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Abstract: Circulation of salty and fresh water through the electrodes of a deionization cell produces a
voltage between the electrodes caused by the Capacitive Donnan Potential (CDP). The voltage so
generated is very low (100 mV), but this work demonstrates that it is possible to develop a power
converter suitable to inject this energy into the grid or into energy storage systems; this is a relevant
aspect of this paper, for most works in the literature simply dissipate this energy over a resistor.
To increase the input voltage, a stack of electrodes is connected in series. A bridgeless rectifier that
uses a dual buck-boost converter to operate with both the positive and negative cycles is used to
extract the energy from the cell. The topology chosen, which is operated as a current source, can work
at extremely low voltage levels and provide power factor correction. After this stage, an H-bridge
inverter can be included to inject the energy into the AC grid. The whole system implements a
hysteresis control system using the current through the inductor of the power converter as control
variable. This paper investigates the influence of such current on the efficiency of the total system.

Keywords: CapMix cell; Capacitive Donnan Potential (CDP); supercapacitor; low-voltage energy
harvesting; up/down converter; power factor correction (PFC); salinity gradient; hysteresis control

1. Introduction

More than 73.5% of the electricity used around the globe is obtained from fossil fuels
such as coal, natural gas or crude oil [1]. The massive use of this type of resources has led
to large concentrations of greenhouse gases (GHG) in the atmosphere. This is especially
true when considering carbon dioxide emissions coming from the combustion of the above-
mentioned fossil fuels. In particular, electricity and heat generation caused the biggest
increase in CO, emissions in 2021, at 46% of the global increase [2].

Globeally, there is an increasing awareness of the need to limit GHG pollution into the
atmosphere, and this is why energy production is slowly turning towards environment-
friendly solutions based on the use of renewable energy sources. Solar power, wind power,
hydroelectric power, biomass and ocean energy are the best-known sources of this kind.
But there is another form of green energy that can also contribute to the low-emission goal:
so-called blue energy [3].

Blue energy, also known as salinity-difference energy, exploits the free energy released
when two solutions with different salinity concentrations combine, as constantly occurs at
river bodies [4]. This must be definitely considered as a renewable form of energy, since it is
the sun-powered global hydrological cycle that continuously makes water evaporate from
the sea and precipitate as fresh water into river runoff. Additionally, salinity gradient
energy may also be extracted from natural or industrial brine discharge, which can provide
larger salinity gradients and thus higher energy. In any case, engineered solutions must be
used to avoid fouling [5].

Over the past few decades, remarkable advances in fundamental studies, experimental
investigations and field investigations have been carried out towards finding out how to
harvest this salinity gradient energy in an efficient way. This has given rise to thorough
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analyses seeking to determine the appropriate design and disposition of salinity gradient
energy conversion devices to maximize the energy obtained or to avoid fouling [6,7].
However, no indication of how to then extract that energy is usually given. Also, most of
the solutions proposed are associated with membrane-based techniques: Pressure Retarded
Osmosis (PRO) and Reverse Electrodialysis (RED) [8].

PRO generates electricity by using a hydro-turbine that is fed with the pressurized
water obtained thanks to the osmotic pressure difference created between two chambers.
RED, on the other hand, makes diluted and concentrated solutions flow into a cell, where
ionic exchange membranes succeed in creating an electrical potential across the electrodes
of the cell, and some redox reaction appears [8,9].

Unfortunately, these methods are still used on a laboratory scale only. There have
been major advances, but commercial products are still far from being available. The main
drawbacks that remain to be solved are related to the efficiency and price of the membranes,
together with gas generation in the case of RED [10], and the need to use dynamos or
turbines in PRO [11].

Due to the setbacks of the techniques mentioned above for blue energy harvesting,
another alternative has been proposed: CapMix (Capacitive Mixing). This technique uses
ultra-capacitor materials to produce devices that can benefit from the salinity gradient
created using sea and river water to perform as an electricity source. By storing the energy
harvested in something that performs like an ultra-capacitor, the transfer of this energy
to the grid or to other electrical energy storage systems will be simplified. CapMix is the
technique that will be studied in this paper as part of a renewable energy system to inject
power into a battery or into the grid.

CapMix methods allow one to directly extract electrical energy without the need to use
electromechanical converters, such as turbines or heat engines, or redox reactions. CapMix
is based on the variation in the potential difference between two nanoporous electrodes
caused by exchanging the ionic contents of the solution in contact with them. Three CapMix
techniques can be differentiated: Capacitive Double Layer Expansion (CDLE), Capacitive
Donnan Potential (CDP) and Mixing Entropy Battery (MEB), which merges both CDLE
and CDP. CDLE requires an external power supply to charge the electrodes; CDP uses
perm-selective membranes so that only one type of ion flows through them [12,13]; MEB
uses reactive electrodes to extract the blue energy stored in the form of chemical energy.

An analysis of the energy production through CapMix techniques [14] reveals different
values depending on the actual technique used and on the salinity concentration [15]. Thus,
CDLE can generate 0.05 W/m?, whereas the incorporation of membranes increases the
energy production to values of 0.2 W/m? in the case of CDP or 0.4 W/m? for mixing
entropy batteries (MEBs), at the cost of increasing the complexity of the electrodes [16,17].
The present work focuses on CDD, since its average power density is four times higher than
that of CDLE. It is still lower than that of MEBs, which currently produce the highest power,
but this technology is not considered in this paper because of the potential risk of polluting
the environment due to the copper included in the electrodes used. It must be noted,
in any case, that all these techniques are limited by: (a) self-discharge processes; (b) the
duration of the salt and fresh water exchange cycles; and (c) the high internal resistance,
especially when the cell incorporates fresh water. The last two parameters are especially
important, and reducing them will greatly influence the energy production capacity of
the cell [16]. On the one hand, the higher the internal resistor, the higher the losses when
extracting the energy harvested by the CapMix cell; optimization of this parameter is fully
dependent of the materials and structures used to manufacture such a cell. On the other
hand, the shorter the time needed to extract the energy from the cell, the higher the number
of charge/discharge cycles per unit of time and, hence, the higher the daily amount of
energy that can be extracted; this time depends both on the internal parameters of the cell
itself and on the discharge process defined to extract the harvested energy.

