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A hybrid polycrystalline silicon production route is optimized following a two-step procedure. First, sur-
rogate models for the main units are developed following different techniques which depend on the
available information. Secondly, the optimization of the entire process flowsheet allows determining the
optimal tradeoff between yield and energy consumption. A base production capacity of 2000 t/y of poly-
crystalline silicon is considered, with an equipment cost of 9.97 M$. Three scenarios are evaluated: max-
imum silicon production, minimum operating costs and maximum total profit. The maximization of the
total profit is the most promising scenario, obtaining a selling price of 8.93 $/kgp,,, below the commer-
cial price, 10 $/kgpoly. The revenue obtained is 10 M$/y, with an operating cost of 6.48 M$/y. Furthermore,
a plant scale-up study was performed. If the production capacity is increased by a factor of 10, it results

in a reduction of 1.03 $/kgSipgy.
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1. Introduction

Climate change is one of the major concerns of our society.
Some of the effects of the climate change represent a threat for
the survival of many human communities due to the rise of the
sea level, food shortages as a result of poor crops, and water
scarcity, among other consequences. To address this challenge and
cope with the increasing global energy consumption, changes in
our production system must be addressed. One of the main chal-
lenges is the generation of energy through ecological and sustain-
able paths. Among the most promising alternatives with the poten-
tial to meet these requirements are solar energy and silicon-based
solar cells (Green, 2009).

Although silicon-based photovoltaic panels can be built using
both polycrystalline and monocrystalline silicon, the scope of this
work focuses on polycrystalline technologies. Traditionally, poly-
crystalline silicon (also called polysilicon), has been used in the
microelectronic industry (Pizzini, S., 2010). However, the rise of the
solar power sector in the last decade turned the photovoltaic in-
dustry (PV) into the main consumer of polysilicon (Hesse et al.,
2009). As a result, the polysilicon production has been surpassed
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by the demand generated from the photovoltaic industry, creating
a shortage of supply (Chigondo, 2018). Additionally, the develop-
ment of the PV industry has led to a decrease in the generation
cost of electricity, allowing some countries to reach the socket par-
ity (Polman et al., 2016). However, further reductions in the cost of
photovoltaic cells and increases in the electricity production effi-
ciency are needed to improve the competitiveness the solar-based
electricity, ensuring its long-term sustainability, and its expansion
into new markets (Wang et al., 2013; Morita & Yoshikawa, 2011).
Since approximately one half of the finished module costs relies
on the production of polycrystalline silicon (Weber et al., 2004),
reducing the manufacturing cost of polysilicon is a key objective
to reduce the manufacturing cost of solar panels.

Two silicon production processes are widely used: the metal-
lurgical process to produce silicon at purity of 98-99%, and the
chemical path to further increase the purity reaching solar grade
silicon (SG-Si) (Ranjan et al., 2011; Zadde et al., 2002). Industrial
production of SG-Si using metallurgic routes is under development.
There are two industrial processes that can be distinguished within
the chemical route: the Siemens process, based on the decompo-
sition of trichlorosilane at high temperature in a hydrogen atmo-
sphere (SiHCl3) (O‘Mara et al.,, 2007; Nie et al., 2018), and the pro-
cess developed by Union Carbide Co., based on the disproportion of
trichlorosilane to produce silane (SiH4) as high purity silicon pre-
cursor of polysilicon (Union Carbide, 1981).
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siliconde
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Poutcompressor Out pressure [kPa]
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H;lr ef Standard enthalpy for each element i
[J/mol]

G} Standard Gibbs free energy [J/mol]

GT Total Gibbs free energy []]

Gpi Specific heat of the component i [J/molK]

Cp, i Heat capacity [J/molK]
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the system

R; Mass rate of change in species i by chem-
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AEp Variation of potential energy |[J]

AEc Variation of kinetic energy [J]

@i Fugacity coefficient
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Ai Specific latent heat for each element i
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Y Molar fraction of species i

To achieve the targets of lower manufacturing costs and higher
production capacity, novel processes are needed. In previous
works, Ramirez-Marquez et al. (2018, 2019), a process with high
production capacity of polycrystalline silicon has been developed
and optimized using different objective functions: economic (to-
tal annual cost (TAC) and the return on investment (ROI)), safety
(the individual risk index (IR)), and environmental (eco-indicator
99 (EI99)). The optimization was carried out using a stochastic op-
timization scheme within the Aspen Plus® software. Although As-
pen Plus® contains several modules for reactors simulation, the
definition of custom models is not feasible, preventing the use of
a specific model for the reaction system evaluated. As a result, one
of the observed drawbacks of the methodology used is the impos-
sibility of evaluating the operating conditions of the reaction sys-
tems. Thus, only the separation systems are optimized.

There are a number of works which individually describe the
different units of the process. Yadav et al. (2017) reviewed nu-
merical models incorporating thermodynamics, reaction kinetics,
fluid dynamics, heat and mass transfer calculations to exam-
ine the refinement of metallurgical silicon to polycrystalline sil-
icon production for each unit independently. The hydrogenation
of trichlorosilane in a fixed bed reactor has been studied by
Sugiura et al. (1992). Likewise, Kato and Wen (1969) tested mod-
els for gas-solid fluidized beds, developing models based on a
three-phase theory involving bubble, emulsion and cloud phases.
Wang (2011) conducted a study of 2-D cylindrical fluidized bed re-
actor model for hydrochlorination of silicon. Ni et al. (2014) pre-
sented studies of gas velocity distribution in bell-jar reactor with
12 rods of three different diameters from 3-D CFD simulations. Al-
though there are a number of works which independently describe
the units of the polycrystalline silicon production process, there is
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no study that captures the features of all the major units within a
process model.

Here, the major units of the process, not only distillation
columns but specially the reactors, involved in the production of
silicon polycrystalline are modeled based on experimental and in-
dustrial data. Different surrogate modeling approaches are used
depending on the data available to develop a framework for the
entire process for polycrystalline silicon production in Ramirez-
Marquez et al. (2018) that will allow evaluating the operating con-
ditions at each of the units towards minimizing the production
cost of the polycrystalline silicon.

Surrogates are useful to execute difficult calculations
(Fahmi and Cremaschi, 2012). Several authors have proposed
the use surrogate models in engineering design to treat significant
aspects such as global optimality (Audet, et al., 2000; Henao and
Maravelias, 2010). Amongst the popular techniques to produce
such surrogates we find Kriging and Artificial Neural Networks
(ANN) (Voutchkov, and Keane, 2006). Caballero and Gross-
mann (2008) have applied Kriging-based models to the solution of
special classes of the synthesis-optimization of chemical process.
The literature review also presents numerous works applying
ANNs to process modeling and optimization (Henao and Mar-
avelias, 2010; Fahmi and Cremaschi, 2012; Schweidtmann et al.,
2019).

The process proposed can be divided into four main sections.
The first stage is the carboreduction of SiO, using C to obtain met-
allurgical silicon. The second section corresponds to the produc-
tion of chlorosilanes through the reactions system formed by the
hydrogenation of silicon tetrachloride and the hydrochlorination of
metallurgical silicon with HCL. The third step consists in the pu-
rification of the chlorosilanes obtained from the previous reactor
using distillation columns. Finally, the fourth section is the con-
version of trichlorosilane into polysilicon in a Siemens deposition
reactor. The entire process is modeled as a Non Linear Programing
(NLP) problem.

