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PHOTOVOLTAIC DESALINATION SYSTEM

Inventors: Yemaya C. Bordain, Manas Ranjan Gartia, Gang Logan Liu, Lisa Plucinski, Luman

Qu, Harry B. Radousky, Brent Trenhaile, and Gergely T. Zimanyi

TECHNICAL FIELD

{00017 This patent document is related to desalination systems. In more detail, this

patent document relates to desalination systems powered by photovoltaic structures.

BACKGROUND

{0002} Decalination can be accomplished using a number of techniques. These may be
classified as thermal processes that involve phase change such as Multi Stage Flash, membrane
processes that do not invelve phase change such as Reverse Osmosis (RO), and hybrid processes
that involve both membrane and phase change such as membrane distillation. Currently, reverse
osmosis (RO) 1s the standard approach to desalinate seawater. About 60% of the worldwide
installed desalination capacity is based on RO.

{0003] However, persisting challenges of the RO technology limit its wider
acceptance. These challenges include the following. (1) The diameter of the pores of the RO
membranes is less than Inm. Therefore, the pores arc prone to clogging and fouling, requiring
the regular replacement of the RO membranes, which in turn increases the operating costs and
complexity of such systems. (2} In the RO process, the saltwater is forced through these very
small pores of the membranes. Further, there are large osmotic pressures working against the
desalination. Overcoming both sources of resistance requires the consumption of significant
amount of electrical energy. (3) The required clectrical energy 1s typically generated by
burning fossil fuels, which in turn further accelerates global warming that caused the water
shortage in the first place. (4) In many developing countries, the power grid is unreliable.
Therefore, the operation of grid-dependent RO desalination system is unreliable in these
countries. For at least the above reasons, there is a pressing need to develop aliernatives to the
RO desalination technology. Some of these solutions need not replace RO in every possible
application space. Rather, they can offer a competitive alternative to RO in some specific

application niches, and thus could coexist with RO,
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SUMMARY

{00641 In some embodiments, a photovoltaic desalination system can comprise a
solar cell, configured to receive solar radiation, including an n-doped semiconductor layer, a
p-doped semiconductor layer, the two semiconductor layers forming a p-n junction, and an
channel array, formed in the p-n junction; an input reservoir, coupled to the solar cell, the input
reservoir configured to contain a salty fluid, and to release the salty fhid to the solar cell; an
output fluid management system, coupled to the solar cell, the cutput fluid management system
configured Lo receive an output {luid froro the solar cell; wherein the chanvel array is
configured to receive the salty fluid from the input reservoir, and to output the output fiuid to

the output fluid mavagement system.

BRIEF DESCRIPTION OF THE DRAWINGS

{0005] FIGS. 1A-B ilustrate embodiments of a photovoltaic desalination system.

{00661 FIGS, 2A-C illustrate principles of the photovoltaic desalination system.

{00071 FIGS, 3A-C illustrate scanning electron microscope images of a photovoltaic
desalination system.

{0008] FIG. 4 illustrates embodiments of a photovoltaic desalination system with a
system controller, an output fluid management system and an iHomination controller.

{00091 FIGS. 3A-E illustrate embodiments of an output {luid management system.

{00191 FIG. 6 llustrates an efficiency of a photovoltaic desalination system.

{00111 F1G. 7 illustrates an embodiment of a desalination system with a single
semiconductor layer.

{00121 FIG. 8 illustrates embodiments of a photovoltaic desalination system with a

pressurized fluid input system.

DETAILED DESCRIPTION

{0013] FIGS. 1A-B illustrate embodiments of a photovoltaic desalination (PVD)
system where the active desalination unit is a photovoltaic system with a large number of
chanvels, or pores, formed in a solar cell. Some aspects of such PVD systems include (1)
the primary source of energy and power is solar illumination, thus reducing the energy
consummption markedly relative to the typical Reverse Osmosis (RO) desalination systems. (2)
The channels are formed in the solar cell of the PVD system, which is not replaced regularly.
Instead, it is used over an extended time period. These PYD systems are operated in a cyclic
manner. In each cycle, after a desalination phase, the channels are flushed, thus removing

potential clogging agents. This design allows the PVD systems to be operated without a
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membrane that would require regular replacement, like in the RO systems. This aspect
substantially reduces the operating costs. (3) The primary mechanism of ion removal from the
saltwater is capacitive in these PVD systerns. It is based on the differences of electric
potentials, not chemical potentials. Therefore, sobstantially larger pores or channels can be
used in the PVD systems than in the RO systerns, thus reducing the problems associated with
clogging of the pores, characteristic of the membrane-based RO systems. (4) The larger channel
size in the PVD systems also reduces the flow resistance. Therefore, substantially smaller
pressures and pumps are sufficient to operate the PVD systems than needed by the RO systems,
further reducing their energy consumption.