Figure 1 sketches the working principle of a CapMix Cell based on the Donnan Poten-
tial (CDP). When salt water enters the cell, ions diffuse through the exchange membranes
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and are embedded onto the capacitive electrodes (violet arrows represent movement of
anions; yellow arrows represent movement of cations). This originates an electronic current
in the external circuit (red arrow) flowing from the anion-adsorbing electrode to the cation-
adsorbing electrode through an external load to compensate the ionic charge that forms
within the porous electrodes (Figure 1a). If, right after this, fresh water passes through the
cell, the ions that had been deposited on the electrodes flow through the exchange mem-
branes into the flowing solution. This causes the electrodes to be discharged, and electrons
flow back from the cation-adsorbing electrode to the anion-adsorbing electrode through an
external load, which again constitutes current flow (Figure 1b). Therefore, by alternating
the flow of freshwater and saltwater into the cell, an AC voltage can be obtained across the
cell electrodes that gives rise to continuous power production. It must be noted that no
electrochemical reaction is required (electron and ion flow is purely of a capacitive nature)
and, therefore, there is no need for a chemical redox reaction in the system [18].
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Figure 1. (a) Charging process of the CapMix cell with a concentrated solution. (b) Discharge process
of the CapMix Cell with a diluted solution [1].

CapMix cells share certain properties with supercapacitors, and they even use similar
electrical models in their characterization. The fundamental characteristic that they share is
that the operation of both types of devices is based on retaining ions without generating
redox reactions. Even so, there are substantial differences in their behavior. Supercapacitors
retain ions from an electrolyte through the external application of an electric field [19],
whereas ion movement in CapMix cells occurs by diffusion through ionic membranes
where the electrolyte changes from salt water to fresh water. This fundamental difference
causes lower voltage increases in the CapMix cell and variations in the series resistance with
the salt concentration of the circulating water [15]. Supercapacitors have a series resistance
of typically a few tens of m(), with power densities greater than 400 mW /g (for an effective
area of 1000 m?/g) and efficiencies of 95% in the charge-discharge processes. CapMix cells,
however, present a series resistance that changes from hundreds of m() with salt water to
several ohms with fresh water; this reduces the efficiency and limits the energy production
to2.7mW/g.

Research on capacitive energy extraction from salinity gradients has given rise to
important contributions related to materials performance, cell architecture or operating
parameters of the solution flowing through the cell (temperature, velocity, etc.) [15]. How-
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ever, CapMix experiments usually connect the cell to a resistive load that instantaneously
utilizes the stored energy. The value of this resistive load determines the energy transfer
and is sometimes considered as an additional parameter to take into account [20]. This is
obviously not what must be expected from an energy supply device. Zou et al. [15] studied
the behavior of CapMix cells under different operating modes, but the extraction of energy
from the cell was always done by direct connection to an external resistance. The value
selected for this resistance affects the current and voltage in the cell, thus conditioning
the energy generated. This situation changes when the circulating current is constant
during the discharge process, as will be introduced later. So far, the power electronics
system required to adequately extract the energy from the CapMix cell has not been deeply
analyzed yet, and this is one of the contributions of the present paper.

Currently, there are two major complications for blue energy harnessing. On the
one hand, it may not be easy to find adequate areas to place salinity-differential energy
systems. On the other hand, it is not clear how to efficiently convert blue energy into really
usable energy. The latter challenge is the backbone of this paper, which partly deals with
harvesting the energy from the capacitive cells and feeding it into the AC mains, or into
a battery. Several applications can be found in the literature where energy is stored in
batteries and/or supercapacitors, but these applications are mostly focused on mobility
and microgrids, with a primary source completely different from the one considered in this
paper. Therefore, the electronic converters around these applications cannot be directly
used to extract energy from a CapMix cell. This requires a front-end high gain step up
converter; one possibility is presented in this work.

2. Characteristics of the CapMix Cell

The main goal of CapMix cells is adsorbing as many ions as possible once they have
flowed through the corresponding ion exchange membranes: the larger the amount of ions
on the electrodes, the higher the energy stored. This is why these electrodes are designed to
have the largest possible surface—and hence give rise to the largest possible cell capacitance.
In order to further increase this surface, the current collectors of CapMix cells (typically
made of graphite or titanium) are covered with activated carbon deposits, which have a
high specific surface area [21-23].

As already stated, CapMix cells share certain properties with supercapacitors, which
enables them to use the same models as the latter. The operational principle of a super-
capacitive system is based on its electrical double layer (EDL) structure. Recently, there has
been an increase in the use of supercapacitors in the field of power electronics. To facilitate
the accurate design and simulation of these systems, there is a need to make use of accurate
and well-validated models [13].

Throughout the years, several electrical models have been proposed to predict the
electrical behavior of an EDLC (Electrical Double Layer Capacitor), the simplest of which
is the classical equivalent circuit model shown in Figure 2a. This model has only three
parameters: a capacitor (C), an equivalent series resistance (Rg) representing ohmic losses
in the EDLC, and a parallel resistance (Rp) representing losses due to leakage current in the
EDLC. The ease with which the parameters of this model are determined makes this the
most commonly used model, and it is used in this work to reduce the computing time of
the simulations carried out.
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Figure 2. (a) CapMix model. (b) Series cascaded CapMix cells.

The analysis of the diffusion of the ions and the formation of the double layer would
require the complex modeling at the electrochemical level to understand the correct internal
operation of the cell [15,23]. However, for the design of the power stages in charge of
managing the energy stored, simple electrical models are used that fundamentally allow for
quantifying the energy and the power dissipation. In this regard, it is common to model this
type of cell by means of the simple supercapacitor model indicated above (C + Rg + Rp).
Despite the simplicity of this model, it proves very useful in the subsequent design of
electronic converters [24,25].

The voltage across CapMix cells can also be increased by stacking them in series/parallel
(to increase the voltage while keeping the series resistance low). This is also a common
strategy when using other primary sources such as fuel cells, for instance [26], but CapMix
cells perform differently. The voltage provided by a CapMix cell (0.1 V) is 10 times lower
than that obtained from a single fuel cell (1 V). Therefore, to obtain similar voltages, around
ten CapMix cells would have to be connected in series for each single fuel cell. This brings
about a problem related to variations in the capacitance of different CapMix cells due
to manufacturing tolerances, which would cause significant voltage variations for the
same discharge current that would make it necessary to incorporate equalization circuits,
thus increasing the complexity of the system and reducing its efficiency.

