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Abstract2

In recent years, the capacitance of the interface between charged electrodes and3

ionic solutions (the electric double layer) has been investigated as a source of clean4

energy. Charge is placed on the electrodes either by means of ion-exchange membranes5

or of an external power source. In the latter method, net energy is produced by simple6

solution exchange in open circuit, due to the associated decrease in the capacitance of7

the electric double layer. In this work, we consider the change in capacitance associated8

to temperature variations: the former decreases when temperature is raised, and hence,9

a cycle is possible in which some charge is put on the electrode at a certain potential10

and returned at a higher one. We demonstrate experimentally that it is thus viable11

to obtain energy from electric double layers if these are successively contacted with12

water at different temperatures. In addition, we show theoretically and experimentally13

that temperature and salinity variations can be conveniently combined to maximize14

the electrode potential increase. The resulting available energy is also estimated.15
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Introduction18

There are many industrial processes where water is used as coolant, and returned to the19

cold water reservoir, so that a mixture is produced of hot and cold fluids. The temperature20

gradient between them can be quite high in the case of thermal power plants, where heat21

transfer from hot to cold reservoirs is the most widely exploited route for producing electrical22

energy, but whatever the process where refrigeration is required, exergy is wasted by simply23

mixing the two kinds of water. Although temperature differences between the water input24

and output are hardly above 20 ◦C, after being refrigerated in the power plant, waters near25

geysers or thermal waters in volcanic areas can reach 85 ◦C or more.26

In this paper we propose taking advantage of solution temperature differences in the27

direct production of electrical energy. This can be done by properly using the capacitance28

changes induced in microporous electrodes by exchanging solutions in contact with them29

with alternatively high and low salt concentrations. Such exchange modifies the capacitance30

of the electrical double layer, that is, the interface between the charged electrode surface and31

the solution.1–3 Energy production by this capacitance modification is known as Capacitive32

energy extraction based on Double Layer Expansion (CDLE) and it is enclosed in the group33

of emergent technologies jointly known as Capmix methods.2–4 These are all based on the34

change of the electrical properties of the electrode-solution interface associated to salinity35

variations.36

Inspired in such phenomenology, the idea emerges of exploiting the above mentioned37

process in conditions where the capacitance of the electric double layer (EDL) is modified38

by an additional mechanism. This is to use the temperature gradients that are generated39

in rivers when their water is used in industrial processes, even if such water is only used for40

refrigeration and no contamination other than thermal one takes place. Additionally, the41

mixture of hot river water and cold sea water (as in the mouth of a river coming into a much42

colder ocean, mostly if the river water has been previously employed in the refrigeration of43

power plants) may be advantageous as well, by adding the effect of temperature changes to44
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that of ionic contents differences.45

Exploiting the temperature effect on energy production systems is an idea present in other46

techniques. For instance, Sales5 has recently proposed to use the so-called thermal membrane47

potential : an electric potential is generated when hot and cold waters are contacted with48

anion and cation exchange membranes, respectively. That potential can be used in energy49

production by charging carbon electrodes in contact with the membranes, and discharging50

them through the external circuit. This is a modification of the capacitive mixing procedure51

known as CDP (Capacitive energy extraction based on Donnan Potential), also a member52

of the Capmix family.3,4,6
53

In this work, we show some results concerning the implementation of CDLE with temper-54

ature differences between the two solutions used in the exchange process. A theoretical model55

based on cylindrical geometry for the electrode micropores is described and its predictions56

discussed. Experimental results are also offered, and their agreement (at least qualitative)57

with the theoretical description is analyzed.58

Principles of the method59

We begin by considering two charged electrodes in contact with salty water. Ions in solution60

migrate towards the electrode of opposite sign, and some charge accumulates at the elec-61

trode solution interface, forming the EDL.7 Below 1 V, faradaic reactions can be excluded,62

and hence, electrodes are charge blocking, meaning that positive and negative charges are63

