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A new process is presented for low-cost one-step production of pure solid sil-
icon from natural quartzite by molten salt electrolysis. At a process temper-
ature of 1100�C, a techno-economic model including detailed mass and energy
balances estimates energy consumption below 15 kWh/kg, with operating cost
of $1.74/kg and capital cost around $10,500 per t/a (tonne annually) of pro-
duction capacity for a 160,000 t/a plant. Use of an inert solid oxide membrane
anode results in a pure oxygen by-product and no direct emissions. Finite
element analysis estimates the current density distribution and total current
to inform the design of slab-shaped solid silicon cathodes.

INTRODUCTION

Abundance, low cost, and good photovoltaic (PV)
efficiency have made silicon the dominant solar cell
material for the past 30 years, and it will likely
remain so for at least the next 10 years as well. A
customer discovery exercise conducted by the
authors in 2020 indicated high sensitivity to cost
for polycrystalline silicon (‘‘polysilicon’’) raw mate-
rial with sufficient purity for efficient PV cells.
Polysilicon production begins with carbothermic
reduction of silica, which takes ‡ 99.7% pure SiO2

and introduces impurities, creating 98% pure met-
allurgical grade (MG) silicon. The Siemens process
refines MG silicon to make most of the world’s 450
kt/a PV polysilicon by trichlorosilane synthesis,
distillation, and chemical vapor deposition. This
process is energy-intensive and costly,1 has inher-
ent safety issues,2,3 and is slow to scale. Although
the demand shock of 2007–2008 is far behind us, the
increases in polysilicon prices in early 2020 were

attributed to environmental issues and long lead
time for plant construction.4 These issues and
advances in PV efficiency at lower Si purity5 have
motivated the development of simpler processes for
purifying MG silicon using fluidized beds,6,7 liquid
metals,8,9 slags,10,11 and electrorefining.12–15 But
despite decades of development, these have only
reached 15 kt/a to 20 kt/a (kilotonnes annually)
production for solar cells.

Molten salt electrolysis could reduce quartzite
directly to silicon in a single step, with inherent
purification and zero direct emissions, bypassing
the carbothermic and Siemens process steps.16,17 To
date, investigations have used cathode electro-deox-
idation,18,19 potassium fluorosilicate (K2SiF6) reduc-
tion,15,20–22 and reduction with liquid
aluminum,23,24 copper,14,25 nickel,26 gallium27 and
zinc28 reactive cathodes to avoid SiC formation. But
low SiO2 solubility in molten chlorides, side-reac-
tions making volatile SiCl4 and SiF4, high viscosity
and low conductivity caused by silicate polymeriza-
tion, contamination by carbon anodes and their
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impurities, and trapped salts in the product have
prevented scale-up and commercialization of this
approach.

Recent molten salt chemistry advances promise to
solve several of these problems.29–31 Starting with
CaF2-MgF2 eutectic with low volatility, high mobil-
ity, and a wide electrochemical stability window, the
electrolyte adds CaO to provide O2� ions which
increase the solubility of SiO2, break up silicate
polymer networks, and prevent SiF4 volatilization.
Though a carbon anode is not practical, a yttria-
stabilized zirconia (YSZ) solid oxide membrane
(SOM) can protect an inert anode.32,33 YSZ stability
in the electrolyte requires two characteristics of the
solid and liquid electrolytes: similar Y3+ ion activity
to prevent leaching, and similar optical basicity to
minimize dissolution and ion exchange. The elec-
trolyte thus contains (by weight): 45.6% CaF2, 36.4%
MgF2, 9.0% CaO, 5.0% SiO2, and 4.0% YF3, in
decreasing order. SiO2 reduction using this elec-
trolyte with a liquid tin cathode produced tin-silicon
alloy which formed millimeter-scale silicon crystals
when cooled;29 others have shown that solar silicon
can be grown by tin-silicon solidification.34

Proposed here is a silica electrolysis process using
this bath chemistry at 980�C to �1200�C to produce
solid silicon. This can potentially utilize both elec-
trochemical refining and low solid silicon partition
coefficients in a single process. To prevent dendrite
formation, a subset of cathodes periodically reverses
to anodic potential, dissolving incipient rough-
ness.35 Figure 1 schematically shows the reaction
and switching scheme.