This paper provides a full electrical characterization of an individual cell, which later
allows the models thus obtained to be interconnected in the same way as the cells are [27].
Figure 2b shows some of these stacks, which end up performing like a supercapacitor.
The separation between the activated carbon electrodes inside the cell can also be optimized
to obtain an equivalent capacitor that provides the maximum possible energy density.

The parameters of the CapMix cell based on the classical equivalent circuit model can
be determined by using a cell initially cleaned with distilled water to eliminate possible
ions on the electrodes [28,29]. Then, saline water of a particular concentration flows into
the cell, after which the terminals are connected to a DC current source that charges the cell
by causing the ions to be continuously deposited on the electrodes. The result is equivalent
to charging capacitance C, which will go through a self-discharge process when the current
source is disconnected from the cell. This process is depicted in Figure 3.
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Figure 3. Variation of voltage across the CapMix cell during its charge and discharge.

From the waveforms shown in Figure 3, it can be seen that Rg is determined from the
step undertaken by the cell voltage when the charge or the discharge starts. Hence, by mere
application of Ohm’s law, we derive:

_ AVgs

R
5 I

1)
If the charging process is considered to be linear (as is the case when a DC current
flows through a capacitor), the value of capacitance C can be derived from Equation (2).

I
Vo—-Vim Z(th—t 2
2= V1~ 5(—t) (2)
Finally, the evolution of the cell voltage during the self-discharge of the cell is deter-
mined by Equation (3) where V¢ __ is the initial voltage of the discharge.

Ve = Ve, e (ReC) 3)

which can be used to derive the leakage resistance by selecting any two points ((tp1, Vp1)
and (tp2, Vp2)):

thg —t
Rp = ——PL__P2_ )

Vp1
C-In(2)

The energy that can be extracted from a CapMix cell depends on the values calculated
with Equations (1)—(4). Since this energy is also dependent on the concentration of the
solution between the electrodes (M), the surface of the electrodes in contact with the solution
(S), the distance between the electrodes (d) and the number of electrodes connected in series
(n) and in parallel (m), it is obvious that all these parameters indirectly influence the values
of the series resistance, the parallel resistance and the capacitance of the cell.

To better understand the behavior of this type of cell, a commercial cell (Voltea C-3,
Figure 2) has been tested by performing the test depicted in Figure 3 and characterized
using expressions (1) to (4) on the plot thus obtained, which can be seen in Figure 4. This
resulted in C = 16,000 F (At = 430s, AV~ 0.8 mV), Rp =1 Q and Rg =4 mQ) (fora 0.6 M
salt concentration). Although there is an inherent nonlinearity that can be observed in
Figure 4, a linear behavior in the cell is assumed (orange line), so that Equation (2) can still
be used to estimate the capacity of the cell and, hence, the energy produced in each cycle.
The manufacturer of C-3 cells specifies a nominal current of 120 A, which is a high value
compared with the current used in the prototype. The cell has a very good stability after
the first cycle, guaranteeing its correct charge saturation.
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Figure 4. Voltage evolution during cell characterization (0.6 M, I =30 A).

The commercial cell considered includes anionic and cationic membranes for the
desalination of water using the capacitive deionization technique. This technique is actually
based on the reverse of the process used by CapMix cells (salt ions present in the water are
retained by application of an external voltage). Therefore, it can also be used to generate
energy, since its internal configuration is exactly the same as that shown in Figure 1.

When water with different salt concentrations flows into the C-3 cell, a voltage of
around 200 mVpp is obtained within a complete cycle: fresh water flowing into the cell
during the first 5000 s followed by a flow of salt water (Figure 5). The voltage, and thus the
total energy of the system, can be increased by connecting more cells in series; unfortunately,
this will also result in a higher series resistance, thus limiting the maximum current that
can be injected into the storage element (battery, supercapacitor, grid, etc.).

0.8
0.6 —\Vc[V] I'[A]
0.4

0.2
I ——

-0.2
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Figure 5. Top: Voltage (red curve) and current (blue curve) evolution obtained with a 0.123-(2 load.
Bottom: Salt concentration evolution in a complete cycle.
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3. Test Bench

The energy transfer from the CapMix cell into other systems, such as a battery or the
grid, is one of the weakest points of the whole system. The power production of CapMix
cells in the literature is tested by using an external resistor [15,22], but it is still necessary to
describe how to effectively extract the energy stored in these cells.

In order to demonstrate the feasibility of developing a system suitable to harvest the
energy generated thanks to the salinity gradient, a test bench has been implemented that
allows this energy to be injected into an energy storage system (battery, supercapacitor) or
into the AC grid. The main block in this test bench is an electronic converter that discharges
the CapMix cell by forcing a certain current to flow out of it and then, by implementing a
current-source behavior, injects the energy thus obtained into the selected storage system
(a battery, the AC grid, etc.).

3.1. Electronic Converter Topology

Power topologies can be found in similar applications such as capacitive deioniza-
tion (CDI) [24,25], where energy is transferred between CDI cells, making their voltage
vary up to 2 V. Less related applications use supercapacitors or batteries as intermediate
energy storage elements [30,31]. However, none of these applications involve voltage
levels comparable to those present in CapMix cells. As already indicated at the end of
Section 1, the literature is mainly focused on the charging process related to mobility ap-
plications [32,33] when the storage system is based on both supercapacitor and battery
systems, but nothing has been found related to CapMix cells, which typically are loaded
with a resistor [34], as primary sources with polarity inversion and very low voltage for
energy transfer to the grid.

Due to the characteristics of CapMix cells (low output voltage of around 1 V and
voltage inversion), a converter with a very high conversion ratio is required to inject the
energy into the AC grid (230 V). In the test bench used, a buck-boost converter operating
at the boundary between continuous and discontinuous conduction modes has been im-
plemented. Although this type of converter cannot provide a high step-up voltage ratio
by itself, it can be operated to perform as a current source and work with large voltage
differences between input and output voltages, while injecting energy at the output, which
is what is needed for the application described in this work. This topology has an additional
advantage: the energy can also be transferred to any other energy storage systems, such as
supercapacitors, regardless of whether the voltage of the storage system is higher or lower
than that across the CapMix cell. In any case, it must be taken into account that the goal of
the test bench implemented is demonstrating that energy can be efficiently extracted from
these cells. Other alternatives for this topology must still be explored in future works.

