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a b s t r a c t 

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 20 0 0 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 $/kg Poly , below the commer- 

cial price, 10 $/kg Poly . The revenue obtained is 10 M$/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 $/kgSi Poly . 
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. Introduction 

Climate change is one of the major concerns of our society.

ome of the effects of the climate change represent a threat for

he survival of many human communities due to the rise of the

ea level, food shortages as a result of poor crops, and water

carcity, among other consequences. To address this challenge and

ope with the increasing global energy consumption, changes in

ur production system must be addressed. One of the main chal-

enges is the generation of energy through ecological and sustain-

ble paths. Among the most promising alternatives with the poten-

ial to meet these requirements are solar energy and silicon-based

olar cells ( Green, 2009 ). 

Although silicon-based photovoltaic panels can be built using

oth polycrystalline and monocrystalline silicon, the scope of this

ork focuses on polycrystalline technologies. Traditionally, poly-

rystalline silicon (also called polysilicon), has been used in the

icroelectronic industry ( Pizzini, S., 2010) . However, the rise of the

olar power sector in the last decade turned the photovoltaic in-

ustry (PV) into the main consumer of polysilicon ( Hesse et al.,

009 ). As a result, the polysilicon production has been surpassed
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y the demand generated from the photovoltaic industry, creating

 shortage of supply ( Chigondo, 2018 ). Additionally, the develop-

ent of the PV industry has led to a decrease in the generation

ost of electricity, allowing some countries to reach the socket par-

ty ( Polman et al., 2016 ). However, further reductions in the cost of

hotovoltaic cells and increases in the electricity production effi-

iency are needed to improve the competitiveness the solar-based

lectricity, ensuring its long-term sustainability, and its expansion

nto new markets ( Wang et al., 2013 ; Morita & Yoshikawa, 2011 ).

ince approximately one half of the finished module costs relies

n the production of polycrystalline silicon ( Weber et al., 2004 ),

educing the manufacturing cost of polysilicon is a key objective

o reduce the manufacturing cost of solar panels. 

Two silicon production processes are widely used: the metal-

urgical process to produce silicon at purity of 98-99%, and the

hemical path to further increase the purity reaching solar grade

ilicon (SG-Si) ( Ranjan et al., 2011 ; Zadde et al., 2002 ). Industrial

roduction of SG-Si using metallurgic routes is under development.

here are two industrial processes that can be distinguished within

he chemical route: the Siemens process, based on the decompo-

ition of trichlorosilane at high temperature in a hydrogen atmo-

phere (SiHCl 3 ) ( O‘Mara et al., 2007 ; Nie et al., 2018 ), and the pro-

ess developed by Union Carbide Co., based on the disproportion of

richlorosilane to produce silane (SiH 4 ) as high purity silicon pre-

ursor of polysilicon ( Union Carbide, 1981 ). 

https://doi.org/10.1016/j.compchemeng.2020.106870
http://www.ScienceDirect.com
http://www.elsevier.com/locate/compchemeng
http://crossmark.crossref.org/dialog/?doi=10.1016/j.compchemeng.2020.106870&domain=pdf
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Nomenclature 

w Total number of elements in the system 

p Price of each by-product SP [$/unit] 

k Overall constant reaction 

d MO Cost of manpower [$/unit] 

c Cost of each utility E [$/unit] 

b The unit cost of each raw material RM 

[$/unit] 

a Factor that considers annual expenses 

such as maintenance [$/unit] 

W Work exchanged by the system [J] 

Q Heat exchanged by the system [J] 

z Polytropic coefficient 

x Mole fraction 

X Amount of the species [mass fraction] 

TAC Total Annual Cost [$/y] 

T Temperature [K] 

SiO 2 Silicondioxide 

SiO Silicon oxide 

Si MG Metallurgical grade silicon 

SiHCl 3 Trichlorosilane 

SiH 4 Silane 

SiH 2 Cl 2 Dichlorosilane 

SiCl 4 Silicontetrachloride 

SiC 2 Silicondicarbide 

SiC SiliconCarbide 

Si 2 C DisiliconCarbide 

Si 2 Disilicon 

Si Silicon 

RR Reflux Ratio 

ROI Return on investment 

Rel H 2 /SiCl 4 molar feed ratio 

R Molar gas constant 

PV Photovoltaic 

P Pressure [kPa] 