separated at the interface, which in fact behaves as a capacitor.8 Due to diffusion, the EDL64

extends over a finite thickness, and the surface charge density σ and surface potential ΨS65

can be, to a first approximation, related by9
66

σ =
√

8εm(T )ε0nkBT sinh
zeΨS

2kBT
(1)
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where εmε0 is the permittivity of the solution, kB is the Boltzmann constant, T the absolute67

temperature, an aqueous solution of a symmetric z-valent electrolyte with number concen-68

tration n of each ion, is assumed, and e is the electron charge. In the CDLE process, a69

change in the capacitance of the EDL is produced by changing the salinity of the solution70

in contact with the interface: a decrease in n at constant σ produces a higher potential ΨS71

(eq 1).72

Additionally, modifications can be produced by changing the permittivity of the solution,73

by, for instance, increasing or reducing its temperature. Specifically, an increase in tempera-74

ture produces a decrease of the electric permittivity of water, and, as a consequence, a larger75

electrode potential for given charge. In fact, from eq 1, it can be easily obtained that the76

differential capacitance77

Cd =
dσ

dΨS

= ze

√
σ2

4k2
BT

2
+

2ε0εm(T )n

kBT
(2)

decreases with temperature, if εm does.78

In Figures 1, 2, we present a cycle designed for obtaining electric energy from tempera-79

ture differences. Because in this case there are no salinity differences between the solutions80

used, but just temperature variations, we propose to denominate DLPE (or Double Layer81

Permittivity Exchange) to the technique. At the first stage the electrodes are externally82

connected to a battery with potential difference V in the presence of cold water. At equi-83

librium, the same potential difference will be established between both electrodes. Each of84

them will acquire a surface charge equal to σA in absolute value, and a potential difference85

|Ψ0| = |V |/2 with respect to the solution in the space between them (1 in Figures 1, 2).86

Then, in open circuit, cold and hot waters are interchanged (step 1→2 in Figure 1, 2). As87

a consequence of the temperature increase, the permittivity decreases and so does the EDL88

capacitance. Since the circuit is open, this provokes an increase of the electric potential to89

ΨH at the electrode-solution interface, as can be seen in Figure 2. In order to take advantage90

of this increase in potential, we next discharge the electrodes (step 2→3) over the external91
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source. Since the potential of the electrodes is larger, some charge will spontaneously mi-92

grate to the battery at a larger potential, as observed in Figure 2, resulting in a positive93

energy balance. A new equilibrium is attained, and the potential returns to the initial value94

but with a difference surface charge σB. For closing the cycle, we next exchange hot by cold95

water in open circuit (step 3→4) and this leads to a decrease of the potential below that of96

the external battery to ΨL. Finally, we connect again the battery to the cell filled with cold97

water (step 4→1) and return to the initial potential and charge density values.98

Figure 1: Cell during every step of the cycle (1: cell charged in cold water; 2: hot water in.
3: electrode discharge. 4: cold water in.)

Theoretical model99

In order to increase the charge transfer in step 2→3 of Figure 2, electrodes made of mi-100

croporous carbon particles can be used because of their huge surface area. However, since101

the charging potential can be relatively high (several hundred mV) and the pore diameter102

can be as low as 1 nm, simple models assuming low potentials and planar interfaces may103

not describe accurately the phenomenon. Furthermore, the behavior of the ions close to104
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Figure 2: Schematic electrode charge vs. electrode potential relation for cold and hot waters.
The DLPE cycle is enlighted with arrows.