Figure 6 shows a bridgeless dual buck-boost converter [35,36], which is suited to
cope with both the positive and negative input voltages of the cell, and can provide a
very high conversion ratio. The diodes used for the discharge of the inductors could
be replaced with MOSFETS employing Zero Voltage Switching (ZVS) and Zero Current
Switching (ZCS) in a synchronous rectification process to further improve the efficiency
of the system [37]. As indicated, this bridgeless dual buck-boost converter is designed to
operate in the so-called Boundary Conduction Mode (BCM), since this provides inherent
power factor correction on the grid side.
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Figure 6. Bridgeless dual buck-boost converter.

3.2. Operating Principle
This topology is analyzed under the following assumptions:

The converter operates in the BCM;
Switch 54 is ON during the whole positive half-cycle of the Capmix cell, while S3 is
ON during the negative one.

The performance of the converter considered is thoroughly analyzed in [36], and can
be summarized in four stages.

Stage I: Switches S1 and S4 are on. Inductor L1 is energized by the input source.
Current if ; increases linearly from zero (S1 is turned on with zero current switching, ZCS;
54 is permanently on during the whole positive half-cycle, as already indicated). Diodes
D1 and D2 are reverse biased.

Stage II: Switch S1 is turned off. Current i;; freewheels via D1 (the energy stored
in L1 is transferred to the load). The inductor is linearly discharged until current iy
becomes zero.

Stages III and IV: Equivalent to Stages I and II when the input voltage is negative.
Consider switches S2 and S3, inductor L2 and diode D2 instead.

3.3. Control Strategy

The adequate performance of the converter in our test bench is achieved by controlling
the maximum and minimum values of the inductor current through a hysteresis current
mode control, which needs no external oscillator or saw-tooth generator and responds
quickly to transients [36].

This control strategy gives rise to variable frequency [38], since the input and output
voltages are continuously changing and the switches are turned on and off, respectively,
when the inductor current (I, ,ctya1) goes below a lower reference (Ipmin) or above an
upper limit (It max)- This variable frequency does not necessarily involve higher EMI levels
(international standard CISPR 11) if the switching is appropriately carried out (which can
be achieved by employing ZVS and ZCS techniques, as suggested in Sections 3.1 and 3.2).
Variable switching frequency might become an issue, however, when filtering the current to
be injected into the storage element, since the corresponding filter will have to be calculated
for the lower frequency present in the waveform. Section 3.4 discusses some alternatives to
smooth the injected current.

The pair of switches to control is determined by implementing a polarity detector that
detects the sign of the input voltage (see Figure 7). The efficiency of the whole converter
will be determined by the peak values of the current established by the controller. Note
that although the testbench presented in this paper operates in the BCM (hence, It nin = 0),
the controller described can be used to determine the maximum and minimum values of
inductor current that maximize the efficiency of the energy harvesting system.
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Figure 7. Block diagram of hysteresis current control.

3.4. Energy Transferring Process

The energy generated by the cell can be transferred either to a battery or directly
to the AC grid using the topology described above. In the specific case of the test bench
implemented, this energy can also be transferred to a supercapacitor thanks to the up/down
capability of the converter chosen, which allows the charging process to proceed even if
the supercapacitor is completely discharged.

If the load in Figure 6 is replaced by a battery, the proposed control system adjusts the
switching-on time until the desired maximum current value is reached, and then switches
off until the inductor current reaches the zero crossing (in the testbench considered, where
It min = 0). The actual switching frequency varies as a function of the instantaneous values
of the input and output voltages, and also as a function of the maximum inductor current.

The battery charging current comes directly from the discharge of the inductor con-
verter. In this sense, the converter can be considered to have a current-source behav-
ior [38,39], which allows for direct parallelization (Figure 8). Such parallelization of the
converters enables the modularity of the system and reduces the injection of harmonics
if the modules are conveniently interleaved (see Figure 9), without penalizing the perfor-
mance of the overall system.

Itmax  Itmin

b
VceII __l_+

iLmax ILmin [ ]

Veel

Figure 8. Converters’ parallelization.
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Figure 9. Inductor current and output voltage ripple simulation in a multiphase system (4-phase).
VparTERY =12 V.

In Figure 9, we can see the result output by four converters in parallel operation, inject-
ing current with shifted phase to increase the total current injected into the battery [40-43].
This will also reduce the high peaks in the current flowing into the battery, thus contributing
to the lower degradation of the battery lifespan. By additionally incorporating a capacitive
filter (200 uF), the current handled by the battery is significantly smoothed.

It might be discussed that operating the converter in the Continuous Conduction
Mode (CCM) would reduce the current ripple and, hence, improve the quality of the
current flowing into the battery. However, it has been found that this would give rise to a
significant increase in the switching losses (which tend to be higher than conduction losses),
resulting in a reduction in the converter efficiency. This is why operating the converter in
BCM seems to be an interesting option for this application, since it allows for very simple
control with the lowest possible switching losses.

If instead of using a battery we aim to transfer the energy from the bridgeless dual
buck-boost converter into the AC grid, we need to connect a grid-synchronized inverter in
between [39,40].

The bridgeless buck-boost converter must be controlled to perform as a current source
injecting sinusoidal current into the grid through a bridge inverter operating in synchronism
with the AC mains switching at 50 Hz (Figure 10). Such synchronization requires that zero
crossings of the grid voltage be monitored.

e e

Filter

H F Voltage
QA QZ Y measurement

Injected current

Grid

CapMix
[—> |

S$1Ss S$;S3

Synchronization

m E Q:Q, Q; Q4 circuit

® N
:
. pu \
Hysteresis It ref -

current controller [¢ — Rectifier |« Sine Generator

Figure 10. Block diagram of the control system to inject energy from the CapMix cell into the grid.
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It can also be seen in Figure 10 that the reference for the inductor current is obtained
from a rectifier whose input is a reconstruction of the grid voltage. This forces the current
provided by the converter to have a sinusoidal shape, which is required to control the
power transfer to the grid and the power factor [44].