NLP Nonlinear program 

N Number of species in the reaction system 

IR Individual Risk 

HCl Hydrogen chloride 

H 2 Hydrogen 

GAMS General Algebraic Modeling System 

FR Feed Ratio 

FBR Fluidized Bed Reactor 

EI99 Eco-indicator 99 

CO Carbon monoxide 

C Carbon 

�H Enthalpy variation [J/mol] 

μi Viscosity of the species i[Pa ·s] 

μi Chemical potential [J/mol] 

v i Stoichiometry coefficients of involved 

compounds 

n i Amount of the component i [mol] 

n c Efficiency of the compressor 

k r Rate of decomposition. 

k ad Rate of SiHCl 3 chemisorption on the sur- 

face 

f o 
i 

Standard fugacity of species i [kPa] 

fc polycrystalline silicon Mass flow of polycrystalline silicon [kg/s] 

a ik Number of k th atoms in each molecule of 

species i 

W ( Compressor ) Electrical energy [kW] 

V SiMG Molar volume of silicon [m 

3 /mol]; 
t  
T outCompressor Out temperature [K]; 

T inCompressor Entry temperature [K]; 

T RebCol Bottom temperature [K] 

T ConCol Top temperature [K] 

S polycrystalline silico Profit from the sale of the polycrystalline 

siliconde 

S o 
i 

Standard entropy [J/K ·mol] 

Q RebCol Reboiler heat duty [kW] 

Q ConCol Condenser heat duty [kW] 

P outCompressor Out pressure [kPa] 

P o Standard-state pressure (100 kPa); 

P inCompressor Entry pressure [kPa] 

I F Fixed annualized investment [$] 

H 

o 
i 

Standard enthalpy [J/mol] 

H 

T re f 

f i 
Standard enthalpy for each element i 

[J/mol] 

G 

o 
i 

Standard Gibbs free energy [J/mol] 

G 

T Total Gibbs free energy [J] 

C pi Specific heat of the component i [J/molK] 

C p, i Heat capacity [J/molK] 

A K Total atomic mass of the k th element in 

the system 

R i Mass rate of change in species i by chem- 

ical reaction 

�E P Variation of potential energy [J] 

�E C Variation of kinetic energy [J] ̂ ϕ i Fugacity coefficient ̂ f i Fugacity [kPa] 

λi Specific latent heat for each element i 

[J/mol] 

y i Molar fraction of species i 

To achieve the targets of lower manufacturing costs and higher

roduction capacity, novel processes are needed. In previous

orks, Ramírez-Márquez et al. (2018 , 2019 ), a process with high

roduction capacity of polycrystalline silicon has been developed

nd optimized using different objective functions: economic (to-

al annual cost (TAC) and the return on investment (ROI)), safety

the individual risk index (IR)), and environmental (eco-indicator

9 (EI99)). The optimization was carried out using a stochastic op-

imization scheme within the Aspen Plus® software. Although As-

en Plus® contains several modules for reactors simulation, the

efinition of custom models is not feasible, preventing the use of

 specific model for the reaction system evaluated. As a result, one

f the observed drawbacks of the methodology used is the impos-

ibility of evaluating the operating conditions of the reaction sys-

ems. Thus, only the separation systems are optimized. 

There are a number of works which individually describe the

ifferent units of the process. Yadav et al. (2017) reviewed nu-

erical models incorporating thermodynamics, reaction kinetics,

uid dynamics, heat and mass transfer calculations to exam-

ne the refinement of metallurgical silicon to polycrystalline sil-

con production for each unit independently. The hydrogenation

f trichlorosilane in a fixed bed reactor has been studied by

ugiura et al. (1992) . Likewise, Kato and Wen (1969) tested mod-

ls for gas-solid fluidized beds, developing models based on a

hree-phase theory involving bubble, emulsion and cloud phases.

ang (2011) conducted a study of 2-D cylindrical fluidized bed re-

ctor model for hydrochlorination of silicon. Ni et al. (2014) pre-

ented studies of gas velocity distribution in bell-jar reactor with

2 rods of three different diameters from 3-D CFD simulations. Al-

hough there are a number of works which independently describe

he units of the polycrystalline silicon production process, there is
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Fig. 1. Siemens process flow diagram (Ramirez-Marquez et al., 2018). 
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o study that captures the features of all the major units within a

rocess model. 