the wall is another source of difficulty, as they can even lose their hydration shell (fully or105

in part) under the EDL field. This is the case of ionic liquids,10,11 and is the basis of the106

supercapacitances that are found with activated carbons with pores of size below 1 nm, but107

can happen even for small, monovalent, well hydrated ions like Na+, as has been shown by108

molecular dynamics simulations.12 As a consequence, a Stern layer can be formed with ions109

located between the inner and outer Helmholtz planes, which are partially dehydrated due110

to strong chemical or electric interactions with the surface. However, there is no evidence111

of such strongly adsorbed ions at the carbon-sodium chloride interface, and in our model112

the traditional image of a charge-free Stern layer determined by the distance of minimum113

approach of hydrated Na+ and Cl− ions will be considered.114

We will focus on the modeling of the solution-pore wall interface inside the porous ma-115

terial, which is of course just part of the description of the complete electrode. Also, as in116

other analyses of the electrochemistry of porous electrodes, time effects will be ignored and117

only steady state situations will be considered (a model including a kinetic analysis of the118

electrode response has been described recently by Rica et al.13,14). For our purposes, an119

equilibrium description of every stage of the cycle will be enough for predicting the electrical120

energy that can be potentially extracted with this method.121

Existing models on the description of the EDL potential profile at interfaces with different122
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geometries7,15–22 cannot be applied to porous electrodes because such models are usually123

restricted to dilute suspensions, so that the likely overlap between EDLs from opposite walls124

of the pores is not considered. Theoretical models including EDL overlap and ionic size125

effects have been applied to salt free suspensions,19 and are based on cell models, which are126

appropriate in the case of homogeneous distributions of non-contacting spherical particles.18
127

In this work, we propose an approach in which the porous electrodes are modelled as a128

swarm of cylindrical pores. We will include the following aspects in our simulations:129

• Non-Planar EDL: inside the activated particles, the most abundant pores are typically130

less than 5 nm in diameter, and curvature effects on the electric potential profile can131

be significant.132

• EDL overlap: it is likely in the smallest pores and with the less concentrated solutions,133

considering that the potentials used for charging can be relatively high.134

• Moderate charging potentials: larger energies can in principle be obtained if large135

amounts of charge are transferred back and forth at very different potentials. For136

fixed values of the salinity, it may be necessary to explore potential differences as high137

as 500-600 mV. In such conditions, the interfacial region can be largely enriched in138

counterions, to the extent that the point charge hypothesis for EDL structure leads139

to unrealistically high counterion concentrations in the vicinity of the pore wall. This140

fact, together with the high salinity of the sea water, means a non-negligible role of141

the size of the ions.142

This model is an extension to cylindrical pores of the one presented in.23 Since the most143

abundant ions in natural waters are Na+ and Cl− we will restrict the analysis to this salt,144

although a more general solution composition can be considered if needed. Hence, we perform145

a mean field analysis of the structure of the EDL, and so, the electric potential distribution146
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will be given by Poisson’s equation:147

∇2Ψ(r) =
1

r

∂

∂r

(
r
∂Ψ(r)

∂r

)
= −ez (n+(r)− n−(r))

ε0εm(T )
(3)

In this equation, Ψ is the electrostatic potential at position r, r is the cylindrical radial148

coordinate with origin at the pore axis, e the electron charge, and n+ (n−) is the number149

concentration of cations (anions) at the specified position. The temperature dependence of150

the electric permittivity of the solvent is implicitly indicated. For this work, the permittivity151

values of Table 1 were used at every temperature.152

Table 1: Relative permittivity of water for different temperatures

T(◦C) εm T(◦C) εm
15 82.2 50 69.9
20 80.4 55 68.3
25 78.5 65 65.2
35 75.0 80 60.8
45 71.6

This equation will be solved subject to the following boundary conditions (r is the radial153

cylindrical coordinate with origin at the pore axis), specifying the surface potential of the154

pore wall, ΨS, and the zero electric field at the pore axis:155

Ψ(r = R) = ΨS (4)

dΨ
dr

∣∣∣
r=0

= 0 (5)