{0014] In detail, FIGS, 1A-B illustrate a photovoltaic desalination system 100,
comprising: a solar cell 110 to receive solar radiation or sanlight, the solar cell 110 including
a p-doped semiconductor layer (or p-layer) 120, an n-doped semiconductor layer {or n-layer)
130, the two semiconductor layers forming a p-n junction; a channel array 140, formed in the
p-n junction of the solar cell 110; an input reservoir 150, coupled to the solar cell 110, the
input reservorr 150 configured to contain a salty fluid and to release the salty {luid to the solar
cell 110; and an output fluid management system 160, coupled to the solar cell 110, the
output {luid management system 160 conligured to receive an output fluid from the solar cell
110. In this PVD system 100 the channel array 140 is configured to receive the salty fluid
from the input reservoir 150, and to output the output fluid to the output fluid management
system 160.

{0015] For clarity of the figures, the p-layer and the n-layer arc shown with
comparable thickness. In many commercially available solar cells these layers have very
different thicknesses. For example, a thickness of the p-layer 120 is often on the scale of 1
microns or less, whereas the n-layer 130 often has a thickoess of 30-200 microns. Typical
doping levels of these layers 120 and 130 can vary in the 10'7-10*' cm™ range. In some solar
cells, the doping levels vary in the 10'-10% cm™ range. Also, PVD) systems with opposite
doping layer structures, with the n-layer 130 on the input face, and with the p-layer 120 on the
output side, can be comparably effective as the embodiments in FIGS. 1A-B.

{0016} In some embodiments, the photovoltaic desalination systern 100 can include a
pump 132 to pump the salty fluid froro the input reservoir 150 to the channel array 140. The
coupling of the pump 152 to the solar cell 110 can be a closed system o apply and to maintain a
pumping pressure on the salty {luid.

{0017] F1G. 1A illustrates that in some PVYD systems 100 the channels 1401 of the
channel array 140 can be formed perpendicular to the two semiconductor layers 120 and 130,

through the p-n junction.
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{0018} In some of these PVD systerns 100, the salty {luid can flow to the channels
1401 of the channel array 140 and get ocutputted as the output fluid to the output fluid
management systermn 160 driven by gravity alone. Such embodiments may not need to employ a
pump 152 at all, further reducing the energy needs of the operation of the PVD system 100,

{0019] FIG. 1B illustrates that in other embodiments of the PVD system 100 the
channels of the channel array 140 can be formed approximately parallel to the two
semiconductor lavers 120 and 130, in the p-n junction. In such embodiments, the salty fluid can
flow longer along, and in close proximity of, the p-n junction, enhancing the desalination
efficiency. Also, channels that are parallel to the semiconductor layers 120/130 can be
formed by well-established lithographic methods.

{00201 FIGS, 2A-C llustrate principles of operation of the PVD system 100. FIG. 2A
illustrates that in both classes of the PVD systems 100, the different types of the doping in the
two lavers 120 and 130 induce the formation of a space charge in the p-n junction, the so-called
depletion region. In detail, a net negatively charged region forms in the p-layer 120, and a net
positively charged region forms in the n-layer 130 as a consequence of the mobile carmiers
diffusing across the p-n junction from both sides, driven by charge density gradients, where
they annihilate the oppositely charged mobile carriers. This process tilts the charge balance
between mobile carriers and immobile dopant ions on both sides of the p-n junction. As a
consequence, the immobile negatively charged acceptors in the p-region and the immobile
positively charged donors in the n-region form the mentioned space charge. The width w of the
depletion region can vary, but in numerous solar cells this width w is less than one micron, often

.3-0.5 micron. This space charge creates an internal, or "built-in" electric field across the p-n

junction, as shown. The potential difference AV, generated by this built-in electric field, is

often in the 0.5-1.5V range, more typically in the 0.6-0.8V range. A potential profile of the
corresponding voltage ts shown in FI1G, 24,

{00211 When the two semiconductor layers 120 and 130 and their p-n junction is
exposed to solar radiation, additional mobile electron-hole pairs are photo-generated in both the
p-layer 120 and n-layer 130. These pairs diffuse inside the p/n-layers 120/130 and eventually get
separated by the built-in electric field to the opposing sides of the p- n junction. These photo-
generated carriers boost the charge concentration of the so- called minority carriers on each
side, in effect reducing the built-in field and corresponding voltage AV,