This paper describes a modeling study based on
this proposed process and current practice in alu-
minum smelting. It begins with a brief description of
plant and cell operation. Mass and energy balances
determine material and energy requirements and
costs. Finite element analysis (FEA) of cell compo-
nents estimates current density, electrolyte resis-
tance, and temperature change, and illuminates
design constraints. In particular, electrode and

electrolyte conductivities impose constraints on the
electrode design. With no gas lift stirring, magneto-
hydrodynamics (MHD) is likely the best stirring
mechanism, and FEA estimates molten salt flow
velocity and resulting deposition profile.

SILICON CELL AND PLANT PRELIMINARY
DESIGN

Figure 2 shows a schematic and preliminary
design of a 100-kA silicon electrolysis cell. It uses
vertical electrodes with 0.2 A/cm2 to 0.3 A/cm2

cathode current density and 0.5 A/cm2 anode cur-
rent density, resulting in a production rate slightly
higher than Hall–Héroult aluminum smelting on a
cell footprint area basis. The container may be
constructed of zirconia, as the electrolyte is
designed to minimize zirconia corrosion, or it may
use a frozen electrolyte side-wall and bottom similar
to Hall–Héroult. In the current 300-kA design, the
slab cathodes are 2.5 m long and 1.2 m deep, and
start 2–8 cm thick, then grow outward to nearly 12
cm to 18 cm thickness before removal. SOM anodes
include 3 cm outer diameter, 2.6 cm inner diameter
(2 mm thick) closed-end YSZ SOM tubes, with an
oxygen-evolving porous ceramic anode such as
lanthanum nickelate (LaNiO3) inside, and nickel
or another high-conductivity oxidation-resistant
alloy current collector, such that oxygen flows up
the center of each tube. They are immersed 89 cm
into the molten salt electrolyte and placed in rows
spaced with centers 6 cm apart.

The process operating temperature window is
from 980�C to 1200�C, limited at the low end by the
CaF2-MgF2 eutectic temperature and at the high
end by volatility, materials, and other practical
considerations. At higher temperatures, materials
such as silicon, molten salt, and zirconia have
higher conductivities, improving energy efficiency,
but the growing silicon cathode may incorporate
impurities at higher concentrations. Models shown
here use a cell temperature of 1100�C.

The large direct-current (DC) bus can create a
large magnetic field which interacts with current in
the molten salt to create Lorentz forces and stirring.
In a Hall–Héroult plant, stirring is dominated by
CO2 gas lift from bubbles created on the anodes, and
Lorentz force is a problem. In this cell without gas
lift stirring, thermal buoyancy is too weak and
mechanical stirring is impractical, so Lorentz force
is necessary for distributing SiO2 raw material
throughout the cell and reducing mass transfer
overpotentials. The ideal external magnetic field
direction is vertical, as vertical magnetic field and
horizontal currents drive horizontal flows parallel to
silicon plate cathodes, and minimize forces on
vertical electrodes within the cell. The current bus
and cell arrangement shown schematically in Fig. 2,
with electrolysis cells in a potline located between
large bus bars roughly in the plane of the cells,
achieves this vertical magnetic field.

Fig 1. Schematic diagrams of the proposed process (left) and
switching scheme for periodically reversing cathode polarity on a
high-current DC bus. Si4+ represents oxidation state; silicon will be
present in complex anions.
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A plant with this design can use the high current
bus, silica raw material distribution, and exhaust
gas treatment design elements which are similar to
a Hall–Héroult aluminum plant. Indeed, it may be
possible to retrofit an idle aluminum smelter to
dramatically reduce plant construction cost.