The rest of the paper is organized as follows. Section 2 de-
scribes the process studied. Section 3 shows the development
of surrogate models for all units. In Section 4 the solution pro-
cedure presenting the various objective functions is discussed.
Section 5 comments on the results and, finally, conclusions are
drawn.

2. Methodology for process design

To be able to compare the results obtained with the perfor-
mance of current polysilicon plants, a facility with a capacity of
2,000 ton/year of polycrystalline silicon, similar to current indus-
trial polysilicon plants (Nitol Chem Group 1,500 ton/year, PV Crys-
talox 2,250 ton/year, SolarWorld, 3,200 ton/year) (List of World’s
Polysilicon Producers According to Country for Last 3) has been
considered.

With the aim to reduce the manufacturing costs of the photo-
voltaic panels, mainly driven by the silicon cost, a hybrid polycrys-
talline silicon production route combining the stages of Siemens
and Union Carbide with better performance was developed in pre-
vious work in order to reduce the manufacturing costs of the
polysilicon cost (Ramirez-Marquez et al., 2018).

The Siemens process, shown in Fig. 1, is based on the use of
trichlorosilane (SiHCl3) as silicon source. SiHCl; is obtained from
a process which starts from the reduction of quartz in an elec-
trical arc furnace, obtaining metallurgical grade silicon (Siyg). The
Simg produced reacts with hydrogen chloride (HCI) in a fluidized
bed reactor (FBR) to produce a gas stream composed of a mixture
of chlorosilanes. Among them, the most important is trichlorosi-
lane, which will be used as precursor in the polysilicon production
stage (Pazzaglia et al., 2011). Subsequently, the purification process

SiO, +Carbon
e Carboreduction
(2600-3100 K, 1 atm)
Si(MG-Si)l
) . H,
HCl — Synthesis reaction
Q (473-673 K, 1-5 atm)
|
Chlorosilane Mix
SiHCl, and SiCl,
i
° Separation and
Purification
|
SiHCI, (High Purity)
v H,
S d
° Deposition Reactor Separation |— eccén ztary
(1372-1500K, 1atm) | ¢~ Products

v

Polycrystalline silicon

Fig. 1. Siemens process flow diagram (Ramirez-Marquez et al., 2018).

consisting of a distillation column sequence is used to obtain ul-
trapure trichlorosilane. Finally, in the polycrystalline silicon pro-
duction, the ultrapure trichlorosilane is decomposed in a chemi-
cal vapor deposition reactor known as Siemens reactor (Erickson
& Wagner, 1952). It should be noted that a relevant drawback of
the Siemens process is the need of use extremely pure HCl for the
synthesis of chlorosilanes, with the safety and environmental risks
inherent to the use of this compound.

On the other hand, the process developed by Union Carbide Co.,
shown in Fig. 2, uses silane (SiH4) as a source of polycrystalline
silicon. As in the case of the Siemens process, Siyg is produced
via metallurgical reduction of SiO, and C. Both Siyg and silicon
tetrachloride (which is recirculated from the following step) are
hydrogenated in a fluidized bed reactor to produce chlorosilanes:
SiCly, SiH,Cl,, and SiHCI5 (lya, 1986). Subsequently, the separation
and purification of chlorosilanes are performed. The trichlorosi-
lane can be transformed into silane through successive redistribu-
tion reactions (lya, 1986), or through the use of reactive distilla-
tion columns (Muller et al., 2002; Ramirez-Marquez et al., 2016).
Finally, the high purity silane obtained is introduced into a vapor
deposition reactor where it is decomposed to produce the poly-
crystalline silicon. The Union Carbide Co. process achieves higher
efficiencies since the conversion of silane to silicon is larger than
the trichlorosilane transformation to silicon used in the Siemens
process. However, this process operates under more extreme con-
ditions to those used in the Siemens process.

From the process descriptions above, it can be observed that
the conventional processes for polycrystalline silicon production
can be divided into four main stages: a) thermal carboreduction
stage, where a metallurgical reduction is carried out. This process
consists of melting the silica in presence of carbon in an electric
arc furnace at a temperature above of the boiling point of SiO,
(2773.15 K) to produce Siyg; b) chlorosilanes production from Siyg
in fluidized bed reactors; c) the purification stage, that separates
different chlorosilanes originated from the previous process; and
finally d) polycrystalline silicon production through chemical vapor
deposition. Considering every stage of the conventional processes,
the process for polycrystalline silicon production shown in Fig. 3
was developed by the Ramirez-Marquez et al. (2018 & 2019). In
those works, the conceptual design of the process, named as Hy-
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Fig. 3. Hybrid process flow diagram (Ramirez-Marquez et al., 2018).

brid Process, is carried out through the strategic combination of
stages of the Siemens process and the Union Carbide Co. process.
The conceptual design was driven by the idea of taking advantage
of the maximum productivity of each stage, combining them in the
optimal arrangement, and verifying the feasibility of the final inte-
gration of stages.

As shown in Fig. 3, the first stage of the Siy;g production is car-
ried out similarly in both conventional processes through the met-
allurgical reduction of SiO, with C. The global reaction of quartz

reduction in the arc furnace is the detachment of the oxygen from
the SiO,, which is captured by C to form carbon monoxide (CO).
However, the carboreduction process in the reactor, carried out at
a temperature above the SiO, boiling point (2773.17 K) is more
complicated, generating other by-products such as SiC(s), Si,C(g),
Sis(g), SiCy(g), Si(g) and SiO(g). Therefore, in this work a more de-
tailed model for the reaction considering the distribution of species
of the system Si-O-C is developed as a function of the temperature
(Wai & Hutchison, 1989).

Once the reaction is completed, the gases are extracted, leaving
the liquid silicon at the bottom of the furnace. The liquid silicon
is collected in a melting pot, which feeds the casting where it so-
lidifies. The temperature at which silicon is extracted from the fur-
nace must be above that melting temperature of silicon (Enriquez-
Berciano et al., 2009). However, if the temperature of silicon is too
high, it can cause a premature wear of the refractory materials and
increase the risk of dissolution of gases in the liquid silicon. On the
contrary, low temperatures may result in low silicon fluidity (1573
K). While silicon stays in the melting pot, the refinement of silicon
is carried out by an oxidative process, eliminating a large part of
the impurities through the formation of slag. Silicon with a purity
of 98%-99% is obtained through this process. In order to continu-
ously feed the vessel of the continuous casting system, successive
melting pots are operated in a sequential mode.

The melting pot discharges molten silicon into a distribution
vessel. The vessel is opened when silicon can maintain a steady
feeding flow. Silicon is then emptied into the ingot mold and
cooled by water pipes located in the internal part reducing its tem-
perature until it solidifies. Afterwards, solid silicon is cooled down
using water showers to adjust its temperature to around 298 K
before grinding in a roller crusher (Ceccaroli & Lohne, 2003). The
Sipc pieces obtained after grinding are stored at atmospheric con-
ditions in a silo which feeds the chlorosilane synthesis reactor.