{00221 The space charge, the corresponding built-in electric field, and their
modification by the solar ilamination has various effects on the charged iouns of the salty
fluid flowing through the individual channels 1401 of the channel array 140, which include the

{ollowing.
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{00231 (1) FIG, 2B illustrates that the built-in field lines originate in the positive
space charge region, and extend into the channel 1401, forming a fringing field. When the +
and - charged ions cnter the channel 1404, one of these ions will be rejected by these fringing
fields, preventing the passage through the chaunnel 1401, In some embodiments, a second type
of fringing field is formed around the entrance of the channel 1401 that rejects the other
type of ions. Embodiments where the dominant desalination process proceeds via such ion
rejection will be referred to as "ion-rejection PVD systems 100"

{0824] The efficiency of this ion-rejection mechanism is reduced by the screening of the
fringing fields by the ions of the salty fluid. These ions form an Electric Double Layer (EDL}
at the wall of the channel 1401 that screens the fringing field from penetrating the fluid
beyond a screening length. In some PVD systems the screening (or Debye) length Acan be in
the 1-10 nm range, inversely proportional to the concentration of the ions in the salty fluid.
At distances farther away from the wall of the channel 1401 than the screening length A, the
magnitude of the {ringing field is exponentially dirmnished and the efficiency of the ion
rejection is substantially weaker. The theory of the formation of the Electric Double Layerisa
complex problem that has been extensively studied for several decades and will not be
described here in detail. The state of art 13 summarized e.g. tn "Micro- and Nanoscale Fluid
Mechanics” by B.J. Kirby, Cambridge University Press, 2010, especially in Chapter 6.

{00251 (2) FIG, 20 illustrates that the space charge of the depletion region exerts an
electrostatic attraction on the ions in the {luid. The positively charged space charge region in
the n-layer 130 attracts the negative 10ns of the salty fluid, and the negatively charged space
charge region in the p-layer 120 attracts the positive ions of the salty fluid. Thus, the ions of
the salty fluid are attracted to the wall of the individual channels 1401, The ions of the fluid form
the electric double layer (EDL) with the charges of the semiconductor layers, as shown. The ions
in the EDL largely stick to the wall and stop moving with the fluid. Therefore, as the salty fluid
enters the channel 1401, the concentration of the ions of the inputied salty fluid decreases as
the salty fluid flows along the channel 14(h, crossing the depletion region of the p-n
junction. This ion- capture via the formation of the EDL reduces the ion concentration in the
output fluid. Embodiments where the dominant desalination process is the capturing of the ions
via forming an EDL will be referred to as "on-capture PVD systems 100", The ion-
rejection and the ion-capture mechanisms are of course related to cach other to some degree,
as both arc driven by the buildup of space charge in the depletion region.

{00261 A secondary ton-capture mechanism in these PVD systems 100 can take place
even away from the depletion region. In fact, the ions of the salty fluid can attract the mobile

charges of the p-layer 120 and the n-layer 130 to the channel wall along the entire length of
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the channel 1401, in effect polarizing these semiconductor layers 120/130. While the efficiency
of the ion-capture via this polarization can be lower than the ion-capture efficiency of the
charges of the depletion region, this polarization takes place along the entire length of the
channel 1401, This length can be 50-100 microuns long, whereas the depletion region can be
less than 1 micron long. Therefore, in some embodiments, the integrated efficiency of this
secondary polarizing process can be comparable to the efficiency of the ion-rejection by the
depletion region. PVD systems that are developed based on this secondary ion-capture
mechanism alone are {urther discussed inrelation to FIG 7.

{00271 Various embodiments of the PVD system 100 can support a high density of
channels 1401 within their chanoel array 140, thereby providing a large total surface area of
the walls of these channels to enhance the desalination efficiency. This high channel density
can be characterized in different manners. In some embodiments of the PVD systern 100, a
separation of the channels 140i of the array 140 can be less than 1,000 nm. In some
embodiments of the PVD systems 100, the channel separation can be less than 200 nm. In some
PVD systems 100, a radius of the channels 1401 can be less than 100 nm. In other
embodiments, a radius of the channels 1401 can be less than 20 nm. It is noted here that these
diameters can still be substantially larger than the 1 nm diameters of the RO membranes.