MODELING METHODS AND TOOLS

Techno-economic Modeling

The cost model uses the US Department of
Energy ARPA-E METALS Tool techno-economic
analysis spreadsheet v1.0,36 which is included
online as a supplementary document. This modeling
tool includes:

� A mass balance calculating element-by-element
balances with raw material costs and sales
revenues

� Capital costs such as equipment with associated
utility costs

� Estimates for other operating costs
� Estimation of total energy use and direct CO2

emissions per unit of metal produced
� A financial model with return on investment

This study adds a linear equation system to the
ARPA-E METALS Tool and a solution for calculat-
ing compositions and flow rates of five coupled
streams: raw material and bath in, and silicon,
oxygen, and bath out. This results in an input–
output balance for all 13 model elements, which is
perfect within the precision limits of the spread-
sheet as verified by the original spreadsheet’s
streams and compositions sheets. The mass balance
uses silica raw material purity and price data.37 It
assumes that alumina is the most significant silica
impurity, and adds new CaF2, MgF2, CaO, and Y2O3

to keep the alumina concentration in the bath low.
Anodes are not included in the mass balance at this
point.

This study also adds to the ARPA-E METALS
Tool an energy balance following Ref. 38 which
totals the reduction potential and ohmic overpoten-
tials to estimate electrical energy input per coulomb
of charge passed V as follows:

V ¼ �DG
nF

þ R
JiLi

ri
þ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

LelTDT
p

ð1Þ

Fig 2. Preliminary cell design: (left) anode tube and cathode slab design schematic, (right) exploded view of a 100-kA cell roughly 5 m long 9 2 m
wide with 441 9 225 A tubular anodes and 20 9 5 kA slab cathodes, (bottom) current bus and cell layout top view for vertical magnetic field and
MHD stirring.
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where DG is the free energy of formation of SiO2,
n = 4 is the number of electrons transferred in the
reaction, F is Faraday’s constant, Ji, Li, and ri are
the current density, resistivity, and thickness of
component i (YSZ SOM and molten salt), Lel is the
Wiedemann–Franz constant, T is absolute temper-
ature, and DT is the temperature difference. The
last term is the electrical potential across two
electrode leads designed for minimal total electrical
and thermal losses in a monopolar high-tempera-
ture electrolysis cell.38 Thermodynamic data are
obtained from NIST JANAF tables.39 Temperature-
dependent conductivity data for the molten salt and
YSZ are from Villalón31 and Krishnan,40 the latter
of which used 6 mol.% YSZ and could be increased
by using 8 mol.% YSZ and/or advanced sintering.41

The YSZ SOM thickness is 2 mm, and the anode–
cathode distance with liquid electrolyte is 3 cm
thick; in both, the current density is 0.5 A/cm2.
Cathode resistance is not included in this estimate.
This one-dimensional (1-D) model acts as useful
verification for the finite element analysis described
below.

The energy balance then calculates the thermal
energy requirement per kilogram of silicon product,
including the temperature-dependent enthalpy of
formation of SiO2, total electrical and thermal losses
through the leads, and energy to heat SiO2 raw
material to the cell temperature:

Energy ¼ �DHf þ 4nF
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

LelTDT
p

þ rcpdT ð2Þ

In a self-heated cell, the thermal energy use
should be lower than the equivalent electrical
energy input calculated in Eq. 1: Energy < nFV,
and the excess energy is lost as heat. Compared
with Hall–Héroult cells with inert anodes, the
theoretical energy use DHf is 9.02 kWh/kg for silicon
versus 8.62 kWh/kg for aluminum (about 5%
higher), and the productivity at perfect Faraday
efficiency is 262 g/kAh for silicon versus 336 g/kAh
for aluminum (about 22% lower), so the processes
are highly comparable.

The cost model uses prices of $150/t for 99.8%
pure SiO2,37 $150/t for CaO, $400/t for CaF2, $1000/t
for MgF2, and $5000/t for Y2O3, which is about half
as expensive per unit of yttrium as YF3. Based on
electricity costs at a number of aluminum plants, it
uses an electricity price of $30/MWh.