Here, the major units of the process, not only distillation

olumns but specially the reactors, involved in the production of

ilicon polycrystalline are modeled based on experimental and in-

ustrial data. Different surrogate modeling approaches are used

epending on the data available to develop a framework for the

ntire process for polycrystalline silicon production in Ramírez-

árquez et al. (2018) that will allow evaluating the operating con-

itions at each of the units towards minimizing the production

ost of the polycrystalline silicon. 

Surrogates are useful to execute difficult calculations

 Fahmi and Cremaschi, 2012 ). Several authors have proposed

he use surrogate models in engineering design to treat significant

spects such as global optimality ( Audet, et al., 20 0 0 ; Henao and

aravelias, 2010 ). Amongst the popular techniques to produce

uch surrogates we find Kriging and Artificial Neural Networks

ANN) ( Voutchkov, and Keane, 2006 ). Caballero and Gross-

ann (2008) have applied Kriging-based models to the solution of

pecial classes of the synthesis-optimization of chemical process.

he literature review also presents numerous works applying

NNs to process modeling and optimization ( Henao and Mar-

velias, 2010 ; Fahmi and Cremaschi, 2012 ; Schweidtmann et al.,

019 ). 

The process proposed can be divided into four main sections.

he first stage is the carboreduction of SiO 2 using C to obtain met-

llurgical silicon. The second section corresponds to the produc-

ion of chlorosilanes through the reactions system formed by the

ydrogenation of silicon tetrachloride and the hydrochlorination of

etallurgical silicon with HCl. The third step consists in the pu-

ification of the chlorosilanes obtained from the previous reactor

sing distillation columns. Finally, the fourth section is the con-

ersion of trichlorosilane into polysilicon in a Siemens deposition

eactor. The entire process is modeled as a Non Linear Programing

NLP) problem. 

The rest of the paper is organized as follows. Section 2 de-

cribes the process studied. Section 3 shows the development

f surrogate models for all units. In Section 4 the solution pro-

edure presenting the various objective functions is discussed.

ection 5 comments on the results and, finally, conclusions are

rawn. 

. Methodology for process design 

To be able to compare the results obtained with the perfor-

ance of current polysilicon plants, a facility with a capacity of

,0 0 0 ton/year of polycrystalline silicon, similar to current indus-

rial polysilicon plants (Nitol Chem Group 1,500 ton/year, PV Crys-

alox 2,250 ton/year, SolarWorld, 3,200 ton/year) ( List of World’s

olysilicon Producers According to Country for Last 3 ) has been

onsidered. 

With the aim to reduce the manufacturing costs of the photo-

oltaic panels, mainly driven by the silicon cost, a hybrid polycrys-

alline silicon production route combining the stages of Siemens

nd Union Carbide with better performance was developed in pre-

ious work in order to reduce the manufacturing costs of the

olysilicon cost ( Ramírez-Márquez et al., 2018 ). 

The Siemens process, shown in Fig. 1 , is based on the use of

richlorosilane (SiHCl 3 ) as silicon source. SiHCl 3 is obtained from

 process which starts from the reduction of quartz in an elec-

rical arc furnace, obtaining metallurgical grade silicon (Si MG ). The

i MG produced reacts with hydrogen chloride (HCl) in a fluidized

ed reactor (FBR) to produce a gas stream composed of a mixture

f chlorosilanes. Among them, the most important is trichlorosi-

ane, which will be used as precursor in the polysilicon production

tage ( Pazzaglia et al., 2011 ). Subsequently, the purification process
onsisting of a distillation column sequence is used to obtain ul-

rapure trichlorosilane. Finally, in the polycrystalline silicon pro-

uction, the ultrapure trichlorosilane is decomposed in a chemi-

al vapor deposition reactor known as Siemens reactor ( Erickson

 Wagner, 1952 ). It should be noted that a relevant drawback of

he Siemens process is the need of use extremely pure HCl for the

ynthesis of chlorosilanes, with the safety and environmental risks

nherent to the use of this compound. 