In the second stage, the grinded metallurgical grade silicon, hy-
drogen, and the SiCl, recycled from the next separation stage are
fed in a fluidized bed reactor for chlorosilanes production. A rig-
orous model of SiCly-H,-Siyg system has been considered for this
stage (Ding, et al., 2014). During this reaction, impurities such as
Fe, Al, and B react to form their halides (e.g. FeCls, AlCl3, and BCl3).
The SiHCl; has a low boiling point of 304.95 K and distillation
is used to purify the SiHCl3 from impurity halides. The purified
SiHCl3 contains less than 1 ppba of electrically active impurities
such as Al, P, B, Fe, Cu or Au. According to Ding et al. (2014), it is
assumed that the following species are involved in the SiCly-H,-
Sipmg system: SiCly, Hj, Siyg, SiHCl3, SiH,C),, and HCL. A rigorous
model of SiCly-H,-Siyc system has been developed for this stage,
evaluating the effect of the operating conditions on the distribu-
tion of the products.

The reactor outlet stream contains a mixture of SiCly, SiHCls,
SiH,Cl,, together with HCl and H,. This stream is fed into a con-
densation stage that separates the reactor effluent in a gas phase
stream and a liquid phase. The gas phase stream is formed by the
most volatile compounds, H, and HCI, while the liquid stream is
formed mainly by SiH,Cl,, SiHCl3 and SiCly. Due to the large dif-
ference of volatility between the hydrogen, hydrogen chloride, and
the chlorosilanes, a 100% separation efficiency in this stage is con-
sidered (Payo, 2008). Therefore, the gaseous stream in the con-
denser is cooled to 298 K. Here, the chlorosilanes condense until
they reach a liquid phase. Afterwards, the stream is introduced into
a phase separator where the gaseous hydrogen and hydrogen chlo-
ride are separated and stored in a tank, while the liquid stream
consisting of the chlorosilanes is sent to the third stage.

The third step is a purification stage where two conventional
distillation columns are used to separate the chlorosilanes mixture.
The SiCly is separated first, due to the large quantity that it repre-
sents. From the top of the first column a SiH;Cl,-SiHCl; mixture
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Fig. 4. Flowsheet of the Hybrid Process proposed.

is recovered, while from the lower section a high purity SiCl, is
obtained. The second column separates the SiH,Cl,-SiHCl; mixture
obtained from the dome of the previous distillation column, ob-
taining a high purity stream of SiH,Cl, at the top, and a high pu-
rity stream of SiHCl; at the bottom (Ramirez-Marquez et al., 2018).

In the last stage SiHCl; is fed to the Siemens vapor deposition
reactor. The Siemens reactor consists of a chamber where several
thin high purity silicon rods are heated up by an electric current
that flows through them. In the reactor, the thermal decomposi-
tion of trichlorosilane in a hydrogen atmosphere is carried out at
temperatures of 373-873 K, leading to the silicon deposition on
the rods, where the solar grade polysilicon is obtained. The re-
actor was modeled assuming a stoichiometric reactor (Ramirez-
Marquez et al., 2018 and 2019). The optimization of reaction con-
ditions, particularly gas flow and temperature, is pursued with the
aim of finding an optimal trade-off between polycrystalline silicon
growth and operation costs due to energy consumption.

The process diagram for polycrystalline silicon production that
was used in this work is showed in Fig. 4. It shows all process
sequence and the products generated in each stage.

3. Modeling approach

In this section, the description of the development of surro-
gate models for the three main reactors and the two distillation
columns is presented. The other units of the process, i.e. compres-
sors, heat exchangers, mixers and splitters are modeled based on
first principles and thermodynamics (Martin, 2016 ). Note that the
modeling approach to each unit is highly dependent on the type
of experimental studies available in the literature and that its main
limitation is in the use of any modeling technique. Regarding ac-
curacy, each model was validated versus original data in order to
reproduce the data within the same operating conditions.

3.1. Thermal carboreduction

The process starts with the carboreduction stage. The raw ma-
terials used are quartz (SiO,) and carbon (C). These materials are
stored in storage tanks, to be further blended in a mixer before
being fed into the carboreduction reactor. The storage tanks and

mixers have been modeled through material balances, being sized
for purposes of cost estimation (Martin, 2016).

The model for the carboreduction reactor is based on the work
reported by Wai and Hutchison (1989). Their work showed that the
reaction among SiO, and C, Eq. (1), actually consists of a number
of stages.

SiOZ(s) + ZC(S)A — Si(l) + ZCO(g) (1)

The detailed model proposed by Wai and Hutchison (1989) con-
siders the multiple silicon dioxide reactions with carbon at high
temperatures to form several products. The possible reactions that
may take place during the silicon dioxide carboreduction process
are shown in Egs. (2) to (8).

Si0(y +Cis) — SiOg) + COyg )
Si0¢y +Cis) — Siqty +COzq) 3)
Si03y +2Cs) — Sigg) +2C0, (4)
Si05y +2Cs) — Sty +2C0) (5)
Si03 ¢y +2.5Cs) — 0.55iC(g) + 2C0) (6)
Si0y +3Cs) — SiCs) +2C0g) 7)
Si0y +4Cs) — SiCo) +2C0q (8)

Wai and Hutchison (1989) computed the products distribution
for a C/SiO, feeding molar ratio of 2:1, a total pressure of 1 atm,
and a temperature range of 2500-3500 K. To achieve the produc-
tion capacity of typical industrial plants, in this work a feed of
15 kmol/h of SiO, and 30 kmol/h of C is considered. To model
the carboreduction process, the distribution diagram of gaseous
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and condensed species in the system Si-O-C at different temper-
atures obtained by Wai and Hutchison (1989) is used. Based on
their work, correlations are developed to estimate the distribution
of the products obtained at the reactor (mol fraction) as a function
of the reaction temperature (K), considering a temperature range
from 2600 to 3100 K.

The PlotDigitizer software was used for data extraction from
plots. Thus, the fit of numerical data obtained for each one of the
species was carried out as a function of the temperature, obtaining
the following correlations for the distribution of the carboreduc-
tion products, Eqs. (9) to (16), where, x; is the molar fraction of
each species i, and T [K] is the temperature between the range of
2600 a 3100 K . Note that not all the correlations show the same
mathematical shape. This is due to the complex shape of the dis-
tribution profiles.

Xsiqy = —2.48131 x 1079 T3 +1.90239 x 107> T2
—4.79395 x 1072 T + 39.71359 (9)

Xcog) = 9.82689 x 107° T3 +1.90239 x 107 T
+3.74066 x 10~! (10)

Xsig) = 5.93093 x 10-10£6:31510x107°T (11)
Xsic(sy = 7.14539 x 1077 T? — 4.50044 x 1073 T +7.08465 (12)
Xsioc(g) = 1.72881 x 107772 —9.13915 x 10* T + 1.20759  (13)

Xsica(g) = —1.19611 x 107MT° + 1.65491
x10719T% - 9.14807 x 1077 T3
+2.52572 x 1073T%> — 3.48320 T + 1919.64937  (14)

Xsiog) = 7-58739 x 1077 T? —4.47932 x 107 T + 6.69671 (15)

Xsiogg) = 1 — Xsity — Xcoqg) — Xsi(g) — Xsic(s) — Xsi2C(g)
— Xsic2(g) — Xsio(g) (16)

The validation of the model can be viewed in the Supplemen-
tary material where the experimental data is plotted versus the
model. Likewise, the energy balance to the reactor is performed to
calculate the utilities required. To provide the necessary energy for
the reaction electrodes are used. A power consumption of 10-11
kWh is required to produce a kilogram of silicon, reaching temper-
atures over 2600 K (Brage, 2003).