[0028] In some PVD systems 100, an areal density of channels can be greater than 10°
channels/m?, i.e. more than a million channels can be formed in a 1 m” frontal/face area of the
solar cell 110. In sore embodiments, this areal density of channels can be greater than 107
channels/m®.

{0029} Yet another way to characierize the density of channels is through noting that in
some embodiments of the PVD system 100, an area {raction of the channels can be in the range
of 10-50%. In other words, in some embodiments, 10-50% of the total or active frontal
surface area, or face, of the solar cell 110 can belong to one of the channels 1401 of the
channel array 140, while the rest of the area to the solar cell 110 itself. In some other
embodiments, this area {raction of the chanuels can be 1n the range of 50-90%.

{00307 FI1GS, 3A-C arc scanning electron microscope (SEM) images of a PVD systemn
160 formed in a commercially available solar cell according to the principles illustrated in
FIG. 1A, The shown embodiments were developed starting with a commercially available 47
stlicon solar cell wafer, with a combined thickness of the p- layer 120 and n-layer 130 in the
50-100 microns range. The aluminum contacts were removed using an aluminum etchant. The
wafer then was diced into 3cm x 3cm chips. Next, a hydroflunoric/nitric/acetic (HNA) isotropic
silicon wet etchant was used to form thin silicon layers from the back of the silicon chips. In

contrast to KOH anisotropic etching methods, HNA docs not require the use of
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photolithography to pattern etching windows.

{0031} F1G. 3A illustrates that next silver nanoparticles were formed on the silicon
layer by the reduction of a ImM silver nitrate solution with a 0.5% hydrofluoric (HF) solution.
The diameter of the Ag nanoparticles was in the range of 20-50 nm. Various techniques can be
applied to control and narrow the size distribution of these nanoparticles.

{00321 F1G. 3B illustrates that these metal nanoparticles act as catalysts and etch
away the silicon directly under them, forming the channels 1401, In effect, the nanoparticles
sink into the silicon, {orming the channels as they go. FIG. 3B lustrates the same silicon layer
as FIG. 3A, only after the Ag nanoparticles sank or etched into the 51 layer. The etching was
done also from the back of the silicon chip or layer in order to minimize damage to the p-n
junction. Some of the embodiments were {abricated with an etch rate of approximately
Imicron/min. To make sure that most of the channels etch through the entire Si layer, the
etching can be performed for a few hours.

{00331 FIG. 3C iHustrates o SEM image of a cross scection of the etched Si layer.
Mauny chanuels are etched not exactly perpendicular to the surlace and thus appear to end in
the image, whereas in the embodiments they continue either in front or behind the plane of the
cross section. Once the channels have been eiched, the corrent voltage characteristics of the
solar cell 110 were measured to confirm that the system still functioned properly as a solar
cell, in spite of the formation of the large number of channels. Samples were retained where
the open circuit voltage Voc did not decrease by more than 10% of its pre-etch value.

{00341 Referring to the previously described PVD embodiments, ion-rejection PVD
systems can operate continuously, as the ions get rejected on the iput/entry face of the solar cell
110. Such embodiments can include a lateral fluid management systern on the front/input face of
the solar cell 110, in a way that the fluid is moved laterally over the openings of the channel
array 140. Since the water molecules of the salty fluid are allowed to pass through the
channels, while the salt ions get rejected by the {ringe fields, the salt ion concentration of the
laterally moving salty fluid continuously increases. A component of the output fluid in these
embodiments is the enhanced-salt-concentration fluid, or brine, that can be collected after it
traversed the frontal surface of the solar cell 110. Thus, the output {lnid management system 160
has two components in such ion- rejection PVD systems 100: one component on the front of the
solar cell 110, collecting and removing the laterally moving high salt-concentration brine, and
one on the back side that collects the low salt concentration output fluid as they leave the
channel array 140. Since in these won-rejection PVD systems 100 both components of the output
fluid can be removed continuously, these embodiments can be continuously operated.

{6035} On the other hand, in ion-capture PVD systems 100, the ions are captured
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inside the channels 1401, adsorbed to the channel walls. Some ermbodiments remove these
captured ions by reducing the charge densities in the solar cell in a cyclic manner. As described
in relation to FIG. 2A, the charge densities in the solar cell can be reduced e.g. by
applying solar illumination to the solar cell 110, as outlined in detail below. Unce the charge
densities are reduced, the captured, or adsorbed, ions are released from the channel walls
and flushed out {rom the channels 1401 Such ion- capture PVD systems 100 output a low salt
concentration, or desalinated output fluid in a first, desalinating phase, followed by the output of
a high salt concentration brine in a second, flushing phase. Since both these output fhuids are
outputted at the back-end of the solar cell 110, the output fluid management system 160 has to
switch back and forth between two types of output operations. Therefore, some embodiments
of these jon- captare PVD systems 100 are operated in a non-continuous, cyclic operation, as
described next.