The interaction between ions can be taken into account by using sophisticated models156

as described in Refs.17,24,25 These models consider both coulombic and excluded volume157

interactions between every pair of ions instead of using a mean field approximation. They158

provide a detailed profile of the electric potential and predict interesting effects like charge159

inversion.17 However, we are not interested in such precise profile, but rather in the effect160
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of the finite volume of ions on the total stored charge in the EDL. An extensive analysis161

of the different approximations is given in15,26 and some consequences on the differential162

capacitance of the EDL are studied in.27
163

For the present approach, the relation between the ionic concentration and the electric164

potential at any point is based on the approximation provided in18,28,29 which takes into165

account the excluded volume of ions:166

n±(r) =
n±∞ exp

[
∓ zeΨ(r)

kBT

]
1 + n+

∞
n+
MAX

[
exp

(
− zeΨ(r)

kBT

)]
+ n−∞

n−MAX

[
exp

(
zeΨ(r)
kBT

)] (6)

where n±∞ and n±MAX denote, respectively, the bulk concentration and the maximum concen-167

tration allowed for the corresponding ionic species.168

Note that we also take into account the excluded volume between particle surface and169

hydrated ions. Hence, Eq. 3 must be solved separately in different regions. In the first170

one, between the particle surface and the radius of the smallest ion (Cl− in the case of171

NaCl), n±(r) = 0. In the second region, where only the smallest ion can stay, we can write172

n+(r) = 0. In the third region all ions can stay and hence, no restriction is imposed on ionic173

concentration. Accordingly, new boundary conditions must be used, namely, the continuity174

of the potential and of the normal component of the electric displacement at the boundary175

between every pair of regions:176

Ψ(r = R− r−Cl,Na) = Ψ(r = R− r+
Cl,Na) (7)

dΨ

dr

∣∣∣
r=R−r−Cl,Na

=
dΨ

dr

∣∣∣
r=R−r+Cl,Na

(8)

Note that the existence of a minimum distance of approach of ions to the pore wall (with177

thickness controlled by the ion radius) determines a charge-free inner layer at the edge of the178

diffuse layer. This was first hypothesized by Stern and has become an essential component of179
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the classical electrochemistry of EDLs.15,30 This Stern layer is often modelled by a constant180

capacitance Ci, which is responsible for a significant part of the voltage drop when the diffuse181

layer capacitance grows to very high values (high electrolyte concentrations).182

With the previous equations, the potential profile can be calculated as a function of183

surface potential, pore size, ionic concentration, and, in our case, temperature. The surface184

charge density, σ, is:9
185

σ = −ε0εm(T )
dΨ

dr

∣∣∣
r=R

(9)

Finally, the extracted work in every cycle is represented by twice the shadowed area in186

Figure 2 (one term for each electrode):187

WS = 2

∫ σA

σB

[
ΨS(hot)−ΨS(cold)

]
dσ (10)

Roughly speaking, the area is 2∆σ∆Ψ. This is important to be stated, because from this it188

is clear that the extracted work can be increased by increasing either the charge exchanged189

∆σ, the potential rise ∆Ψ, or both. It must be emphasized that all calculations presented190

in the work were performed using the model described.191

Materials and Methods192

In Figure 3 we present a scheme and a picture of the cell. The two electrodes are composed193

by a graphite current collector on which activated carbon particles have been deposited194

(Voltea B.V., The Netherlands). These are commercial electrodes containing approximately195

300 g per square meter of film. Considering that our cell allows circular collectors with 2196

cm diameter, the total mass of carbon used is 0.094 g. The cell depicted in Figure 3b can197

be used with different separations between electrodes. In our case, we used 1 mm for all198

the experiments presented. The electrodes are in contact with a supercapitor (Bootscap cell199
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supercapacitor, C=350 F, Maxwell Technologies, USA), that acts as the charging source, and200

that is also used in the discharging step through a selected load resistor. During the charging201

step, only the cable resistance is used as RL (≈1Ω), whereas during the discharging step,202

the cell is connected again to the supercapacitor through an RD =8Ω resistor, comparable203

to the internal resistance of the cell filled with the river water solution at room temperature.204

The voltage Vcell between both electrodes is measured as a function of time with a Keithley205

2700 (USA) bench multimeter.206

Figure 3: a) Schematic representation of the capacitive mixing cell; Vcell is the charging
voltage, and RL=1Ω is the resistor used for charging as external load. The resistor used for
discharging in step 3 is RD = 8 Ω. b) Experimental cell and electrode.