Similarly to what was done in the case of the battery, it is possible to incorporate
several converters in parallel to facilitate a reduction in the harmonics injected into the grid,
as can be seen in Figures 11-13.

300
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Figure 11. Simulated voltage and current through the AC grid without any filter.

1
Vgrid/ Vgrid_max
0.5
0
-0.5
-1
0 0.01 0.02 0.03 0.04

Time (s)

Figure 12. Simulated voltage and current through the AC grid with 4 interleaved converters in
parallel and a CLC output filter (100 nF-20 mH-100 nF).

0.12
0.1 Igﬁd [A]

0.08

0.03

0.02

0.01

0.06

0 1000 2000 3000 4000
Frequency (kHz)

0.04

0.02

0 2000 4000
Frequency (Hz)

Figure 13. Simulated FFT of current through the AC grid with 4 interleaved converters in parallel
and a CLC filter. Window: one converter with no filter.
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4. Energy Production

This section presents an analysis that aims to evaluate the energy production capability
of this technology. In order to do so, the Voltea C-3 desalination cell will be used as the
CapMix cell under test, and it will be represented by the parameters measured in Section 2:
Cy =16,000 F, Rp; =1 Q2 and Rg; =4 mQ). Since this cell can supply 100 mV when salt water
flows in, 10 units are considered to be connected in series so as to increase the voltage
up to 1 V. This connection results in an equivalent circuit with C = 1600 F, Rp = 10 () and
Rg =40 mQ) for the salt water cycle and C = 1350 F, Rp = 53 () and Rg = 120 m() for the
fresh water cycle. Note the increase in the series resistance, which significantly affects the
efficiency of the power transfer from the cell to the grid.

Figure 14 illustrates the process used to discharge the CapMix cell using a discharge
current, I3, that holds a constant value during a whole half-cycle. The cell starts charged
with an initial voltage, Vmax, and is linearly discharged with current I4. The bottom plot
of Figure 14 represents the evolution of the instantaneous power thus delivered by the
cell. After a certain time, t4, which depends on the cycle (fresh or salt water cycle), the cell
will be fully discharged (V =0 V; P = 0 W). Note that the minimum time required for
discharging the cell (t4) is a characteristic parameter of the cell itself and does not depend
on the number of cells connected in series or parallel.

V Salt water Fresh water
max cycle cycle

Discharging
process

Pumping
process

Figure 14. Energy injection from the CapMix cell into the grid, assuming a constant discharge current, I5.

Once the cell has been discharged, it must be charged again by making water with a
different salinity flow in. The pumping time, t,, required to replace the water inside the
cell also involves some power consumption, P, which is another parameter to determine
the total energy produced. According to the power evolution represented in Figure 14,
the average power transferred to the AC grid is:

%‘Pmax'td - Pp'tp

Pgrid = ®)

Using the plot in Figure 14, it is simple to calculate the energy that can be extracted
from the cell every cycle. Knowing that these cycles are repeated every tyq + t, seconds,
the ideal daily energy (E) that can be obtained is given by:

1 5 2436
k = _.C. — T
[ ]/da}’] 2 C (Vmax Vf) ty + tp (6)
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In this expression V¢ is the final voltage across the equivalent capacitor of the cell. It
might seem sensible to make this value be 0 V (so that there is no energy left to extract in
the capacitor), but this parameter will be further analyzed in a later section.

Equation (6) also neglects the energy demanded by the pump. The energy con-
sumption of the pumping system is estimated to be 5% of the total energy produced [16].
Therefore, in order to reduce the influence of tp, it is also important to reduce the processed
water volume by reducing the distance between the electrodes in the cell. Note that increas-
ing the number of CapMix cells in series or parallel involves larger water volume, but the
pressure drop in the hydraulic system does not increase significantly because all the cells
are fed in parallel (see Figure 2).

Each Voltea C-3 cell uses around 3 L, which, in the example considered, involves
pumping 30 L. With a typical commercial water pump of 2400 L/h, 30 L can be injected
into the 10 cells in t, =45's.

As far as the discharge time, tg4, is concerned, it will be obtained by ensuring that the
capacitor is discharged at the current that provides the maximum possible power transfer,
where Ry, is the inductor resistance and Ry is the switch resistance (Rt = Rg + Ron + Ryp).

Ve

4= SR T Ron T R @

It must be noted, however, that the actual discharge current is that flowing through
the inductor of the power converter used to extract the energy out of the CapMix cell.
In the case of the testbench used, and assuming an equivalent circuit to that in Figure 2
connected to the input of the dual bridgeless buck-boost converter, the maximum inductor
current that can be reached during Stage I (when the energy of the cell is transferred to the
inductor) depends on the series resistances of the cell (Rg), which also depend on the salt or
fresh water cycle, the inductor (Ry,) and the switch (Ron) used.

Once the current through the inductor reaches the value Iy y,«, the converter must
change to Stage II (inductor discharge on the output), otherwise the current will remain
constant, the energy stored in the inductor will not increase, and more losses will be added
to the system. Considering the buck-boost converter operating in the BCM, as indicated in
Section 3.1, the value of Ij jay is:

ILrnax = 2'Id (8)

Assuming the electrical model of the cell (Figure 2a), the evolution of the capacitor
voltage (V) that starts with an initial voltage V.(0) is not completely linear due to the
parasitic parallel resistance:

VC(t) =Vc (0)'e7t/RpC - Id'Rp (1 — eit/RPC) 9)

If a discharge current 1 is selected at each moment of the discharge process using
Equation (7), an expression for the discharge time, tq, can finally be derived for each salt or
fresh water cycle, as indicated in (10):

Ve (14 2%

tq = —RPC'II’I R
Vc(0) +Vf'(ﬁ>

(10)

To estimate the energy obtained, resistive losses E4 in the series resistance of the cell,
which depends on the cycle considered, are discounted.

VE(t)
4R2

tq tq
Ed:/ Ry 13 (1) dt:/ R,. dt (11)
0 0
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Parallel losses in the R, resistance are almost negligible due to the low cell voltage
(Vcen) and high Rp,. Then the total energy produced in one cycle (salt or fresh water) is:

E[M/cycle] = Bc (anax - v%) - Ed} (12)

The average daily energy production in our system depends on how many cycles like
the one represented in Figure 14 can take place in 24 h. Therefore, it might be preferable to
leave some energy unextracted if this means that more cycles can be produced throughout
the day. The presence of V¢ in Equation (12) represents this situation: having a final
cell voltage different from 0 affects the total discharge time and, hence, the number of
charge/discharge cycles per day and the daily energy production (Figure 15).