{00361 F14. 4 illustrates embodiments of such an ton-capture PVD system 100 that can
include a system controller 170, configured to operate the photovoltaic desalination system 100
in a cychc manner, including a desalination phase and a flushing phase. Embodiments of
such PVD systems 100 can be configured to output the output fluid having a reduced salinity
in the desalination phase, and having an echanced saliruty in the flushing phase. The system
controller 170 can be coupled to the solar cell 110 for a potential control of a voltage. The
system controller 170 can also be coupled to the output fluid management system 160 to
contro} the cyclic output operations. Finally, the system controller 170 can be coupled to an
ilismination controller 172, As described above, a solar illumination of the solar cell 110 reduces
the density of charges in the solar cell 110 and therefore reduces the efficiency of the
desalination process. In an approximate sense, switching the solar illumination on and off
de-activates and activates the desalination operation of these cyclically operated ion-capture
PV systems 100,

{00371 In some embodiments, the illumination controller 172 is configured (o adjust
the solar illumination of the solar cell 110, In such PVD systems 100, the system controlier 170
can be configured to control the ilumination controller 172 to decrease a solar illumination of
the solar cell 110 in the desalination phase, and to increase the solar illumination of the solar
cell 110 in the flushing phase.

{0038} Some embodiments can be operated in a hybrid manner, wherein the system
controller 170 can be configured to apply a voltage to the solar cell 110 and to synchronously
control the Humination controller 172 to control a solar Ylumination of the solar cell. The
polarity of the voltage plays a controlling role here: a forward bias voltage enhances the

release of salt ions and thus is applied in the flushing phase, whereas a reverse bias voltage
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enhances the ion captore and thus is applied in the desalination phase. Such hybrid PVD
systems 100 can be useful as they can be operated during the night, or when solar illumination is
not available for some other reason.

{00391 F16. 5A illustrates an output portion of such ion-capture PVD systems 160 in
further detail. In such PVD systems 100, the output fluid management system 160 can be
switchably coupled to a reduced-salinity-fluid system 162 and to a brine system 164,

{00401 The system controller 170 can be configured to control the output fluid
management system 160 to switchably guide the output {luid with a reduced salinity to the
reduced-salinity-fluid system 162 during a portion of the desalination phase, and with an
enhanced salinity to the brine systermn 164 during a portion of the flushing phase.

{00411 FIGS, 3B-E illustrate various embodiments of the output fluid management
system 160. In most embodiments, the system controller 170 can control the operations of the
output {luid management system 160. In some embodiments, the output fluid management
systemn 160 can have its own, dedicated controller.

{0042] FIG. 5B illustrates that in some embodiments the output fluid management
system 160 can include an output fluid switch 160a that performs the switching of the coupling
of the output {loid between the redoced salinity systern 162 and the brine system 164 during
the cyclic operation. A large variety of {luid switches can be employed in this embodiment. The
operation of the cutput fluid switch 160a can be synchronized with the cyclic operation of the
illunmnation controller 172.

{0043} F1G. 5C iHustrates that some embodiments of the output fluid management
system 160 can include a rocking output fluid deflector 160b. In such embodiments, the output
fluid can leave the channel array 140 under the influence of gravity, and the output fluid
deflector 160b can swiichably deflect the output fluid to the reduced salinity {loid system
162 and the brine system 164 by rocking back and forth in a seesaw manner. The rocking of
the deflector 160b can be synchronized with the cyclic operation of the PVD system 100,
including the ilumination controller 172.

{0044] FIG, 5D illustrates that some embodiments of the output fluid management
systemn 160 may include a twin channel array 166, working in conjunction with the output
fluid switch 160a. In such embodiments there may be less "dead fluid” in the output fluid
management system 160, i.e. less enhanced salinity {luid left in the system 160 at the start of the
desalination phase, which would lead to a reduction of the overall system efficiency. The reduced
salinity output fluid chaonels 162¢ of the twin channel array 166 can connect the output end of
the channels 1401 to the reduced salinity fluid system 162. The enhanced salinity output fluid

channels 164¢ of the twin channel array 166 can connect the output end of the channels 1401 to
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the brine system 164. The outpuot fluid switch 160a can switch the coupling of the channels 1401
to these two sets of twin channels 162¢ and 164c¢ in an alternating manner.

