on top of the carbon-carbon bonds. As evidenced in
Figure 2.c-d, the MDFT is well defined, while the MD
densities, computed after 9 ns of simulation would re-
quire more sampling to be fully converged. The effect
of the evolution of the density with the sampling time
is given in SM.

We now turn to the performance of the water ca-
pacitor. Figure 3 displays the charge density � on the
positive electrode as a function of the applied poten-
tial difference. Of course, the negative electrode bears
an opposite charge density. With both methods the
charge density varies linearly with the applied poten-
tial, which implies a constant value of the differential
capacitance over the range of studied applied poten-
tials. Capacitances are computed through linear re-
gression of the data, with the results C = 5.0 µF.cm�2

for MD and C = 4.2 µF.cm�2 for MDFT.
Knowing the charge distribution on each electrode,

it is possible to sum it with that of the solvent com-

MDFT of pure water / graphite capacitors (few s / calculation)

The functional has to be extended for ions

Jeanmairet et al., J. Chem. Phys. (2019)
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