On the other hand, the process developed by Union Carbide Co.,

hown in Fig. 2 , uses silane (SiH 4 ) as a source of polycrystalline

ilicon. As in the case of the Siemens process, Si MG is produced

ia metallurgical reduction of SiO 2 and C. Both Si MG and silicon

etrachloride (which is recirculated from the following step) are

ydrogenated in a fluidized bed reactor to produce chlorosilanes:

iCl 4 , SiH 2 Cl 2 , and SiHCl 3 ( Iya, 1986 ). Subsequently, the separation

nd purification of chlorosilanes are performed. The trichlorosi-

ane can be transformed into silane through successive redistribu-

ion reactions ( Iya, 1986 ), or through the use of reactive distilla-

ion columns ( Muller et al., 2002 ; Ramírez-Márquez et al., 2016 ).

inally, the high purity silane obtained is introduced into a vapor

eposition reactor where it is decomposed to produce the poly-

rystalline silicon. The Union Carbide Co. process achieves higher

fficiencies since the conversion of silane to silicon is larger than

he trichlorosilane transformation to silicon used in the Siemens

rocess. However, this process operates under more extreme con-

itions to those used in the Siemens process. 

From the process descriptions above, it can be observed that

he conventional processes for polycrystalline silicon production

an be divided into four main stages: a) thermal carboreduction

tage, where a metallurgical reduction is carried out. This process

onsists of melting the silica in presence of carbon in an electric

rc furnace at a temperature above of the boiling point of SiO 2 

2773.15 K) to produce Si MG ; b) chlorosilanes production from Si MG 

n fluidized bed reactors; c) the purification stage, that separates

ifferent chlorosilanes originated from the previous process; and

nally d) polycrystalline silicon production through chemical vapor

eposition. Considering every stage of the conventional processes,

he process for polycrystalline silicon production shown in Fig. 3

as developed by the Ramírez-Márquez et al. (2018 & 2019 ). In

hose works, the conceptual design of the process, named as Hy-
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Fig. 2. . Union Carbide Co. process flow diagram ( Ramírez-Márquez et al., 2018 ). 

Fig. 3. Hybrid process flow diagram ( Ramírez-Márquez et al., 2018 ). 
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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 Si MG production is car-

ried out similarly in both conventional processes through the met-

allurgical reduction of SiO with C. The global reaction of quartz
2 
eduction in the arc furnace is the detachment of the oxygen from

he SiO 2 , which is captured by C to form carbon monoxide (CO).

owever, the carboreduction process in the reactor, carried out at

 temperature above the SiO 2 boiling point (2773.17 K) is more

omplicated, generating other by-products such as SiC(s), Si 2 C(g),

i 2 (g), SiC 2 (g), Si(g) and SiO(g). Therefore, in this work a more de-

ailed model for the reaction considering the distribution of species

f 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

he liquid silicon at the bottom of the furnace. The liquid silicon

s collected in a melting pot, which feeds the casting where it so-

idifies. The temperature at which silicon is extracted from the fur-

ace must be above that melting temperature of silicon ( Enríquez-

erciano et al., 2009 ). However, if the temperature of silicon is too

igh, it can cause a premature wear of the refractory materials and

ncrease the risk of dissolution of gases in the liquid silicon. On the

ontrary, low temperatures may result in low silicon fluidity (1573

). While silicon stays in the melting pot, the refinement of silicon

s carried out by an oxidative process, eliminating a large part of

he impurities through the formation of slag. Silicon with a purity

f 98%-99% is obtained through this process. In order to continu-

usly feed the vessel of the continuous casting system, successive

elting pots are operated in a sequential mode. 

The melting pot discharges molten silicon into a distribution

essel. The vessel is opened when silicon can maintain a steady

eeding flow. Silicon is then emptied into the ingot mold and

ooled by water pipes located in the internal part reducing its tem-

erature until it solidifies. Afterwards, solid silicon is cooled down

sing water showers to adjust its temperature to around 298 K

efore grinding in a roller crusher ( Ceccaroli & Lohne, 2003 ). The

i MG pieces obtained after grinding are stored at atmospheric con-

itions in a silo which feeds the chlorosilane synthesis reactor. 