Results and discussion207

Theoretical predictions208

The predictions of the model are presented in Figure 4. Note how, as expected, both the209

surface charge density and the differential capacitance per unit area Cd decrease with temper-210

ature. It is also noticeable that the capacitance decreases with the surface potential instead211

12



of increasing with it as expected, due to the fact that a larger surface potential cannot be212

compensated for by a larger accumulation of finite-size ions near the surface.213
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Figure 4: Surface charge density (a) and differential capacitance of the EDL (b) as a function
of the surface potential for the temperatures indicated. Ionic concentration 2 M NaCl. Pore
size: 5 nm. Ionic radii: Na+ 0.36 nm and Cl− 0.33 nm.

In Figure 5 we show the theoretical predictions for DLPE cycles as compared to CDLE214

ones. One important characteristic of the CDLE cycle is that the dependence of the potential215

jump ∆Ψ on the external charging potential reaches a plateau value for moderate electrode216

potentials (Figure 5a). In the case of the charge exchanged, ∆σ, a maximum value is217

predicted (Figure 5b), so that beyond a given external voltage the exchanged charge and218

hence the extracted energy decrease, reducing the efficiency of the process,23 as shown in219

Figure 5c. In23 it was shown that the maximum extracted energy comes out as a consequence220

of the predicted decrease of the differential capacitance of the salty water below that of the221

river water, beyond a given wall potential. Such effect has the consequence of a lower222

exchanged charge between the electrodes. Interestingly, this is not the case with DLPE: we223
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can increase both the potential drop and the exchanged charge by increasing the electrode224

potential Ψ0. We expect, hence, that at a certain potential the extracted energy in a DLPE225

cycle turns out to be larger than that achievable by means of the standard CDLE method226

(Figure 5c). From the comparison between CDLE and DLPE we can conclude that in227

general the salinity difference is a better technology, and that the potential advantage of the228

new proposal is the large availability of water with thermal gradients. In addition, it is, in229

principle, possible to find a working voltage above which it would be feasible to use DLPE230

with advantage as long as a temperature difference of about 35 ◦C is available.231

Considering that they stem from similar principles, it will be clear that DLPE and CDLE232

are not incompatible. We can perform a cycle in which cold salty water is exchanged with233

warm river water in a sort of CDLE+DLPE technique. Theoretical predictions in Figure 6234

confirm the advantage of this approach: we can expect to have a monotonous increase of the235

voltage jump, and thus, of the extracted energy with the working potential. Furthermore,236

the energy extracted can be up to five times larger if river water is 50 ◦C above sea water.237

Even for more realistic temperature differences (45 ◦C to 25 ◦C, say), a factor of two in the238

energy gain is achievable.239

Experimental Results240

DLPE demonstration241

In Figure 7 we show an example of the voltage between electrodes in a DLPE cycle. For242

this example, we have used 20 mM, which is a reasonable value for the salt concentration243

of a typical river. The stages of Figure 2 are clearly distinguishable. In particular, the244

present figure demonstrates that upon exchanging cold by hot water (1→2 in Figure 7), the245

voltage increases. Hence, the discharge in the following step (2→3 in Figure 7) occurs at a246

higher potential, resulting in a positive energy balance. It can be seen that the discharging247

occurs in two steps. There is an initial fast decrease, due to the voltage decay between248

electrodes, followed by a slower decrease up to the supercapacitor value. Note that once249
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the external circuit is connected, conduction is allowed through the external circuit but also250

between electrodes through the conductive solution. Hence, special care must be taken on the251

selection of the load resistor used in the discharging step,31 in order to maximize the power252

transfer. A note must be added concerning the possibility of generation of thermoelectric253

effects in the hot-water stage. If it is assumed that the cables connecting the cell to the254

voltmeter are 0.5 m long, and taking into account that the thermoelectric power of Cu is 4255