Regarding the post processing of the liquid product obtained,
mainly melted silicon, the modeling of the discharge to the melt-
ing pot, the distribution pipe, the secondary cooling, and the roller
crusher was carried out by material and energy balances. The sec-
ond exit stream consisting of the gaseous components is sent to
gas treatment. The solid SiC is extracted in the melting pot as slag,
whereas the metallurgical silicon is sent to the solidification stage
by cooling for its subsequent use in the chlorosilane synthesis re-
actor.

3.2. Hydrochlorination reactor

In the hydrochlorination reactor, the recycled SiCly is hydro-
genated in the presence of Siyg. The thermodynamic analysis of

the system SiCl4—H,—Siyc performed from both thermodynamic
and experimental perspectives by Ding et al. (2014) is considered
to model this unit, where chlorosilanes are produced as intermedi-
ate products. The reactions of the SiCly—H;—Siyg system includes
the SiCl, hydrogenation in gas phase, Eq. (17), and the hydrochlo-
rination of Siyg with HCl, Eq. (18).

SiCl4(g) + H2(g) <~ 5iHCl3(g) + HClg (17)
1. 1. 1
HCl(g) + §SIMG(S) — §SlHCl3(g) + §H2(g) (18)

Combining (17) and (18) yields the SiCl4—H,—Siyg process,
Eq. (19).
. 2 1._. 4 .
SlCl4(g) + §H2(5) =+ §51MG(S) <~ §51HC13(g) (19)

The total Gibbs free energy minimization model, given by
Eq. (20), is used to determine the products distribution at equi-
librium.

N N ri
G =Y mu; = Zn;(G?—i-RTlnﬁ)) (20)
i=1 i=1 i
Furthermore, considering the constraint defined by Eq. (21):
Y omag=Ax (k=1,2, ..., w) (21)
i

The following equations are indicated for the gas-phase, defin-
ing the fugacity f;, standard fufacity f?, and molar fraction, y;, given
by Eqgs. (22), (23) and (24), respectively.

fi=yioiP, ff =P, yi= ZNln» (22)
i 1
For solid silicon:
fi »® o
RTlnF = I{VS,MG(P—P )dP (23)
i )

since Vg is almost independent of the pressure, it can be ap-
proximated by Eq. (24):

-~

RTln% = Vsimc (P — P°) (24)

Therefore, combining Eqs. (20) to (24), Eq. (25) is obtained to
describe the total Gibbs free energy of the system:
al P
G'=>"n (G;’ + RTln%)) + n5iGg; + Vsime (P — P°) (25)
i=1
Where the Gibbs—Helmholtz relationship is defined by Eq. (26):
G =H?+TS} (26)

The standard enthalpy and standard entropy are defined by
Egs. (27) and (28) respectively,

T
H? = Hfyg5 + [ Gy dt (27)
298
T C,;
S} =S+ [ - dt (28)
298

In these expressions, GT is the total Gibbs free energy; N is
the number of species in the reaction system; n; is the number
of moles; w; is the chemical potential; G} is the standard Gibbs
free energy; ﬁ is the fugacity and f? is the standard fugacity of
species i; R is the molar gas constant; T is the temperature; a;,
is the number of k, atoms in each molecule of species i; Ay is
the total atomic mass of the ky, element in the system; w is the
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total number of elements in the system; P is the total pressure.
@; is the fugacity coefficient; y; is the molar fraction of species
i; P° is the standard-state pressure (100 kPa); Vgyc is the molar
volume of silicon; and HY, S?, and C, ; are the standard enthalpy,
standard entropy, and heat capacity, respectively, of species i. Ther-
modynamic data for the chemical species involved is taken from
Ding et al. (2014).

Using the model given by the Gibbs free energy minimization, it
is possible to determine the species distribution when the reaction
system reaches the equilibrium at different conditions of temper-
ature, pressure and H,/SiCl, molar feeding ratio. For convenience,
the reaction system SiCl4—H;,—Siyg was treated as ideal, and the
following variables ranges were studied: temperature, 373—873 K;
pressure , 1-20 atm; and molar feeding ratio H,/SiCly, 1-5. The
total Gibbs free energy minimization was performed offline using
GAMS. A multi-start optimization approach using several nonlin-
ear local solvers it was performed. This procedure was compared
with solving the problem using Baron as solver and the same re-
sults were found. This model was used to develop surrogate mod-
els to be incorporated into the flowsheet optimization framework.
The surrogates are developed for each one of the species involved
in the reactions as shown in Eqs. (17) and (18) as a function of the
three variables, temperature, pressure and H,/SiCl4 ratio are shown
in Egs. (29)-(33), where x; is the equilibrium amount of the species
i (mol fraction); P is the pressure (atm); T is the temperature (K);
and Rel is the H,/SiCl; molar feed ratio. The validation of the sur-
rogate model obtained can be seen in the Supplementary material
(section S.M.2).

Xsicla(gy = 5.345 x 107" — 4.0 x 107° P — 1.6805 x 10~ 'Rel
+1.7367 x 1072 Rel> + 1.0 x 107% P « Rel (29)

XSiHCB(g) = 23454 X 1071 +40 X ‘1076 P — 7369 X ‘1072 Rel
— 8.0x107% T +7.633 x 1073 Rel?
+1.0x10C T Rel « T (30)

Xsitaciagg) = 2-781x 1072 + 1.0 x 107° P — 9.358 x 10~3 Rel
+4.0x1075T + 1.031 x 1073 Rel? (31)

Xi2(g) = 2.048 x 1071 — 6.0 x 1076 P +2.505 x 10~! Rel
+2.0 x 107% T — 2.6166 x 10~2Rel?
+1.0 x 107°% P x Rel (32)

Xucig = 1= Xsiclag) — XsiHci3(g) — XsiH2c12(g) — XH2(g) (33)

The condensation step was modeled based on material and en-
ergy balances considering complete separation of the effluent in a
gas phase stream and a liquid phase stream. The phase separator in
which the hydrogen and hydrogen chloride gaseous are separated
from the liquid chlorosilanes stream was modeled through mate-
rial balances and their respective energy balance assuming perfect
separation based on experimental results (Payo, 2008).

3.3. Separation and purification

For the separation of the chlorosilanes two conventional distil-
lation columns are used. The rigorous modeling and sizing of the
columns was performed using the Aspen Plus® software based on
previous work (Ramirez-Marquez et al., 2019). The Aspen Plus®
models of the distillation columns were used to obtain surrogate

models for optimization. A number of runs were performed un-
der different conditions for key variables such as reflux ratio and
feed composition obtaining as response the energy involved in the
reboiler and at the condenser, and the operating temperatures.
The product purity, the diameter and the height of the distillation
columns are fixed in the simulations while the effect of the feed
and the reflux ratios on the energy and operating temperatures of
each column were evaluated. The variables were evaluated in the
following ranges: feeding molar ratio SiCl4-(SiH,Cl,-SiHCl3) values
from 1 to 2.1698 for the first column; SiH,Cl, - SiHCl3 feed mo-
lar ratio from 2.99 to 7.5678 for the second column; and reflux
ratio from 10 to 80 for the first column and from 60 to 90 for
the second column. The limits of the input variables of the distilla-
tion column were based on mechanical considerations (Gérak and
Olujic, 2014) and were analyzed based on a feasibility analysis car-
ried out in Aspen Plus®. Surrogate models were developed from
the data obtained in the simulations. Eqs. (34) to (41) show the
computed variables including the reboiler and condenser thermal
duties, as well as the top and bottom temperatures.