In the second stage, the grinded metallurgical grade silicon, hy-

rogen, and the SiCl 4 recycled from the next separation stage are

ed in a fluidized bed reactor for chlorosilanes production. A rig-

rous model of SiCl 4 -H 2 -Si MG system has been considered for this

tage ( Ding, et al., 2014 ). During this reaction, impurities such as

e, Al, and B react to form their halides (e.g. FeCl 3 , AlCl 3 , and BCl 3 ).

he SiHCl 3 has a low boiling point of 304.95 K and distillation

s used to purify the SiHCl 3 from impurity halides. The purified

iHCl 3 contains less than 1 ppba of electrically active impurities

uch as Al, P, B, Fe, Cu or Au. According to Ding et al. (2014) , it is

ssumed that the following species are involved in the SiCl 4 -H 2 -

i MG system: SiCl 4 , H 2 , Si MG , SiHCl 3 , SiH 2 C l2 , and HCl. A rigorous

odel of SiCl 4 -H 2 -Si MG system has been developed for this stage,

valuating the effect of the operating conditions on the distribu-

ion of the products. 

The reactor outlet stream contains a mixture of SiCl 4 , SiHCl 3 ,

iH 2 Cl 2 , together with HCl and H 2 . This stream is fed into a con-

ensation stage that separates the reactor effluent in a gas phase

tream and a liquid phase. The gas phase stream is formed by the

ost volatile compounds, H 2 and HCl, while the liquid stream is

ormed mainly by SiH 2 Cl 2 , SiHCl 3 and SiCl 4 . Due to the large dif-

erence of volatility between the hydrogen, hydrogen chloride, and

he chlorosilanes, a 100% separation efficiency in this stage is con-

idered ( Payo, 2008 ). Therefore, the gaseous stream in the con-

enser is cooled to 298 K. Here, the chlorosilanes condense until

hey reach a liquid phase. Afterwards, the stream is introduced into

 phase separator where the gaseous hydrogen and hydrogen chlo-

ide are separated and stored in a tank, while the liquid stream

onsisting of the chlorosilanes is sent to the third stage. 

The third step is a purification stage where two conventional

istillation columns are used to separate the chlorosilanes mixture.

he SiCl 4 is separated first, due to the large quantity that it repre-

ents. From the top of the first column a SiH 2 Cl 2 -SiHCl 3 mixture
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Fig. 4. Flowsheet of the Hybrid Process proposed. 
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s recovered, while from the lower section a high purity SiCl 4 is

btained. The second column separates the SiH 2 Cl 2 -SiHCl 3 mixture

btained from the dome of the previous distillation column, ob-

aining a high purity stream of SiH 2 Cl 2 at the top, and a high pu-

ity stream of SiHCl 3 at the bottom ( Ramírez-Márquez et al., 2018 ).

In the last stage SiHCl 3 is fed to the Siemens vapor deposition

eactor. The Siemens reactor consists of a chamber where several

hin high purity silicon rods are heated up by an electric current

hat flows through them. In the reactor, the thermal decomposi-

ion of trichlorosilane in a hydrogen atmosphere is carried out at

emperatures of 373-873 K, leading to the silicon deposition on

he rods, where the solar grade polysilicon is obtained. The re-

ctor was modeled assuming a stoichiometric reactor ( Ramírez-

árquez et al., 2018 and 2019 ). The optimization of reaction con-

itions, particularly gas flow and temperature, is pursued with the

im of finding an optimal trade-off between polycrystalline silicon

rowth and operation costs due to energy consumption. 

The process diagram for polycrystalline silicon production that

as used in this work is showed in Fig. 4 . It shows all process

equence and the products generated in each stage. 