24-3.6
ta_salt 1+ td_fresh + 2tp

E[kl/da}’] = [(Esalt + Efresh)] (13)

where Eg,; and Egeq, are the energy produced during the salt and fresh water cycles,
respectively. In a similar way, tq gat and tq fresh represent the discharge times for each cycle.

VN

E(kJ/day]

100

d

//

0 02 0.4 0.6 0.8 V¢

Figure 15. Daily energy production from the CapMix cell as a function of V¢ [V].

In all the analyses carried out so far, the discharge current, I, obtained from Equation
(7) is continuously changing as a function of the instantaneous value of the voltage in the
equivalent capacitor. This value provides the maximum power transfer (at the discharge
cycle level), but might complicate the control of the DC/DC converter. Another strategy
would be to fix the Iy current during the entire discharge process. In this case, the discharge
time only depends on the selected current:
C-(Ve(0) — Vi)

o= (14)

And the energy losses in cell can be obtained from:
Eq = Rs:I3tq = Rs'Iq-(Vc(0) — V¢)-C (15)

Using these expressions in Equation (13), it is possible to derive the daily energy
production as a function of the discharge current chosen (Figure 16), where the final
discharge voltage plays an important role. There are two opposing effects: on the one
hand, increasing the current allows more cell discharge cycles per day and therefore higher
energy production, and on the other hand, increasing the current leads to higher conduction
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losses. The combination of both effects leads to an evolution as shown in Figure 16, and to
a maximum for a given discharge current.

V0.7V

E[ki/day] Ry
P44 HEE

V=03V

V,=0.1V

lg
Figure 16. Energy production from the CapMix cell at constant current I4 [A].

Whatever the strategy chosen, all the previous figures show that, when evaluating the
energy per day, it is not only the energy provided by the cell in each cycle that is important,
but also the time it takes to extract it. The selection of V¢ # 0 implies generating a short
circuit in the cell to cause the rapid discharge of the remaining energy, in order to always
start the water replacement process in the cell from the same conditions.

Also, it must be noted that these calculations have been ensured using a deionization
cell that is designed for desalination, not for energy production. Energy production will
increase if an optimized cell is used. Two parameters in particular must be improved:
(a) the total series resistance should be reduced (by improving the material and components
used [45]) in order to increase the discharge current and hence reduce the time involved
in the energy extraction; and (b) the processed water volume must also be reduced to
minimize the time involved in the pumping process and hence increase the daily number
of cell charges and discharges.

Once the daily energy production has been estimated, the tests focus on determining
how the converter used during the energy extraction penalizes the efficiency as a function
of the current flowing through the inductor. This is done by varying the converter output
voltage from 10 V to 200 V and, for each of these voltages, setting the hysteresis control
to obtain a current ranging from 0.5 A to 10 A. By doing so, it is possible to determine the
efficiency evolution of the converter as a function of the previous parameters, which helps
us to study the efficiency of the power transfer from the CapMix cell to the grid. Using
synchronous rectification instead of diodes D1 and D2 (see Figure 6) will also contribute to
improving the efficiency of the power transfer.

Equations (16) and (17) can be used, respectively, to calculate the conduction losses,
P.ond, and the switching losses, P, during one cycle of the converter for a given value of
the maximum current through the inductor, I pax.

? ?
Peond = (Ron + RL)'% + (Ron + RL)'% (16)
3.(1 + V—) 3-(1 + vceu)

1 1 1
Psw = (EON' LMaX | F pp- -omax (17)

80 80 ).ILmax'L' (ﬁ + Vio)

These losses are used to determine the efficiency of the converter, as indicated above.
The parameters Eon;, Eopr and Ron used in these equations have been obtained from the
S5iC UF35C065007K4S datasheets. Figure 17 shows the results obtained. It can be seen that
increasing the inductor current makes the converter efficiency increase up to a maximum
point, after which any subsequent increase in the inductor current brings about a reduction
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in the converter efficiency, mainly because of the increase in conduction losses. Conduction
losses have a linear relationship with the series resistance of both the inductor and the
switches; minimizing the value of this resistance will result in improved converter efficiency.
Figure 17 shows that switching losses also have an important effect on the efficiency;
therefore, the inclusion of techniques involving soft switching significantly improves the
overall performance. Note that the output voltage, Vo, has almost no influence in the
system’s efficiency. However, the value of the voltage across the equivalent capacitor of the
CapMix cell, V¢, does have special relevance to the converter’s efficiency. Figure 17 evinces
that when this voltage increases, the output power increases correspondingly, but the losses
produced will not vary significantly, thus resulting in improved performance.

0, T TF T 00000000 LN ]
n [%] e Eficency with NO swiching losses sy © © * .02 08 ¢ * #
switchin th NO L st
ing losses, .. PreLLt TSI FLRSLT e = -
; Vesiy gupimTET Vc=5V, Vo=10V
80 -w-p‘-
E Ve=1V, Vo=200y

Ve=1V, vorpoy ey

6
leax [A]

Figure 17. Evolution of the converter’s efficiency as a function of current for various values of output

voltage, Vo, and voltage across the internal equivalent capacitor, Vc.

It is also easy to understand that a reduction in the series resistance of the CapMix cell,
Rg, will also have a clear influence on the efficiency, the same as the series resistance of
the inductor and the switches. The importance of minimizing this value at the cell is more
evident when the discharge current increases to generate more cycles per day.

Figure 18 shows the effect of the inductance value used in the converter. Reducing the
inductance value will involve higher switching losses (frequency increases), and therefore,
lower efficiency. This effect is attenuated as the value of the inductance increases due to the
fact that the weight of the switching losses with respect to the conduction losses becomes
smaller. On the other hand, there is no need to move to very large inductor values, since
there is a point above which increasing the inductance value does not result in noticeable

efficiency improvements.
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Figure 18. Variation of converter efficiency with several inductor values Ve =1 V.
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Using all the equations and plots presented here, it is possible to design the complete
system and estimate the energy injected into the grid by directly multiplying the energy
that can be extracted from the cell (discounting the losses that appear mainly in the series
resistance) by the efficiency of the converter.