A novel capital cost model developed by Stinn and
Allanore42 was utilized to estimate the capital costs.
This capital cost model, as shown in Eq. 3, has been
specifically developed to predict the production-
capacity-normalized capital cost of an electrolytic
process using its relevant electrochemical operating
parameters.

C ¼ 51010

1 þ e�3:823�10�3�ðT�631Þ P
0:8

þ 5634000

1 þ e�7:813�10�3�ðT�349Þ
pzF

jAeM

� �0:9

þ 750000QV0:15N0:5

ð3Þ

In Eq. 3, C is the total direct capital cost in 2018
US dollars, T is the electrolysis temperature in ºC, P
is the installed yearly production capacity in metric
tonnes (t), p is the total installed production rate in
kg/s, z is the moles of electrons reacting to produce a
mole of product, F is the Faraday constant in A/mol,
j is the current density in A/m2, A is the electrode
area in m2, e is the current efficiency, M is the
electrolysis product molar mass in kg/mol, Q is the
installed power capacity in MW, V is the cell
operating voltage, and N is the number of rectifier
lines. The Stinn and Allanore cost model does not
include the operating expenses or amortization of
the capital cost. The authors have verified the
estimates of this model by successfully applying it
to the cases within the Stinn and Allanore paper.

This capital cost is also verified using a very
rough estimate of current costs of new Hall–Héroult
cells, rectifier, current bus, and related equipment
and buildings, along with a land cost estimate, as
described in an interview with Christopher Ritter,
Senior Potline Process Engineer at the Century
Aluminum smelter in Goose Creek, South Caro-
lina.43 The capacity of that plant is 200,000 t/a of
aluminum, so based on the lower silicon productiv-
ity per unit charge, this estimate assumes 160,000 t/
a of silicon for the same capital cost and plant
footprint.

To estimate the labor costs, we relied on the
related data from the same interview regarding the
Century Aluminum smelter,43 again using the labor
cost for 200,000 t/a of aluminum production to
estimate that for 160,000 t/a of silicon production.
At full capacity, that aluminum plant employs 600
cell operators and another 50 in overhead roles,
with total labor costs of $62,800 to $92,600 per
employee. Like the mass balance, the cost model
does not include SOM anode costs.

Finite Element Analysis

The FEA of the cell has two goals, namely to
compute the effect of the cathode thickness on the
current density distribution in the cell layouts
shown in Fig. 2, and to estimate the current density
and total current more accurately than the 1-D
model in the energy balance described above. This
model uses COMSOL version 5.5 with the electro-
chemistry module, which is capable of computing
primary, secondary, and tertiary current
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distributions. The primary current distribution
describes the flow of current in the electrodes and
electrolyte based on solutions of the Laplace equa-
tion rÆ(rrU) = 0, where r is the electrical conduc-
tivity and U is the electrical potential. This assumes
that the reaction kinetics and mass transfer are
very fast.

Considering a plant-scale electrolysis cell, cath-
odes are present in the form of slabs with cylindrical
anodes, as shown in Fig. 2. The geometry considered
here includes one-quarter of a SOM anode, and half
of the thickness of the cathode, with a width of half
the anode center spacing (3 cm in this case). This is
the smallest primitive cell for which the current
density distribution is similar to that of most of the
anodes and most of the cathode surface. For the
model, the nickel current collector is assumed to
have the same thickness (2 mm) as the YSZ SOM.

The electrodes are immersed in molten salt
electrolyte with the aforementioned composition of
CaF2-MgF2-YF3-CaO-SiO2, whose temperature-de-
pendent conductivity is described by Villalón.31 The
FEA model uses a subset of this geometry, as shown
in Fig. 3. The anode current collector material is

nickel inside a YSZ solid electrolyte closed-end tube,
and the cathode is solid silicon; their conductivities
are found in literature40,44–46 and shown in Fig. 3.
As that figure shows, nickel and silicon have far
higher conductivities than the liquid and solid
electrolytes, so the electrode resistance can almost
be neglected. The molten salt electrolyte density
was estimated based on the temperature-dependent
molar volumes of CaF2 and MgF2,47 which are its
main constituents.