{0045] F1G. 3K illustrates that in some embodiments the reduced-salinity-fluid system
162 can comprise a reduced-salinity-fluid container 162b, and the brine system 164 can
comprise a brine container 164b, wherein the system controller 170 can be configured to
move the two containers 162b and 164b to receive the output fhad in a cyclic manner. In
some embodiments these two containers 162b and 164b can be rotated at a predetermined
angular velocity, 1n sync with the cychic operation of the system controller 170 and the
illumination controller 172.

{0046] In some embodiments the system controller 170 can be configured to operate the
photovoltaic desalination system 100 with the flushing phase lasting less than twice the
desalination phase; in some cmbodiments with the flushing phase lasting less than the
desalination phase. With such timing the duty cycle of the overall desalination operation can
achicve favorable efficiencies.

{0847] Some embodiments can use a sequential operation to repeatedly reduce the salt
content of the initially input salty fluid in order to reduce the salt content below a
predetermined Ievel such as below a water-purity standard. In such embodiments, the solar cell
110 can be coupled to a second solar cell. The solar cell 110 can couple its ountput {luid into
the second solar cell to use it as its input salty fluid. In some PVD systems the solar cell and
the second solar cell can be part of a stack of solar cells to desalinate the originally input salty
fluid repeatedly 2. 3, or 4 times, or as many times as nceded to reduce the salinity of the
eventual output {luid below the targeted salinity level.

{0048] Some embodiments of the here-described PVD systems 100 may still need
electrical power for their operations. For example, the pump 152 may require electric power
for its operation. In some embodiments, a portion of the photovoltaic desalination system
100 can be powered by the solar cell 110 uself. In other embodiments, a portion of the PVD
systemn 100 can be powered by an external power source.

10049] F1G, 6 illustrates the desalination efficiency of some embodiments of the
PV system 100. The ton concentration before and after the salty fhid passed through the PVD
system 100 was determined by measuring the conductivity of the inputted salty liguid and the
output liquid. As an informative example, a 100mM NaCl solution was used as the inputted salty
liquid. A calibration curve was determined to convert the measured conductivity values into ion
concentration values. The ernbodirnents were operated at ambient pressures, withoot any pump.
As described in relation to FI{. 2A, solar illumination is decreasing the net charge densities

of the space charge 1o the depletion region, and thus it decreases the built wn [ield.
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Therefore, both the ion- rejection and the ion-capture desalination mechanisms become less
effective under solar illumination. Accordingly, when the illumination controller 172
increased the illumination of the solar cell 110, the salt ions were released {from the channels 1401
and the PVD system 100 was flushed, outputting an enhanced-salinity brine. The shown data
were measured for illumination power densities that were weaker than solar ilumination power
densities by a factor of 10 or more.

(00501 FIG. 6 illostrates A Ca, the relative reduction of Cy, the 1on conceniration of the
desalinated output fluid. A C4 was calculated by computing the difference between the
desalinated conceuntration during the dark phase and the eshaoced/flushed concentration
during the illuminated phase, and expressing this difference relative to the enhanced

conceniration:

A Ca={Cy(illominated) - Co{dark)[/Ca(iuminated)

{0051] FIG. 6 demonstrates that the PVD systems 100 can be used quite efficiently for
desalination: the desalination during the dark phase can remove as much as 3(0-35% of the salt
ions by rejection or capture. Some embodiments were even indicative of a 50% salt ion
concentration reduction. When adapting the shown measurements to llumination power
densitics and ion concentrations closer to values appropriate for scawater desalination, it is
possible to conclude that simoilar, 30-30% concentration reductions can be achieved.

{00521 Using such embodiments, if the salty fluid is desalinated repeatedly, or
sequentially, in a stack of N PVD systems 100, therefore, 0.5M-0.7" concentration
reductions can be reached. For example, the ion concentration in seawater is arocund 500 mM,
the accepled standard {or {reshwater is concentrations less than 10mM. Thus, a concentration
reduction to about 2% is required to desalinate seawater into {resh water. For the PVD
systems with the above 30-50% councentration reduction, this means that a stack of 5-10
PVD systems can turn seawater into freshwater. Increasing the doping levels of the p-layer 120
and the n-layer 130, and using higher bandgap solar cells can further increase the desalination
efficiency of the cells, reducing the number of cells required for a stack. Further, in a large
market segment, the challenge is to desalinate brackish water that has a salinity that is only a
fraction of the seawater. Such applications again require fewer solar cells in the stack.