It might be thought that by reducing the discharge current, the conduction losses
would be reduced and the efficiency of the converter would be improved, but the fact is
that the duration of the discharge cycles would tend to take too long and the energy would
be lost in parallel resistance (Figure 19). This figure also shows that, when considering
the complete cell plus converter system, increasing the number of cells in series to raise
the input voltage to the converter, V¢, results in an increase in the overall efficiency.
This might suggest that the right strategy is connecting as many cells in series as possible.
However, it must be taken into account that such an approach would give rise to a voltage
imbalance between cells, not to mention the additional complexity associated with the
construction of such cells: a voltage Ve = 1 V already requires a stack of 10 electrodes.

nl%l
Efficiency with NO switching losses, V=1V, Vi=0.7V
F
80 ,.-'— -‘-(.__ R‘_‘—}‘_Vﬁié V, Vf=0.7V
. -o- — %

mLV V=0V ke,

60 — St
/ \ '—.._'_.-
; ;;‘ Veai=1 Vm\\

V,

40

20

1 2 3 4 A S

Figure 19. Variation of cell plus converter efficiency for several discharge currents.

5. Experimental Validation

To verify the correct operation of the bridgeless converter, some experimental results
have been obtained: (a) with a battery and a supercapacitor as an element to store the
energy; and (b) injecting the energy directly into the grid.

One important aspect to consider when designing the converter is the selection of the
inductor that defines the switching frequency. In principle, lower values of L1 and L2 seem
to be preferable, since they give rise to a higher operation frequency, making it possible
to reduce the size of the output low-pass filter. However, Figure 18 shows that moving to
very low values would penalize the efficiency. Taking this into account, the converters used
for the tests include L1 = L2 = 80 puH, because this value is high enough to have almost
negligible influence in the converter efficiency.

5.1. Energy Transfer to a Battery

Tests have been performed by replacing the load by up to three Li-ion modules in series
(12.8 'V, 7.5 A-h each). The currents through the inductor, I, and through the battery, IgaT,
are shown in Figure 20. In this case, a strategy of constant discharge current was selected,
with the setpoint for the maximum inductor current being 2 A. Note that the inductor
discharge process is very fast because of the high battery voltage used (38.4 V). To reduce
the pulses in the charging current, a multiphase system is proposed (Figures 8 and 9) where
several phase-shifted converters contribute with their output current to obtain low current
ripple into the terminals of the battery.
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Figure 20. Power injection in a battery 38.4 V and 7.5 A-h.

To validate the theoretical analysis so far presented, the system’s efficiency was de-
termined using a different number of batteries in series as a load (Figure 21). The input
voltage was fixed to 1.5 V, and two different inductors were used: L = 80 pH-20 mQ2 and
L =50 uH-8 m(). As can be seen, the efficiency evolution depends not only on the induc-
tance but also on the series resistance at the input path.
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Figure 21. Measured evolution of the total system efficiency vs. inductor current for various output
voltages and inductor values (input voltage: 1.5 V).

If a supercapacitor were used as an energy storage system (instead of a battery),
it might be possible to have situations in which the voltage of this storage system was
below that of the cell. In this case, the use of a buck-boost converter like the one in
the testbench presented in this work will prove advantageous. Figure 22 shows that it is
possible to inject energy into an initially uncharged supercapacitor (C = 22 F), giving rise to a
linear charge evolution. In any case, the selection and optimization of the converter must be
made for each individual situation. In the experimental test carried out, a 3 Apeak charging
current was used. (Figure 22). The process takes 20 s to reach 2 V. The ultracapacitor rated
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voltage is 2.7 V, and the maximum current rated is 15 A, which is 5 times higher than the
one actually used. The manufacturer specifies 500,000 cycles as the projected cycle life
at 25 °C, with a total capacity reduction of 30%, which guarantees the good stability and
repeatablility of the test.
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Figure 22. Power injection into an uncharged 22-F supercapacitor.

5.2. Energy Transfer to the Grid

Up to this point, the energy from the CapMix cell has been injected into a battery,
and the setpoint for the maximum inductor current has always held a constant value. How-
ever, if the energy is to be transferred to the grid, this current reference can be proportional
to the grid voltage, so as to make the current injected follow the sinusoidal evolution of the
grid (Figure 23), thus contributing to power factor correction.

KA AN T AAAAIANAL AL
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Figure 23. Current injection into the grid (Vgrid =150 Vpk)~ I1: inductor current. Io: bridgeless
buck-boost output current.

We can observe from Figure 23 that the output current of the bridgeless buck—boost
converter (Ip) also follows the sinusoidal shape of the AC grid voltage, although it is always
positive. In order to have this current properly injected into the AC grid, it is necessary to
add a non-autonomous inverter in the system so that current always flows into the positive
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terminal (see Figure 10). The performance of the circuit when such an inverter is included
can be seen in Figure 24. This figure also shows that, due to the high output voltage fixed
by the grid, the inductor discharge is again very fast as compared with the time needed for
the charging process.

R R P W P e e e

Figure 24. Current injection into the grid (Vgyig =200 V). I.: inductor current. Lg;iq: current injected
into the grid.

Although the current thus injected into the grid is mainly formed by spikes, Section 3.4
has already indicated that it is possible to reduce high-frequency harmonics by connect-
ing several bridgeless buck-boost converters in parallel to have a multistage interleaved
converter that transfers the energy from the cells to the grid through the non-autonomous
inverter [22-24].

6. Discussion

The generation of energy from different concentrations of salt in water is a technology
currently being subhected to a very intense research process, where the study of new
materials and their electrochemical behaviors plays a substantial role. Numerous studies
have as a fundamental objective to obtain nanoporous carbons with a high effective surface
area and high conductivity. On the other hand, the presence of ionic membranes also has
a significant influence on the behavior of the cell. In general, the main scientific effort
is oriented towards improving the electrochemical properties of the CapMix cell, but no
attention has been paid to purely electrical aspects that can condition the extraction of the
energy generated inside the cell.