The COMSOL electrochemistry module is used to
implement the FEA model and estimate the primary
current density distribution. The mesh used is a
‘‘fine’’ free-sized tetrahedral mesh defined using
COMSOL’s physics-based automatic meshing algo-
rithm. The maximum mesh element size is 0.09 m
and the minimum mesh element size is 0.0162 m for
all three models. The total number of elements
approaches 63,000, including domain elements,
boundary elements, and edge elements in all three
cases. A grid independence test is performed by
reducing the mesh size to a maximum mesh element
size of 0.0495 m and a minimum mesh element size
of 0.0046 m with a curvature factor of 0.4, using the
‘‘finer’’ meshing option in COMSOL.

RESULTS

Techno-economic Modeling

Figure 4 shows the results for the mass and
energy balances as follows: The molten salt elec-
trolyte input and compositions are described above,
and the output flow rate is slightly higher than the
input flow rate due to the incorporation of silica and
alumina from the raw material. Every 100 kg Si
produced requires 215.4 kg SiO2. With 99.8% pure
SiO2 containing 0.1 wt.% Al2O3, the bath cost to
regulate the alumina concentration in the elec-
trolyte at 1 wt.% (a rough estimate of bath purity
required for high product purity) amounts to about
59% of the SiO2 cost. Table I presents the flow rate
and cost of each material, not including anode
materials, with a total annual cost of just over $82
million. Note that it is likely possible to separate
aluminum from waste fluoride electrolyte via phys-
ical, electrochemical, or hydrometallurgical means,
and recycle the bath at lower cost than purchasing
new material; this analysis does not assume any
such activity. For verification, note that the 1 wt.%
target alumina concentration in the bath is ten
times higher than the 0.1 wt.% concentration in the
entering raw material, so the bath must be removed
(and a new bath added) at one-tenth of the rate of
silica raw material for aluminum to be in balance.

The energy balance shows that the high resis-
tance in the molten salt electrolyte and YSZ solid
electrolyte result in a cell potential of V = 3 V to 5 V,
and excess thermal energy for a self-heating cell at
temperatures below 1200�C. At 1100�C, the total
cell voltage is estimated to be 3.37 V, not including
the concentration polarizations in the molten salt

Fig 3. Top-view schematic of the FEA domain geometry (dashed
line) relative to a slab cathode and cylindrical anodes shown in Fig. 2
(top), temperature-dependent conductivities of cell materials nickel,
pure silicon, molten salt electrolyte, and 6YSZ (bottom).
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boundary layers adjacent to the anode and cathode.
Of that, 0.190 V represents the ohmic loss in each
electrode, which minimizes the total ohmic and
thermal losses, so the total ohmic overpotential in
the electrodes is 0.38 V, leaving an internal cell

voltage of 4.24 V. At a total voltage drop of 3.37 V,
the energy use is 12.88 kWh/kg Si at perfect current
efficiency; at 90% current efficiency, this would be
14.3 kWh/kg Si, which is within the 13 kWh/kg to 15
kWh/kg energy use range that is typical for modern

Fig 4. Mass balance of molten salt electrolyte input and output compositions (above), and energy balance (below) showing temperature-
dependent electrical energy inputs (stacked solid regions) and thermal energy use (stacked dashed lines).
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aluminum smelters. The plant’s electrical energy
consumption is 2.29 TWh/a, at a cost of $68.6
million/a. Again based on the aluminum plant
example,43 annual nonelectricity utility costs are
about $13 million/a, so this estimate was added to
the utility costs here as well.

For a 160,000 t/a silicon plant, the estimated labor
cost for 600 operators and 50 overhead workers,
costing $92,634/a and $63,800/a, respectively, is
$58.8 million/a. Other overhead and miscellaneous
costs are estimated at 25% of raw material, elec-
tricity and other utility, and labor costs, coming to
$59.6 million/a. The estimated annual operating
costs thus total $279.0 million/a, i.e., $1.74/kg
silicon product, with the breakdown shown in Fig. 5.