µV/K, it can be estimated that at most 0.2 mV could be added to the voltmeter reading,256

but this value is about 20 times smaller than the maximum voltage measured in DLPE.257

CDLE and DLPE compared258

In Figure 8 succesive cycles like that in Figure 7 are shown in comparison with CDLE cycles.259

We can observe that the values of ∆Ψ are lower in DLPE than in CDLE cycles, for otherwise260

identical charging conditions. Note that because the extracted work depends on both the261

charge exchanged with the external voltage source and the potential jump under solution262

exchange, and both are lower in DLPE, we can predict a reduced extracted work with the263

latter technique. However, we can improve on these results, as described below.264

Both techniques together265

A clear way of improving on both DLPE and CDLE used separately is the use of both266

techniques together. Data in Figure 9 prove that optimum conditions can be found in which267

properly combining temperature and salinity differences makes it possible to maximize the268

voltage rise in the mixed CDLE+DLPE technique. If 600 mM is the concentration of the269

sea water and 25◦C its temperature, 2∆Ψ can be as high as 80 mV if the river water (20 mM270

NaCl) is at 75 ◦C. Note however that upon increasing the salty water concentration up to271

1 M the improvement is reduced and the advantage of using higher salinity is compensated272

for by a likely larger loss associated to the high conductivity of the solution.273

In fact, the presence of charge leakage can be made clear when considering the experi-274
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mental charge-potential cycles, similar to that shown in Figure 2. From the measurement of275

both the current through the external load and of the cell voltage, together with the cycle276

duration (Figures 10a, 10b) it is possible to evaluate the charge-potential cycle, and the re-277

sults are plotted in Figure 11. Note that the area of the cycle increases with the river water278

temperature (and so does the energy extracted, in consequence), and furthermore that in279

some cases, the cycles do not close properly, indicating charge losses, probably attributable280

to electrode redox reactions.1
281

The increase of power density obtained with river water temperature is explicitly shown282

in Figure 12a. Even if the temperature difference available is moderate (40-60 ◦C) the power283

can be increased by a factor of 2-4. This is a clear confirmation of the feasibility of the mixed284

technique in easily achieved conditions in practice. As an additional advantage, we have285

evaluated the energy production for increasing charging voltages. As predicted by the data286

in Figure 5, the energy associated to the DLPE process always increases with the charging287

voltage, contrary to CDLE alone, where a maximum is theoretically and experimentally288

found.23,31 In contrast, the results in Figure 12b demonstrate that we can always gain power289

by increasing the source voltage as far as the limit imposed by faradaic reactions is not290

surpassed.291

Data in Figure 12 show that the maximum power density that we have reached for the292

selected experimental conditions is 40 mW/m2 (130 mW/kg) in CDLE+DLPE. These values293

must be compare to those of related technologies, where a either salinity or temperature294

gradients are essential ingredients. Thus, the CDP technology can reach 0.2 W/m2,32 and295

the values rises to 2.2 W/m2 in the case of RED devices.33 In the case of thermoelectric power296

generators, the reported power ranges between 1 and 10 W/kg for temperature differences297

of about 200 ◦C.34
298

In terms of the amount of water required to perform a CDLE+DLPE cycle, we estimate299

that the energy produced amounts to 5.4 J/l. This value is about 1/100 lower than the300

maximum predicted by Pattle.35 Even so, our experimental results qualitatively confirm301
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our theoretical predictions. In order to reach a more quantitative agreement, it would be302

necessary to estimate the fraction of pore area that is effectively wetted and participates in303

the exchanging process. In fact, we have the possibility of using the experimental transferred304

charge as an indicative of the effective wetted area. From this, the efficiency of the process305

can be calculated by comparing the area of the experimental cycle with that calculated306

theoretically for the same charge transfer and charging voltages. The average value in the307