. Modeling approach 

In this section, the description of the development of surro-

ate models for the three main reactors and the two distillation

olumns is presented. The other units of the process, i.e. compres-

ors, heat exchangers, mixers and splitters are modeled based on

rst principles and thermodynamics ( Martín, 2016 ). Note that the

odeling approach to each unit is highly dependent on the type

f experimental studies available in the literature and that its main

imitation is in the use of any modeling technique. Regarding ac-

uracy, each model was validated versus original data in order to

eproduce the data within the same operating conditions. 

.1. Thermal carboreduction 

The process starts with the carboreduction stage. The raw ma-

erials used are quartz (SiO 2 ) and carbon (C). These materials are

tored in storage tanks, to be further blended in a mixer before

eing fed into the carboreduction reactor. The storage tanks and
ixers have been modeled through material balances, being sized

or purposes of cost estimation ( Martín, 2016 ). 

The model for the carboreduction reactor is based on the work

eported by Wai and Hutchison (1989) . Their work showed that the

eaction among SiO 2 and C, Eq. (1) , actually consists of a number

f stages. 

i O 2 ( S ) + 2 C ( s ) � → S i ( l ) + 2 C O ( g ) (1) 

The detailed model proposed by Wai and Hutchison (1989) con-

iders the multiple silicon dioxide reactions with carbon at high

emperatures to form several products. The possible reactions that

ay take place during the silicon dioxide carboreduction process

re shown in Eqs. (2) to (8) . 

i O 2 ( l ) + C ( s ) → Si O ( g ) + C O ( g ) (2) 

i O 2 ( l ) + C ( s ) → S i ( l ) + C O 2 ( g ) (3) 

i O 2 ( l ) + 2 C ( s ) → S i ( g ) + 2 C O ( g ) (4) 

i O 2 ( l ) + 2 C ( s ) → S i ( l ) + 2 C O ( g ) (5) 

i O 2 ( l ) + 2 . 5 C ( s ) → 0 . 5 S i 2 C ( g ) + 2 C O ( g ) (6) 

i O 2 ( l ) + 3 C ( s ) → Si C ( s ) + 2 C O ( g ) (7) 

i O 2 ( l ) + 4 C ( s ) → Si C 2 ( l ) + 2 C O ( g ) (8) 

Wai and Hutchison (1989) computed the products distribution

or a C/SiO 2 feeding molar ratio of 2:1, a total pressure of 1 atm,

nd a temperature range of 250 0-350 0 K. To achieve the produc-

ion capacity of typical industrial plants, in this work a feed of

5 kmol/h of SiO 2 and 30 kmol/h of C is considered. To model

he 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 i is the molar fraction of

each species i, and T [K] is the temperature between the range of

260 0 a 310 0 K . Note that not all the correlations show the same

mathematical shape. This is due to the complex shape of the dis-

tribution profiles. 

x Si ( l ) = −2 . 48131 × 10 

−9 T 3 + 1 . 90239 × 10 

−5 T 2 

− 4 . 79395 × 10 

−2 T + 39 . 71359 (9)

x CO ( g ) = 9 . 82689 × 10 

−5 T 3 + 1 . 90239 × 10 

−5 T 

+ 3 . 740 6 6 × 10 

−1 (10)

x Si ( g ) = 5 . 93093 × 10 

−10 e 6 . 31510 ×10 −3 T (11)

x SiC ( s ) = 7 . 14539 × 10 

−7 T 2 − 4 . 50044 × 10 

−3 T + 7 . 08465 (12)

x Si 2 C ( g ) = 1 . 72881 × 10 

−7 T 2 − 9 . 13915 × 10 

−4 T + 1 . 20759 (13)

x SiC2 ( g ) = −1 . 19611 × 10 

−14 T 5 + 1 . 65491 

×10 

−10 T 4 − 9 . 14807 × 10 

−7 T 3 

+ 2 . 52572 × 10 

−3 T 2 − 3 . 48320 T + 1919 . 64937 (14)

x SiO ( g ) = 7 . 58739 × 10 

−7 T 2 − 4 . 47932 × 10 

−3 T + 6 . 69671 (15)

x Si 2 ( g ) = 1 − x Si ( l ) − x CO ( g ) − x Si ( g ) − x SiC ( s ) − x Si 2 C ( g ) 