The total capital cost estimated using the cost
model developed by Stinn and Allanore43 is $1.68
billion, which is around $10,500 per t/a of produc-
tion. This estimation is independent of aluminum
production by Hall–Héroult cells and only relies on
the Si-related operating parameters as explained
before. To verify this capital cost model, we used
Eq. 3 to estimate the capital cost of aluminum
production using the available related operating
parameters in the Stinn and Allanore paper. The
results were compared with the capital cost of
several different aluminum production capacities
and found that the estimations by the cost model are
very close to the reported numbers.

To verify the silicon plant capital cost estimate,
an aluminum industry estimate43 puts the rough
cost of electrolysis cells, rectifiers, raw material
distribution, gas scrubbing, and other auxiliary
equipment for 200,000 t/a aluminum production at
$1.3 billion. As described above, this corresponds to
the amount of current required for 160,000 t/a of
silicon production. Land cost is estimated at $32.5
million, bringing the total capital cost estimate to
$1.33 billion. This is nearly 20% below the estimate
using the Stinn and Allanore model, and provides
some rough verification of that model, but this only
considers fixed capital investment, whereas Stinn
and Allanore consider all of the components of total
capital investment.

The finance model assumes that 10% of this
capital investment is spent in year 1, 60% in year 2,
and 30% in year 3. Production reaches 50% of
capacity in years 3 and 4, and 100% starting in year

5. Figure 5 shows the cash flows and accumulation
under two scenarios. In the first, the silicon sale price
is a constant $3.00/kg, and costs are constant; in this
case the initial investment is paid back in about 11
years. In the second, the silicon sale price starts at
$4.00/kg and declines by 2%/a, while costs increase
2%/a; in this case, the initial investment is paid back
in 9 years, but further reductions in input costs
(energy, labor, and raw materials) would be required
to maintain profitability well beyond year 20.

Finite Element Analysis

Figure 6 shows the calculated primary current
density distribution in the form of current ‘‘stream-
lines’’ for four cathode slab thicknesses from 2 cm to
8 cm (half-thickness from 1 cm to 4 cm). The current
density is roughly uniform over the anode–SOM
interface, and for most of the cathode at higher
thickness, although current concentrates at the
bottom of the cathode. Figure 6 shows the electrical
potential distribution throughout the model
domain. This model calculates the current for one-
quarter of an anode, so multiplying by four gives the
total anode current, and dividing the model output
by the cathode area in the model (360 cm2) gives the
average cathode current density. The total current
per anode and the average current density on the
cathode surface are shown versus The cathode
thickness in Table II. At 4.0 cm cathode thickness,
the anode current calculated using COMSOL’s
‘‘finer’’ mesh option is 1.3% below that obtained
using the ‘‘fine’’ option applied for most of the
results, indicating reasonable grid independence.

DISCUSSION

In the mass balance, two mechanisms promote
purification: low partition coefficients in silicon, and
electronegativity, which leaves most of the bath
elements in the bath. However, it is possible that
more-electronegative elements could accumulate in
the bath, and those with higher partition coeffi-
cients such as phosphorus could contaminate the
product. In this case, it should be straightforward to
remove electronegative elements electrolytically by
using a pre-electrolysis step as described in Ref. 35.
Boron is the most problematic element, as its
electronegativity is similar to that of silicon and it

Table I. Flow rates and costs of input materials for 160,000 t of silicon production

Raw material Annual use (t) Price, US$/t Total cost, US$

SiO2 344,000 150 51,600,000
MgF2 18,800 1000 18,800,000
CaF2 18,800 400 7,520,000
Y2O3 800 5000 4,000,000
CaO 600 150 90,000
Total 383,000 82,010,000
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has a high partition coefficient, although in this
bath it may volatilize as BF3. It is not clear whether
the purity of the product obtained from this process
will be sufficient for solar cells.