{00531 F1G. 6 illustrates that the efficiency of the desalination visibly decreases with
time, indicating that the 1ons captured or adsorbed on the channel walls start to saturate the wall
surface. When the channel walls {ill up with adsorbed ions, the illumination controller 172 can

enable the iHomination of the PVD system 100, thus flushing the adsorbed touns from the
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channels. The switching of the illumination controller 172 can be synchronized with the output
fluid management system 160 to switch the coupling of the output liquid from the reduced
salinity fluid system 162 to the brine system 164. Once the channel surfaces are largely
regenerated, the desalination cycle can be started anew, the illamination controller 172 again
blocking the solar iHumination and the output fluid management system 160 again coupling
the output fluid to the reduced salinity {luid system 162.

{00541 FI1G. 7 illustrates an embodiment of a photovoltaic desalination system 200 that
operates based on the secondary ion-capture mechanism, described earlier. Only a portion of the
PVD system 200, an individual channel 240t is shown for clarity. The components not shown
here expressly are analogous to the correspounding components of the PVD system 100, and are
meant to be part of the PVD system 200 as well.

{00551 Onc of the differences between the PVD system 200 and the PVD systermn 100 1s
that the PVD system 200 can include only a single, doped semiconductor layer 230 jnstead of a
p-layer and an n-layer that form a p-n junction. The ions of the salty {luid can still form an
EDL at the wall of the channel 2401, leading to an adsorption and a capture of the ions from
the fluid once more. The efficiency of this adsorption and capture can be considerably lower
than that of the space-charge of the p-n junction- based PVD systemn 100. However, since
the adsorption and capture is taking place along the entire 50-100 micron length of the wall,
whereas the space-charge region of the PVD system 100 may be shorter than | micron, the low
adsorption efficiency of the PVD system 200 may be compensated by the much longer adsorbing
surface.

{0056} Applying a solar illumination can generate an enhanced namber of electron-
hole pairs that can at least partially neutralize the EDL at the wall of the channel. This again can
facilitate the flushing of the chanvel 2401 as needed for a cychic operation. The rest of the
description of the PVD system 200 can be analogous to the description of the PVD system 100,

{00571 FIG. 8, illustrates an embodiment of the PVD systemn 100, where the puraping of
the input salty fluid is enhanced using the photo-thermal effect of the sunlight, instead of
using an clectric-powered pump 152, In these embodiments, the frontal surface of the solar
cell 110 can be covered with a glass cover 152b. The sunlight heats the salty liquid as it {lows
over the face of the solar cell 110, in a greenhouse-like heating action. The heated salty fluid
can evaporate into a tight {luid jnput space 152¢, thereby pressurizing . This builds up a
pressure on the salty fluid, forcing it through the channels 140i. While in most architectures this
vapor pressure may not be sufficient to be the sole fluid-moving force, it can sobstantially reduce
the electric power needed for operating the pump 152.

{0058} While this specification contains many specifics, these should not be construed
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as Hmitations on the scope of the invention or of what can be claimed, but rather as
descriptions of features specific to particular embodiments. Certain features that are described
in this specification in the context of separate embodiments can also be implemented in
combination in a single embodiment. Conversely, various features that are described in the
context of a single embodiment can also be implemented in multiple embodiments separately
or in any suitable subcombination. Moreover, although features can be described above as
acting in certain combinations and even initially claimed as such, one or more features from a
claimed combination can in some cases be excised from the combination, and the claimed

combination can be directed to a subcombination or variation of a subcombination.
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What Is Claimed Is:

and

1. A photovoltaic desalination system, comprising:
a solar cell, to receive solar radiation, including
a p-doped semiconductor layer,

an n-doped semiconductor layer, the two semiconductor layers foriming a p-n junction,

a channel array comprising channels for fluid to pass through, formed in the p-n junction;
an input reservoir, coupled to the solar cell, wherein the input reservoir

contains a salty {luid, and

releases the salty fluid to the solar cell; and

an output fluid management system, coupled to the solar cell, the output fluid

management system to receive an output fluid from the solar cell; wherein

the channel array
receives the salty fluid from the input reservoir, and

outputs the output fluid to the output fluid management system.

2. The photovoltaic desalination system of claim 1, comprising:

a pump, to pump the salty fluid from the input reservoir to the channel array.