Qconcor1 = —497.162 + 150.215 FR — 495.071 RR —2.17
x10~% RR? + 150.191 FR %« RR (34)

Qgebcort = 909.868 — 209.970 FR + 495.071 RR
+2.14 x 107* RR? — 150.191 FR * RR (35)

Teoncoi1 = 351.296 — 4.93 x 10~4 RR — 1.70050 FR + 6 x 10~°RR?
—1.0 x 10% RR+ FR (36)

Trebcot = 387.695 — 9.0 x 1075 FR (37)

Qconcorz = —15.777 — 1.1074 FR — 18.3726 RR + 1.0438
x10~1 FR? + 1.0 x 10~ RR?
+3.632 x 103 FR«RR (38)

Qgebcoly = 19.968 + 9.4538 FR + 18.3726 RR — 1.0427
x10~1 FR? — 1.0 x 10 RR?

—3.632x 107 FR«RR (39)
Teoncoz = 321.8 — 1x 107° FR (40)
Trebcolz = 346.2 + 1.714 FR — 1.057 x 10~' FR? (41)

where, Qconcon iS the condenser heat duty of the column 1 (kW);
Qrebcorr 1S the reboiler heat duty of the column 1 (kW);Tconcon 1S
the top temperature of the column 1 (K);Tgepcoiy iS the bottom
temperature of the column 1 (K); Qconcorz i the condenser heat
duty of the column 2 (kW); Qgepcorz is the reboiler heat duty of
the column 2 (KW);Tconcorz iS the top temperature of the column
2 (K);Trepcorp is the bottom temperature of the column 2 (K); FR is
the Feed Ratio; RR is the Reflux Ratio.

The mass balances were considered as follows: in the first col-
umn dome a SiH,Cl,-SiHCl; mixture is recovered, whose compo-
sition depends on the operating conditions of the hydrochlorina-
tion reactor, while in the bottom of the column high purity SiCly
(99.999% wt.) is obtained. The second distillation column sepa-
rates the SiH,Cl,-SiHCl3 mixture, obtaining high purity SiH,Cl, in
the dome (99.999% wt.), while for the lower section a high purity
SiHCl3 (99.999% wt.) is recovered (Ramirez-Marquez et al., 2018).
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The surrogate model validation can be seen in the Supplementary
material (section S.M.3).

3.4. Siemens reactor

The deposition of polycrystalline silicon was modeled according
to the work by Del Coso et al., 2008. In their work, the operat-
ing conditions required for polycrystalline silicon deposition in the
traditional Siemens reactor are provided. They develop analytic so-
lutions for the deposition process, splitting the second-order reac-
tion rate into two systems of first-order reaction rate. The growth
rate, the deposition efficiency, the power-loss dependence on the
gas velocity, the composition of the mixture of gas, the reactor
pressure, and the surface temperature have been analyzed, provid-
ing information regarding the deposition velocity and the polycrys-
talline silicon quantity obtained. The variables analyzed were the
polysilicon growth rate, the deposition efficiency and the system
temperature. The U shape bars of ultrapure silicon of the Siemens
reactors are heated up using electric current. The variables de-
scribed above are studied in the reaction system formed by the
reactions showed in Eqs. (42) and (43) (Del Coso et al., 2008;
Jain et al., 2011).

SiHCls + Hy, < Si+ 3 HCl (42)

SiHCl; + HCl < SiCly + H, (43)

It is assumed that silicon deposition follows a second order
kinetics, where the consumption or generation mass rate of the
species i in the surface of the rods can be expressed as Eq. (44):

R = v;uik[SiHCI3][Ha] (44)

where, R; is the mass rate of species i by chemical reaction,
[kg/m?2s]; w; is the viscosity of the species i, [kg /m s]; v; cor-
responds to the stoichiometry coefficients of the compounds in-
volved in the reactions (—1 for SiHCl;3 and H, and 3 for HCl); k is
the overall reaction coefficient; and [i] is the mole concentration of
species ion the surface.

The global deposition reaction coefficient can be expressed as
shown in Eq. 45, where, ky4 is the rate of SiHCl3 chemisorption on
the surface; and k; is the trichlorosilane decomposition rate.

1 [SiHCl3] [H]
E = 7]@ + E (45)

The kinetic coefficients are temperature dependent. Therefore,
the Arrhenius’s law applied at atmospheric pressure is considered,
as shown in Eqs. (46) and (47), where, T is the temperature (K);
and R is the constant of ideal gases in SI units.

5
kog(T) = 2.72 x 106€xp<_]'72x10) (46)
RT
5
ke(T) = 5.63 x 103exp<1'82TX10> (47)

The model defined by Eqs. (44)-(47) was solved with the data
reported by Del Coso et al., 2008 for a temperature range from
1372 to 1500 K. As in the previous cases, a surrogate model is de-
veloped to estimate the species distribution as a function of the
temperature in the range studied, Eqs. (48)-(51). It should be noted
that the reaction coefficients estimated through Egs. (46) and
(47) are validated at atmospheric pressure, and consequently, they
should not be used to calculate the effect of pressure inside the
reactor.

Xsi¢s) = —6.220 x 107'T? + 1.8580059
x107°T — 1.3159371763 (48)

Xiz@ = 3.9x 107°T? — 1.17934 x 10°T
+ 1.47006954 x 10~2 (49)

Xucig) = 3.57 x 1078 T> — 1.066805 x 10~* T
+1.329638743 x 10! (50)

Xsiclagy = 1 — Xsis) — Xn2(g) — Xncie) (51)

where, X; is the concentration of the species i (mass fraction) and T
is the temperature (K). The polycrystalline silicon deposition itself,
is the largest contributor to the energy consumption of the overall
process is assumed to be 60 kWh per kg (Ramos et al., 2015). The
validation of the surrogate model obtained for polycrystalline sili-
con deposition can be found in the Supplementary material (sec-
tion S.M.4). It can be noticed that the approximation of the models
is quite precise to those obtained by Del Coso et al., 2008.

The silicon rods grow continuously to a thickness of 80 mm-
150 mm per rod (Ramos et al, 2015). Electrical power is used
to heat the rods. The deposition process takes about 3 to 5 days
(Ramos et al., 2015). Therefore, it is necessary to use several depo-
sition reactors for the required production.

3.5. Auxiliary equipment

Pumps, separators and heat exchangers were modeled accord-
ing to mass and energy balances in steady state. Regarding com-
pressor modeling, polytrophic behavior for all compressors was
considered, as well as an efficiency, n., of 0.85 (Walas, 1990), the
polytrophic coefficient, z, was obtained from Aspen Plus® offline
simulations, having a value of 1.4. Energy balance for compressors
was estimated considering Eqs. (52) and (53).