The cost comparisons with aluminum are com-
pelling, as the prospect of solar silicon at aluminum
price could be very interesting to the PV industry,

but not straightforward. The contributions to this
model include the raw material cost and purity
(silica is about 60% cheaper per tonne with higher
purity), energy cost (the voltage and energy cost per
kilogram are similar to aluminum with inert
anodes), and productivity (lower productivity per
kAh charge, thus lower plant production for the

Fig 5. Cost model results: breakdown of operating costs (top), and total annual costs, revenues, and cumulative cash using $3.00/kg starting
silicon price with no changes (center), and $4.00/kg starting price with 2% price reduction and 2% cost increases (bottom).
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same cell current and number of cells). The other
major cost category, which is labor, is more compli-
cated. Product removal from cells is complex com-
pared with Hall–Héroult cells, as disconnecting and
replacing at least 20 cathodes, preparation and
quality assurance, and creating new slabs to go back
into the cell is more convoluted than siphoning out
liquid aluminum. That being said, cathode changes
should take place about once a week versus daily,
and the zirconia anodes will likely last longer than
carbon anodes. Thus, the silicon labor cost might be
higher, but not sufficiently so to raise the total
operating cost significantly.

The capital cost as modeled by Stinn and
Allanore42 is a rough estimate accurate to within
about 10% to 15% of data used in its development. It
is also very sensitive to the bus and cell current. The
capital cost estimate of above $1.68 billion assumed
234 cells with a current of 300 kA. If such large cells
are not possible, for example with 200 kA current
and 351 cells, the estimated capital cost rises to
$2.04 billion; if the cell current is 100 kA with 702
cells, then the estimated capital cost rises still
further to $3.08 billion.

One factor that could raise the operating cost
significantly is the zirconia anodes. When not
polarized, the corrosion rate for this bath composi-
tion is unmeasurably low,30 but the corrosion rate
and lifetime when polarized, or when the composi-
tion fluctuates during operation, is uncertain at this
time.

CONCLUSION

A techno-economic model and finite element anal-
ysis are used to examine the feasibility of molten
salt electrolysis with YSZ SOM anodes for produc-
tion of solid silicon for PV applications, with the
following results:

� The mass balance determines that it takes a
significant amount of new electrolyte to prevent
accumulation of impurities, particularly alu-
mina, in the electrolyte; that additional elec-
trolyte can cost as much as 10% of the silica.

� The energy balance indicated that a self-heating
cell at 1100�C should operate at about 3.4 V plus
a small concentration overpotential, and would

Fig 6. Finite element analysis results showing electrical potential
distribution (background colors) and primary current density
distribution streamlines (black) for 2-cm-, 4-cm-, 6-cm-, and 8-cm-
thick cathodes (1 cm, 2 cm, 3 cm, and 4 cm half-thicknesses in the
model). The quarter anode is in the foreground of each domain, while
the half-thickness cathode section is in the back. The left scale
applies to the left two plots, and the right scale to the right two plots
(Color figure online).

Table II. Calculated cell current per anode and average current density at the cathode–electrolyte interface

Cathode thickness (cm) Anode current (A) Average cathode current density (A/cm2)

2.0 95.9 0.066
4.0 133.0 0.092
6.0 156.0 0.108
8.0 173.8 0.121
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consume 14.3 kWh/kg silicon product. Although
representing the largest component of the oper-
ating cost, this is far less energy than the
Siemens process, which uses more than 150
kWh/kg, or the Elkem process, which uses just
below 90 kWh/kg.1

� The cost analysis included raw materials, en-
ergy, labor, and a contingency estimated total
operating cost of $1.74/kg Si product, with a
capital cost just under $1.7 billion for a 160 kt/a
plant. The payback period would depend on the
polysilicon sale price, changes in price, and input
costs: at $3/kg with no changes, the initial
investment would be paid back in about 11
years. Such a plant would supply about one-third
of the world’s current PV polysilicon market.

� The total current estimated using the finite
element analysis was very consistently with the
1-D energy balance model. The FEA results
indicated that, at 1100�C, a 1.2-m-high vertical
solid silicon cathode can achieve a mostly uni-
form primary current density distribution if at
least 4 cm thick (with 2 cm half-thickness). This
model will inform the electrode design and
operation characteristics.
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