3. The photovoltaic desalination system of claim 1, wherein:

the channels of array are formed perpendicular to the two semiconductor layers through

the p-n junction.

4. The photovoltaic desalination system of claim 1, wherein:

the channels of the array are formed parallel to the two semiconductor layers in the p-n

junction.

5. The photovoltaic desalination system of claim I, wherein:

a separation of the channels of the array 1s less than 1,000 nm.

6. The photovoltaic desalination system of claim 5, wherein:

a separation of the channels of the array is less than 200 nm.

7. The photovoltaic desalination system of claim 1, wherein:

6 2
an arcal density of channels is greater than 10 channels/m .
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8. The photovoltaic desalination system of claim 7, wherein:

7 2
an areal density of channels is greater than 10 channels/m .

9. The photovoltaic desalination system of claim 1, wherein:

an area fraction of the channels is in the range of 10-50%.

10. The photovoltaic desalination system of claim 1, wherein:

an area fraction of the channels is in the range of 50-90%.

11. The photovoltaic desalination system of claim 1, wherein:

a radius of the channels is less than 100nm.

12. The photovoltaic desalination system of claim 11, wherein:

a radius of the channels is less than 20nm.

13. The photovoltaic desalination system of claim 1, comprising:

a system controller, to operate the photovoltaic desalination system in a cyclic manner,
including

a desalination phase; and

a {lushing phase.

14. The photovoltaic desalination system of claim 13, wherein:
the photovoltaic desalination system outputs the cutput fluid, wherein the output fluid
has a reduced salinity in the desalination phase, and

hae an enhanced salinity in the flushing phase.

15. The photovoltaic desalination system of claim 13, comprising:
an illumination controller, to adjust a solar illumination of the solar cell; wherein
the system controller controls the iHumination controller
to decrease a solar illumination of the solar cell in the desalination phase, and

to increase the solar illumination of the solar cell in the flushing phase.

16. The photovoltaic desalination system of claim 13. wherein:

the system controller
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applies a voltage to the solar cell, and
synchronously controls an illumination controller to control the solar illumination of the

solar cell.

17. The photovoltaic desalination system of claim 13, wherein the output fluid
management system is switchably coupled to

a reduced-salinity-fluid system, and

a brine system; wherein

the system controller controls the output fluid management system to switchably guide
the output floid

to the reduced-salinity-fluid system during a portion of the desalination phase, and

to the brine system during a portion of the flushing phase.

18. The photovoltaic desalination system of claim 17, wherein the oulput fluid
management system comprises:

at least one of an output fluid switch, an output fluid deflector, and a twin channel array.

19. The photovoltaic desalination system of claim 17, wherein:
the reduced-salinity-fluid system comprises a reduced-salinity-fluid container, and
the brine system comprises a brine container, wherein the system controller moves the

two containers to receive the output fluid in a cyclic manner.

20. The photovoltaic desalination system of claim 13, wherein:
the system controller operates the photovoltaic desalination system with the {lushing

phase lasting less than twice the desalination phase.

21. The photovoltaic desalination system of claim 13, wherein:
the system controller operates the photovoltaic desalination system with the flushing

phase lasting less than the desalination phase.

22. The photovoltaic desalination system of claim 1, wherein:
the solar cell is coupled to a second solar cell, and
the second solar cell receives a salty fluid from the input reservoir after the salty fluid has

been outputted as the output fluid of the solar cell.

23. The photovoltaic desalination system of claim 1, wherein:

the solar cell and the second solar cell are part of a stack of solar cells.
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24. The photovoltaic desalination system of claim 1, wherein:

a portion of the system is powered by the soiarcett.

5 25. The photovoltaic desalination systern of claim 1, wherein:

a portion of the system is powered by an external power source.

26. The photovoltaic desalination system of claim 1, comprising:
a transparent cover over a frontal portion of the solar cell, to form a pressurized fluid

10  input space.

27. A pholovoliaic desalination system, comprising:
a doped semiconductor layer, to receive solar illumination;
a channel array, comprising channels for fluid to pass through formed in the doped
15  semiconductor layer;
an input reservoir, coupled to the semiconductor layer, wherein the input reservoir
contains a salty fluid, and
releases the salty fluid to the doped semiconductor layer; and
an ouiput {luid management system, coupled to the doped semiconductor layer, the output
20  {luid management system {o receive an output fluid from the doped semiconductor layer; wherein
the channel array
receives the salty fluid from the input reservoir, and

outputs the output fluid to the output fluid management system.

25
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