ToutC ompressor = TinC ompressor
-1
P, outCom : 1
pressor
+ TinCompressor P -1)— (52)
inCompressor ne

R-z. (TinCompressor) )

W(Compressor) =F. <((1VIW)(Z—1))

-1
1 P, ?
N outCompressor _1 (53)
nc PinCompressor
where, Toycompressor 1S the outlet temperature (K); Tincompressor 1S
the inlet temperature (K); Poyrcompressor iS the outlet pressure (kPa);
Pincompressor 1S the inlet pressure (kPa); z is a polytrophic coefficient;

nc is the efficiency of the compressor; Wcompressor) 1S the electrical
energy (kW); and R is the constant of ideal gases in SI units.

4. Solution procedure

The process was formulated as a nonlinear programming (NLP)
problem. The model consists of 1,281 equations and 1,695 vari-
ables. Three different objective functions, Eqs. (54) to (56), are
evaluated for the optimization of the Hybrid Process for polycrys-
talline silicon production considering the following decision vari-
ables: the temperature of the thermal carboreduction reactor; the
temperature, pressure, and H,/SiCl, feeding molar ratio of the hy-
drochlorination reactor, the feeding ratio and the reflux ratio of
each distillation column, and the operating temperature of the
Siemens Reactor, see Table 1.
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Table 1
Summary of decision variables for the process.
TCarb Hydro Separation ~ Siemens
Column 1 Column 2
Variables  T[K] T[K] P [kPa] H,/SiCl; FR RR FR RR T [K]
TCarb=Thermal Carboreduction; Hydro=Hydrochlorination Reactor; T= Temperature;
P=Pressure; FR= Feed Ratio; RR= Reflux Ratio.
Table 2
Operating conditions of each stage of the process.
TCarb Hydro Separation Siemens
Column 1 Column 2
OF  T[K] T[K] P [kPa] H,/SiCl;  FR RR FR RR T [K]
1 2859.65 673.15 2026.00 1.92 217 80.00 6.82 90.01 1493.57
2 2776.91 873.25  2026.00  5.00 209 13.89 5.06 5999 1372.50
3 2868.71 873.25  2026.00 4.56 209 1392 515 5999 1500.50

* OF= Objective function; TCarb=Thermal Carboreduction;

Hydro=Hydrochlorination Reactor; T=

Temperature; P=Pressure; FR= Feed Ratio; RR= Reflux Ratio.

The first objective function, Eq. (54), seeks to maximize the
polycrystalline silicon production where, fc,opcrystatiinesilicon 1S the
mass flow of polycrystalline silicon.

(54)

The second objective function, Eq. (55), aims to minimize the
process operation cost according to the methodology demonstrated
by Gutiérrez (2003), where, a is a factor that considers annual ex-
penses such as maintenance; Ir is the fixed annualized investment;
b is the unit cost of each raw material RM; c is the cost of each
utility E; d MO is the cost of manpower; p is the price of each by-
product SP. The raw material, vapor, cooling and electricity costs
are taken from the report of Intratec Solutions (2019).

OF2)minz=alg+bRM+cE+d MO - p SP

OFI) zZ = fcpolycrystalline silicon

(55)

Finally, the third objective function, Eq. (56), aims to maximize
the process total profit, considering not only the production of
the main product (polysilicon), but also the income from byprod-
ucts (chlorosilanes), deducting the manufacturing cost, where,
Spolycrystallinesilico 1S Profit from the sale of the polycrystalline sili-
con.

0F3)Z = spolycrystalline silico + P SP—bRM—cE (56)

Each one of the problems are formulated as an NLP solved using
a multistart initialization approach with CONOPT as the preferred
solver.

Also, a detailed economic evaluation based on
Turton et al. (2012) procedure is carried out for the facility
proposed, estimating the equipment cost, production cost, mainte-
nance, administration and manpower.

5. Results
5.1. Operating conditions

The optimization of the polycrystalline silicon production plant
is evaluated under three different optimization criteria as de-
scribed in the section “Solution procedure”. The values of the deci-
sion variables for the process optimization, and the energy require-
ments and temperatures using the different objective functions are
shown in Tables 2 and 3 respectively.

The first objective function, OF 1, maximizes the polycrystalline
silicon production. The results obtained show two features. First,
for a large production of silicon, the hydrochlorination reactor tem-
perature is low using a H,/SiCl; molar ratio of 1.92. However, de-

spite the low energy requirement of the reactor, the production
costs of SiHCl3 are high due to the use of considerable amounts
of SiCly. The second particularity is that the process requires high
energy consumption in the distillation columns due to the high
values of the reflux ratios, ensuring a high polycrystalline silicon
production capacity, although the operating cost is also high.

Regarding the second objective function, the one that min-
imizes of the operating cost, the carboreduction reactor shows
a lower operating temperature, involving a moderate metallurgi-
cal silicon production rate. However, this guarantees lower energy
consumption, as observed in Table 3. In the hydrochlorination reac-
tor, the operating temperature of 873.25 K and the H,/SiCl, feeding
ratio of 5, guarantee a high SiHCl; production. Finally, the distilla-
tion columns and the Siemens reactor exhibit a low thermal load.
This results in a process with a minimum operation cost, although,
it is translated in a lower polycrystalline silicon production.

Finally, the third scenario corresponds to the profit maximiza-
tion. In this scenario the reflux ratios are similar to the case of
optimizing OF2 but the feed ratio to the hydrogenation reactor de-
creases to 4.56. The temperature of the Siemens reactor is slightly
higher than in the previous cases. All scenarios consider the pro-
duction of the required amount of polycrystalline silicon, as well as
the high added value by-products which improves the profitability
of the process.

The operating conditions of the process proposed are com-
pared with the operating conditions of the existing industrial sili-
con polycrystalline to give a real picture of the optimized process.

In the first part of the process, thermal carboreduction of
quartz, a large amount of energy is required to melt the quartz and
take it to Siyg. Brage (2003) reports industrial operating conditions
for this stage of 2600 K at atmospheric pressure. The temperatures
obtained for all scenarios, between 2700-2900 K at atmospheric
pressure, are accordingly to the data reported by Brage (2003). The
variation of temperature in the furnace depends on whether the
target is a larger production of polycrystalline silicon, to reduce op-
erating costs or to raise the profits of the process.