− x SiC2 ( g ) − x SiO ( 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 SiCl 4 is hydro-

genated in the presence of Si . The thermodynamic analysis of
MG 
he system SiCl 4 −H 2 −Si MG performed from both thermodynamic

nd experimental perspectives by Ding et al. (2014) is considered

o model this unit, where chlorosilanes are produced as intermedi-

te products. The reactions of the SiCl 4 −H 2 −Si MG system includes

he SiCl 4 hydrogenation in gas phase, Eq. (17) , and the hydrochlo-

ination of Si MG with HCl, Eq. (18) . 

iC l 4 ( g ) + H 2 ( g ) ↔ SiH C l 3 ( g ) + H C l g (17)

 C l ( g ) + 

1 

3 

S i MG ( s ) → 

1 

3 

SiH C l 3 ( g ) + 

1 

3 

H 2 ( g ) (18)

Combining (17) and (18) yields the SiCl 4 −H 2 −Si MG process,

q. (19) . 

iC l 4 ( g ) + 

2 

3 

H 2 ( s ) + 

1 

3 

S i MG ( s ) ↔ 

4 

3 

SiHC l 3 ( g ) (19)

The total Gibbs free energy minimization model, given by

q. (20) , is used to determine the products distribution at equi-

ibrium. 

 

T = 

N ∑ 

i =1 

n i μi = 

N ∑ 

i =1 

n i 

(
G 

o 
i + RT ln ̂

 f i 
f o 
i 

)
(20)

Furthermore, considering the constraint defined by Eq. (21) : 
 

i 

n i a ik = A K ( k = 1 , 2 , . . . , w ) (21)

The following equations are indicated for the gas-phase, defin-

ng the fugacity ̂  f i , standard fufacity f o 
i 

, and molar fraction, y i , given

y Eqs. (22) , (23) and (24) , respectively. 

 f i = y i ̂  ϕ i P, f o i = P o , y i = 

n i ∑ N 
i n i 

(22)

For solid silicon: 

T ln ̂

 f i 
f o 
i 

= 

P 

∫ 
P o 

V SiMG ( P − P o ) dP (23)

ince V SiMG is almost independent of the pressure, it can be ap-

roximated by Eq. (24) : 

T ln ̂

 f i 
f o 
i 

= V SiMG ( P − P o ) (24)

Therefore, combining Eqs. (20) to (24) , Eq. (25) is obtained to

escribe the total Gibbs free energy of the system: 

 

T = 

N ∑ 

i =1 

n i 

(
G 

o 
i + RT ln 

y i P 

P o 

)
+ n Si G 

o 
Si + V SiMG ( P − P o ) (25)

here the Gibbs −Helmholtz relationship is defined by Eq. (26) : 

 

o 
i = H 

o 
i + T S o i (26)

The standard enthalpy and standard entropy are defined by

qs. (27) and (28) respectively, 

 

o 
i = H 

o 
i, 298 + 

T 

∫ 
298 

C p,i dt (27)

 

o 
i = S o i, 298 + 

T 

∫ 
298 

C p,i 

T 
dt (28)

In these expressions, G 

T is the total Gibbs free energy; N is

he number of species in the reaction system; n i is the number

f moles; μi is the chemical potential; G 

o 
i 

is the standard Gibbs

ree energy; ̂ f i is the fugacity and f o 
i 

is the standard fugacity of

pecies i; R is the molar gas constant; T is the temperature; a ik 
s the number of k th atoms in each molecule of species i; A K is

he total atomic mass of the k element in the system; w is the
th 
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S  
otal number of elements in the system; P is the total pressure.̂ 

 i is the fugacity coefficient; y i is the molar fraction of species

; P o is the standard-state pressure (100 kPa); V SiMG is the molar

olume of silicon; and H 

o 
i 
, S o 

i 
, and C p, i are the standard enthalpy,

tandard entropy, and heat capacity, respectively, of species i. Ther-

odynamic data for the chemical species involved is taken from

ing et al. (2014) . 