In this article, we try to illustrate the problems associated with the injection of the
energy generated in the CapMix cell into other energy storage elements (batteries, super-
capacitors) or into the electrical grid itself. For this purpose, the behavior of the cell is
analyzed by proposing an equivalent electrical model that allows us to incorporate it in
electronic simulation programs together with the electronic converter in charge of injecting
the energy from the cell into other systems. In this way, it is possible to identify the evo-
lution of currents and voltages in order to determine the performance of the cell plus the
power stage.

There are several aspects to take into account in order to optimize the efficiency and
energy production of the cell plus converter system. On the one hand, we can minimize
the series resistance of the cell, the inductor and the switches used in the converter, in
order to reduce the discharge times of the cell (by using a larger discharge current) while
maintaining acceptable conduction losses. Reducing the cell discharge time allows more
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charge/discharge cycles to be performed during a day, thus increasing the energy produc-
tion in this period (Equation (13)). The designs of the cell and the materials used are of
particular importance, since they will determine the value of its series resistance, which
will condition to a large extent the extraction of energy from the cell. Research on the
development of ionic membranes and nanoporous carbons will improve the electrical
performance of CapMix cells, hence increasing their energy production.

On the other hand, reducing the inductance value restricts the overall performance
(Figure 18), since switching losses are increased. Soft switching techniques should be
implemented in the converter to reduce the influence of this feature.

Another factor to take into account is the value of the voltage across the cell terminals
(which plays the role of input voltage for the converter). Higher voltages at the input of the
converter result in an increase in the converter efficiency, since more energy is processed for
a similar value of losses. Unfortunately, cell complexity and issues associated with voltage
equalization across the electrodes make it inadvisable to try to obtain cell voltages greater
than a few volts.

The article presents a test bench to validate the possibility of injecting the energy
generated in the CapMix cell into the two fundamental storage elements, the battery and
supercapacitor, both with very different problems, and also directly into the electrical grid.

From the analysis carried out with the parameters measured in Voltea C-3 cells, it is
concluded that the generation and transfer of energy from the CapMix cells to the grid
and to other energy storage elements is viable. In the bibliography consulted, the energy
generated by the cell is always applied on a resisitive load, where it is disspated. The work
presented in this paper incorporates the electronics necessary to enable the use of this
energy in the electricity system.

The daily energy production using ten C-3 cells is close to 140 kJ/day, which implies
a specific energy of 1.3 Wh/kg. This value is low compared to Li batteries (150 Wh/kg),
but falls within a range similar to that of supercapacitors (5 Wh/kg).

The efficiency of the CapMix cell when producing a voltage of 1 V reaches values in
the order of 80% with the measured series resistance parameters. As far as the converter is
concerned, using such a low input voltage will prevent high efficiency values. However,
increasing the input voltage to 5-10 V would improve efficiency from 75% to 90% with
the same components (close to 95% if soft switching is implemented). The problem is that
constructing a CapMix cell that provides 10 V would require a stack of 100 electrodes in
series and better manufacturing processes to avoid imbalanced voltages between electrodes.

Other than the equivalent parameters of the cell, what determines how much energy
is generated daily is how fast we are able to transfer the energy from the cell to the grid.
The less time it takes to extract the energy from the CapMix cell, the larger the number
of charge/discharge cycles throughout the day (and hence the larger the total energy
produced daily). In order to make this time as short as possible, it is important to use high
discharge currents. The maximum value of the discharge current is limited by the series
resistance of the cell, and will remain the same even if these cells are connected in series or
parallel. Therefore, it is necessary to develop new materials that minimize series resistance,
thus allowing higher currents and lower discharge times, which means more processed
energy (charge/discharge cycles) per day.

Table 1 shows the most relevant features of some of the cells developed for technol-
ogy assessment, and compares them with those present in the prototype developed for
this work.

The demonstrator implemented allows for identifying different fields of study other
than the optimization of the CapMix cell itself, such us the choice of the DC/DC converter
that is best suited for a given application. But, even though some improvements can still be
made, the results obtained show that it is feasible to use this technology with any storage
element and obtain overall efficiencies that allow us to think of this type of renewable
energy as an interesting option, bringing us closer to its commercialization.
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Table 1. Comparison of the results presented and other CapMix cells in the literature.
Reference Tyvoe Volume External Output Power Density
yp (mm3) Load () Voltage (V) (mW/m?)
[6] RED - 5000 0.08
[7] RED 10 x (43 x 43 x 0.5) _ 1.48 1+15
[12] CDP 100 x 22 x 15 15 0.15 20 =131
[15] CDP 30 x 60 x 1.5 151 0.14 20.96
2
[16] cpp 8 x (80 . 015 Shortcircuit 0.148 200
[17] CAPMIX 10 x 30 x 0.4 30 0.11 411
[18] CDLE 60 x 60 x 0.4 11 0.098 32.6
[23] CDLE 30 x 60 x 0.5 100 0.2 35
. Electrode
Paper Voltea C-3 Cell Grid, battery .
presented CAPMIX 240 x 280 x 280 (384V-75Ah) 04+ 200 surface
unknown
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7. Conclusions

This work presents the feasibility of using capacitive mixing cells (CapMix) to harvest
energy from salinity gradient, and describes a method to obtain an electrical equivalent
model that can be used to analyze the performance of this type of cell.

While several references can be found in the literature illustrating the capability of
CapMix cells to harvest energy, there are not many works explaining how to efficiently
extract this energy for a later use. This paper explores the possibility of injecting the energy
available in a capacitive mixing cell into energy storage systems, such as a supercapacitor
or battery, and also into the AC grid. A test bench is presented that uses current source
injection to extract the energy and inject it into the storage system, which enables power
factor correction at the grid level with simple circuitry. The actual electronic converter
to be used must be analyzed in every individual case, but the general structure of the
current-controlled converter used to extract the energy from the CapMix (followed by a
synchronized inverter when necessary) has been proven adequate for this purpose.

Simulations have revealed that the maximum efficiency obtained when injecting
energy into the AC grid was around 70%, and similar values were experimentally obtained.
An increase in energy production would be achieved by reducing the series resistance of
the cell and the volume of water processed.

The characteristics of the CapMix cell must still be improved before taking the com-
mercialization step, but this paper demonstrates that this technology is already a real
alternative for use in renewable energy production.
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