CDLE+DLPE cycle is around 30%. Losses involved in self-discharging during the open308

circuit stages and dissipation in the internal resistance of the cell (walls and solution) can309

account for this limited efficiency.310

However, considering that the CDLE+DLPE technique is just starting to be imple-311

mented, it is reasonable to expect significant improvements in efficiency and power density312

when the technology is further developed. Improvements are expected to come from: opti-313

mum control of the duration of the different cycle stages; cell geometry; electrode material314

selection, concerning wettability, pore size distribution and conductivity; minimization of315

the charge leakage, scaling up the device maximizing the electrode area and minimizing the316

electrode gap in order to reduce the internal resistance.317

The results just discussed show that the technique based on the dependence of the electric318

double layer capacitance with temperature can be used as a new approach for the extraction319

of electrical energy from thermal gradients without the need of electromechanical converters.320

It only requires electrodes with enough surface area and can be implemented wherever water321

or any other solvent at two temperatures and/or salinities is available. The concept is very322

promising and we have shown some lines along which improvements can be achieved. In323

addition, it can be used in combination with other well known sources of renewable energy,324

such as solar thermal plants, geothermal extraction, or even home solar collectors as a source325

of heat during the long periods of inactivity.326
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Figure 5: Theoretical results of a) potential jump in step 1→2, that is, when the cell ca-
pacitance changes from high to low by means of either salinity (CDLE, full squares) or
temperature (DLPE, open circles) variations. b) Surface charge density exchanged between
the external battery and the electrodes in step 2→3 (Figure 2). c) Extracted work as a
function of the potential difference between the electrode and the solution. Pore size: 5 nm.
In DLPE: NaCl concentration: 0.5 M, temperatures 15 ◦C and 50 ◦C; in CDLE: temperature
15 ◦C, NaCl concentrations: 0.02 mM and 0.5 M.
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Figure 6: Theoretical results of the potential rise ∆Ψ (a) and extracted energy per unit
interfacial area in CDLE+DLPE cycles (b) as a function of the electrode potential Ψ0. Sea
water in all cases: 25 ◦C. The temperature of the river water is indicated. Pore size: 5 nm.
Sea water 0.5 M NaCl; River water: 0.02 M NaCl.

23



Figure 7: Experimental results of the cell potential, Vcell, as a function of time during a
DLPE cycle. Cold water: 25 ◦C, hot water: 50 ◦C. NaCl concentration 20 mM. |∆Ψ| is the
voltage jump in each electrode.
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Figure 8: Experimental results of the potential as a function of time during succesive cycles
of DLPE (black) and CDLE (red). Charging voltage V = 630 mV; solution used in DLPE:
20 mM NaCl at 25 ◦C and 50 ◦C; exchanged solutions in CDLE: 20 and 600 mM NaCl at
25 ◦C .
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Figure 9: Experimental voltage between electrodes as function of time for CDLE-TG cycles
in which a 20 mM NaCl solution at 75 ◦C is inside the cell during the discharging step while
the charging steps are performed with a solution of the concentration indicated and at at 25
◦C.
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Figure 10: Experimental cell voltage (a) and electric current through the cell (b) as a function
of time for CDLE+DLPE cycles in which a 20 mM NaCl solution is inside the cell during
the discharging step and at the temperatures indicated. In all cases, the charging step is
performed with a 600 mM solution at 25◦C.
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Figure 11: Experimental ∆Q -Vcell cycles for CDLE (25 ◦C-25 ◦C) and CDLE+DLPE (25
◦C-55 ◦C and 25 ◦C-75 ◦C).
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Figure 12: Experimental values of the extracted energy per unit apparent surface area of
elctrode for CDLE+DLPE cycles. a) Charging solution: NaCl 600 mM at 25◦C; discharging
solutions: NaCl 20 mM at the indicated temperatures and 620 mV charging voltage. b)
Charging solution as in a) and discharging solution: NaCl 20 mM at 75◦C, for the indicated
charging voltages.
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