Erickson and Wagner (1952) reported experimental data for the
SiHCl3 production in a fluidized bed reactor. Typical operating con-
ditions of 500-900 K and 2000-3600 kPa are required to obtain
higher conversion. The results obtained ranging from 673 to 873 K
and 2026 kPa (see Table 2) are according to these values. Once the
SiHCl3 is obtained, it is purified on a set of distillation columns.
These columns operate in the range obtained by the rigorous sim-
ulation performed in Aspen Plus. These conditions are collected in
Table 2.
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Table 3
Energy requirements and temperatures for each objective function.
TCarb Hydro Separation Siemens Comp Exchanger
Column 1 Column 2 St Co
OF Q [kW] Q [kW] QCon/QReb [kW] TCun/TReb [K] QCon/Q.Reb [kW] TCon/TREb [K] Q [kW] w [kW] Q [kW]
1 4308.24 568.809  -13710/ 13989 347.60/ 387.695  -1669.95/ 1731.09  321.80/ 352.97  14,560.00  334.34 1040.36  -3242.90
2 4028.80  2140.52  -2700.00/ 2987.78  347.73/ 387.69 -1119.77/ 1166.26  321.80/ 352.17  11,571.86  708.83 1086.77  -6623.58
3 4345.68  2363.79  -2700.00/ 2987.65  347.73/ 387.69 -1119.75 /1166.96  321.80/ 352.22  15,755.12  781.54 1183.3 -7123.78
*Comp=Compressors; Exch= Exchanger; St= Steam; Co=Coolant; Q= Heat Duty; Con=Condenser; Reb=Reboiler; W=Work.
Table 4 a) b)
Profit [M$/y], Operating costs [M$/y], and kg of polycrystalline sili- Cost of ——
R . ost of Raw _——I ost of Coolant ;
con/h of each objective function. Material [$/y] 1S/y]
OF 1 2 3 0,00E400 2,00E+07  4,00E+07 0,00E+00 1,00E+06
Profit [M$/y] 6.34 9.09 10.1 HOF1 MOF2 [1OF3 WOF1 WOF2 110F3
Operating costs [M$/y] 11.64 6.32 6.48
kg of polycrystalline silicon/h  236.71 173.641 217.752
c) d)
a b) Cost of Steam _tl of Electricity :
[$/y] [$/y]
_ _ 0,00E+00  2,00E+06  4,00E+06 1,00E+00 2,00E+06 4,00E+06
Profit [$/y] Operating costs [$/y] HOF1 MOF2 OF3 WOF1 mOF2 [ OF3
Fig. 6. Utility and raw material costs of each objective function.
0 2,000,000 4,000,000 6,000,000 8,000,000 10,000,000 0 4,000,000 8,000,000
M OF1 CIOF2 [ OF3 mOF1 1OF2 OF3

<)

ke of polycrystalline silicon /h
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W OF1 [OF2 1OF3

Fig. 5. a) Profit, b) Operating cost, c) kg of polycrystalline silicon/h of each objective
function.

Siemens reactor conditions are a temperature range between
1300 K and 1500 K and pressure is around 100 kPa according
to Pazzaglia et al. (2011). These results are very similar to those
obtained in the optimization, which range between 1370-1500 K
at 100 kPa, as shown in Table 2. For the capacity of 2000 ton/y
of polycrystalline silicon, 25 Siemens reactor units are required to
complete the production.

5.2. Economic evaluation

The results shown in Table 4 summarize the economic parame-
ters of the process. The larger the polycrystalline silicon production
obtained optimizing the process proposed using OF1 does not re-
sult in a larger profit. The adequate arrangement of the operation
conditions of each unit, the by-products generation, the raw mate-
rial consumption, and the services consumption, are the ones that
give a maximum profit in the process of 10 M$/y, see Fig. 5. This
is an interesting result, and may lead to the development of a sili-
con multiproduct refinery rather than the production of Sisg alone.
Fig. 6 shows the consumption of each one of the utilities and raw
materials for each one of the objective functions evaluated, show-
ing that the maximum polycrystalline silicon production is associ-
ated with high costs in raw material.

Table 4 shows the optimal solutions for the three objective
functions. If OF1 is considered, the production of polycrystalline
silicon is maximized, producing 63.07 kg/h of polycrystalline sili-
con more than in case of using OF2, and 18.96 kg/h of polycrys-
talline silicon more than that of OF3. In the OF1 scenario, the in-
crease of polysilicon production is not associated with a decrease

in the production cost since the polysilicon production is max-
imized independently use of raw materials and utilities. On the
other hand, the production of some secondary components such as
SiCly, H,, HCl is reduced, which can be sold to increase the profit
of the process.

In the case of OF2, the production of polycrystalline silicon is
drastically reduced, since the aim is to minimize the operation
costs of the process, adjusting the production of silicon to the
economy of the facility to reach the lower production cost feasi-
ble. By reducing the operating costs of the process, 5.32 M$/y with
respect to OF1 and 0.16 M$/y with respect to OF3, the profit of the
process increases as it has lower expenditure on raw materials and
energy requirements. Like the previous case, all operating condi-
tions, the required raw materials, and the economic performance
of the facility are linked.

For OF3, where the profit of the facility is maximized, a larger
amount of polysilicon compared to the OF2 scenario is produced.
Operating costs are reduced to a value very similar to that of the
previous scenario.In terms of the operation of the process, the
production of secondary products which raise the profit of the
process is promoted to improve the profit of the process. Addi-
tionally, the lowest production price of polycrystalline silicon 8.93
$/kg is obtained, below than the commercial price of 10 $/kg
(PVinsights, 2019) and making the Hybrid Process a profitable and
competitive process in the PV industry.

The equipment cost of the polycrystalline silicon plant results in
$9.97 M. The investment cost is disaggregated in Table 5. The dis-
tillation columns are the most expensive, second by the Siemens
reactor and the thermal carboreduction reactor. This equipment
represents 77% of the total cost of the process.

To assess the benefits of the modelling approach devel-
oped in this work, the results of this work are compared with
those of the process developed in Aspen Plus® by Ramirez-
Marquez et al. (2019), see Table 6. It should be noted that in this
work rigorous Aspen Plus® simulations are used to develop the
surrogate models for the distillation columns, which are embedded
in the optimization problem. It can be observed that in the previ-
ous optimization performed in Aspen Plus® the energy required
by each stage, and therefore, the operation costs, are larger than
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Table 5
Costs per equipment.

Equipment Number of units ~ Total Cost ($USD)  Total Annualized Cost ($USD/y)
Tanks 4 $49,120.99 $9,824.20
Mixers 3 $262,601.81 $52,520.36
Thermal Carboreduction Reactor 1 $1,488,607.01 $297,721.40
Melting pot 1 $78,798.85 $15,759.77
Conveyor belt 1 $358,000.00 $71,600.00
Hydrochlorination Reactor 1 $265,252.64 $53,050.53
Chlorosilanes separator 1 $238,587.79 $47,717.56
Compressors 4 $928,308.52 $185,661.70
Heat exchanger 4 $112,678.95 $22,535.79
Distillation Columns 2 $3,915,626.17 $783,125.23
Siemens Reactor 25 $2,272,813.21 $454,562.64
Total $9,970,395.94 $1,994,079.18
* 5 years for the annualization.
Table 6
Comparison of operating conditions.
TCarb Hydro Siemens Sipoty
TIK] P[kPa] QI[kW]  TIK] P [kPa] Hy/SiCls  Q[kW]  TIK] P [kPa]  Q [kW] [ton/y]
1 2,859.65 100 430824 673.15 2,02600 192 568.80 1,493.57 100 14,560.00  2,012.04
2 2,776.91 100 4,02880 87325 2,026.00 5.00 2,14052  1,37250 100 9,571.86 1,475.94
3 2,868.71 100 434568 87325 2,026.00 4.6 2,363.79  1,500.50 100 12,755.12  1,850.89
Aspen Simulation ~ 2,273.00 100 6,798.00 773.00  3,600.00 0.01 2,551.96  1,373.00 100 1,871.93 1,899.07
* Sipoy=Polycrystalline silicon
the energy requirements obtained in the facility design proposed
in this work. The production capacity is only similar when the o Investment Shasion
polysilicon production is maximized (OF1 scenario). In the other ey
scenarios, the system adjusts the production capacity to reduce the
manufacturing costs to reach an optimal production cost. It can
therefore be observed how the proposed methodology, combining 20 000 (>
rigorous column modeling and detailed surrogate models for the SiPoly [ton/y] 5,000

reactors with the optimization of the entire plant, results in an op-
timized design of the process with improved performance.

5.3. Scale-up study

Polycrystalline silicon technology relies on processes that have
been mainly borrowed from the semiconductor industry. Conse-
quently, unitary equipment, machines and accessories essential for
the industrial process are also widely available. In the past two
decades, the manufacturing of equipment, machines and acces-
sories has increased in capacity and efficiency (Ranjan et al.,, 2011).
Due to the experience of maintenance and operation, heuristics for
such equipment are extensive and easily manageable. Therefore, by
employing processes for which the equipment and supporting in-
frastructure are predominant, researchers may be able to ensure a
degree of scalability in their technologies. However, when transi-
tioning to higher production volumes, it becomes a challenge to
consistently produce large quantities of polycrystalline silicon with
the same quality.

In this work, the reference capacity of the facility is chosen to
be 2.000 t/y. Although a decrease in the price of silicon was ob-
served, this capacity is not large enough to have low manufactur-
ing costs derived from economies of scale. Nowadays, the accepted
value for the minimum capacity of a polysilicon plant is around
15,000 t/y. For this reason, a scaling study was carried out with
values of around 5,000, 10,000, 15,000 and 20,000 t/y of polycrys-
talline silicon. As the size of the polycrystalline silicon production
plant increases, the cost of plant investment increases as well due
to larger or additional equipment is required. The scale-up study
was carried out using the same methodology described previously
for the modelling of the process and to estimate the equipment
and operating costs. Since the lowest polysilicon price is obtained

SiPoly [ton/y]

15,000
SiPoly [ton/y]

10,000
SiPoly [ton/y]

Fig. 7. Effects of scaling study for the Hybrid Process.

maximizing the profit of the facility, the objective function used in
the scaling study is OF 3.

Table 7 shows the results of the scaling of the polycrystalline
silicon plant. The increase in investment costs, production and
profits along the capacity of the process is observed. A raise of
the profit of 100% when the production capacity is increased from
2000 t/y to 20,000 t/y. Similarly, the price of polycrystalline silicon
decreases 1.03$/kgSip,)y for the same capacity range.

Fig. 7 shows summarizes economic performance of polycrys-
talline silicon for the difference facility sizes evaluated collected in
Table 7. In this figure, five axes that present the production capac-
ity of the facility, and four items in each of the axes are addressed,
such as the estimated price of polycrystalline silicon, the invest-
ment for each kilogram of silicon obtained, the operating costs and
the profit of the facility. It can be observed a non-linear growth of
each one of the items as a function of the capacity of the facility
since.

Responsiveness of these scenarios proves an opportunity for
both research and industry. By understanding the characteristics
of production processes, equipment and the divergence from those
used in a low scale, the process factors that drive them and the
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Table 7

Results of scaling study for the Hybrid Process.
Si0, [kmol/h]-C [kmol/h]  Sipgy [kg/h]  Sipey [t/Y] Price estimated [$/kg]  Investment [M$]  Operational Cost [M$/y]  Profit [M$/y]
15-30 217.752 1850.892 8.94 9.97 6.48 10.1
40-80 591.183 5025.0555 8.71 24.96 8.01 38.25
80-160 1168.78 9934.63 8.49 50.3 8.86 81.19
120-240 1825.284 15514914 8.07 75.68 14.37 118.41
160-320 2369.137 20137.6645 7.91 99.16 15.98 157.11

changes upon scaling up can be anticipated. In fact, by studying
the attributes, constraints, and practical limitations of large-scale
processes, the conditions necessary to produce the desired product
amount at scale can be learnt.

6. Conclusions

In this work the surrogate based optimization of a polycrys-
talline silicon production process based on the hybridization of the
Siemens and the Union Carbide Co. processes developed in previ-
ous works (Ramirez-Marquez et al., 2018, 2019) is performed. Each
unit has been modeled in detail. The entire process, and there-
fore the operating conditions of each unit of the process were op-
timized under three objective functions: the maximization of the
production of polycrystalline silicon, the maximization profit of the
process, and the minimization of operating costs. The advantage
of evaluating the process under the three objective functions is to
determine the effect of the operating conditions under each ob-
jective function showing that the maximum production of the tar-
get compound does not always guarantee a lower selling price. The
optimal operating conditions of the facility that guarantee a lower
energetic consumption, meeting with the required production of
polycrystalline silicon require the production of high valuable by-
products which aid in the economic sustainability of the process.
The results of each objective function show advantages and disad-
vantages. For a large production of polycrystalline silicon, operating
costs increase. If the operating costs are minimized, the produc-
tion of polycrystalline silicon is low. By maximizing the profit of
the process, a trade-off between the last two objective functions
is achieved. For this last scenario, the results after operating ex-
penses, and considering the sale of polycrystalline silicon and the
byproducts of the process, are an operational cost of 6.48 M$|/y.
The investment for the process is 9.97M$. Obtaining a competi-
tive production cost for polycrystalline silicon of 8.93 $/kg, below
the commercial price estimated at 10 $/kg. Also, a decrease in the
price of polycrystalline silicon is observed if the production size of
the polycrystalline silicon plant is increased, the price was reduced
by 1.03 $/kgSip,yy, increasing production 10 times. Additionally, the
advantages of optimizing the development of customize optimiza-
tion methods, in contrast with the use of generic equipment mod-
els in the previous works developed in the Aspen Plus® software
has been shown.

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.
Acknowledgements

The authors acknowledge CONACyYT (Mexico), Universidad de
Guanajuato and PSEM3 at Universidad de Salamanca.

Supplementary materials

Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.compchemeng.2020.
106870.

Appendix A
Energy balances

The energy balance to an open system in steady state is de-
scribed by the Eq. (57) (Doran, 2013).

AEc+AEp+AH:Q+W (57)

where, AEc is the variation of kinetic energy; AEp is the variation
of potential energy; AH is the enthalpy variation; Q is the heat
exchanged by the system; and W is the work exchanged by the
system.

In this work, the mechanic energy contributions (kinetic and
potential energy) to the system total energy were considered neg-
ligible compared with the other terms. Thus, the energy balance is
simplify, obtaining the Eq. (58):

AH=Q+W (58)

The enthalpy variation respect to a reference state is defined
according to the Eq. (59):

T
AH:Z“i~TI{pri~dt+Zni- hitYom He (59)
i € i i

where, n; is the amount of the component i; T is the temperature
[K];Cp; is the specific heat of the component i; A; is the specific
latent heat for each element i; H}iref is the standard enthalpy for
each element i.

The first term of Eq. (59) refers to the energy replaced due to a
temperature change (called sensible heat), and it is represented as
Qs. The second term, called sensible heat, shows the heat involved
if a phase change of the considered substance occurs, and it is rep-
resented as Qy. Finally, the third term shows the energy associated
with the substance formation through a chemical reaction (called
reaction heat), and it is represented as QR. The thermodynamic
data required in the modeling of the different processes was taken
from the National Institute of Standards and Technology (2018).
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