Using the model given by the Gibbs free energy minimization, it

s possible to determine the species distribution when the reaction

ystem reaches the equilibrium at different conditions of temper-

ture, pressure and H 2 /SiCl 4 molar feeding ratio. For convenience,

he reaction system SiCl 4 −H 2 −Si MG was treated as ideal, and the

ollowing variables ranges were studied: temperature, 373 −873 K;

ressure , 1 −20 atm; and molar feeding ratio H 2 /SiCl 4 , 1-5. The

otal Gibbs free energy minimization was performed offline using

AMS. A multi-start optimization approach using several nonlin-

ar local solvers it was performed. This procedure was compared

ith solving the problem using Baron as solver and the same re-

ults were found. This model was used to develop surrogate mod-

ls to be incorporated into the flowsheet optimization framework.

he surrogates are developed for each one of the species involved

n the reactions as shown in Eqs. (17) and (18) as a function of the

hree variables, temperature, pressure and H 2 /SiCl 4 ratio are shown

n Eqs. (29) - (33) , where x i is the equilibrium amount of the species

 (mol fraction); P is the pressure (atm); T is the temperature (K);

nd Rel is the H 2 /SiCl 4 molar feed ratio. The validation of the sur-

ogate model obtained can be seen in the Supplementary material

section S.M.2). 

 SiCl4 ( g ) = 5 . 345 × 10 

−1 − 4 . 0 × 10 

−6 P − 1 . 6805 × 10 

−1 Rel 

+1 . 7367 × 10 

−2 Re l 2 + 1 . 0 × 10 

−6 P ∗ Rel (29) 

 SiHCl3 ( g ) = 2 . 3454 × 10 

−1 + 4 . 0 × 10 

−6 P − 7 . 369 × 10 

−2 Rel 

− 8 . 0 × 10 

−6 T + 7 . 633 × 10 

−3 Re l 2 

+1 . 0 × 10 

−6 T Rel ∗ T (30) 

 SiH2 Cl2 ( g ) = 2 . 781 × 10 

−2 + 1 . 0 × 10 

−6 P − 9 . 358 × 10 

−3 Rel 

+ 4 . 0 × 10 

−6 T + 1 . 031 × 10 

−3 Re l 2 (31) 

 H2 ( g ) = 2 . 048 × 10 

−1 − 6 . 0 × 10 

−6 P + 2 . 505 × 10 

−1 Rel 

+2 . 0 × 10 

−6 T − 2 . 6166 × 10 

−2 Re l 2 

+1 . 0 × 10 

−6 P ∗ Rel (32) 

 HCl ( g ) = 1 − x SiCl4 ( g ) − x SiHCl3 ( g ) − x SiH2 Cl2 ( g ) − x H2 ( g ) (33) 

The condensation step was modeled based on material and en-

rgy balances considering complete separation of the effluent in a

as phase stream and a liquid phase stream. The phase separator in

hich the hydrogen and hydrogen chloride gaseous are separated

rom the liquid chlorosilanes stream was modeled through mate-

ial balances and their respective energy balance assuming perfect

eparation based on experimental results ( Payo, 2008 ). 

.3. Separation and purification 

For the separation of the chlorosilanes two conventional distil-

ation columns are used. The rigorous modeling and sizing of the

olumns was performed using the Aspen Plus® software based on

revious work ( Ramírez-Márquez et al., 2019 ). The Aspen Plus®

odels of the distillation columns were used to obtain surrogate
odels for optimization. A number of runs were performed un-

er different conditions for key variables such as reflux ratio and

eed composition obtaining as response the energy involved in the

eboiler and at the condenser, and the operating temperatures.

he product purity, the diameter and the height of the distillation

olumns are fixed in the simulations while the effect of the feed

nd the reflux ratios on the energy and operating temperatures of

ach column were evaluated. The variables were evaluated in the

ollowing ranges: feeding molar ratio SiCl 4 -(SiH 2 Cl 2 -SiHCl 3 ) values

rom 1 to 2.1698 for the first column; SiH 2 Cl 2 - SiHCl 3 feed mo-

ar ratio from 2.99 to 7.5678 for the second column; and reflux

atio from 10 to 80 for the first column and from 60 to 90 for

he second column. The limits of the input variables of the distilla-

ion column were based on mechanical considerations ( Górak and

lujic, 2014 ) and were analyzed based on a feasibility analysis car-

ied out in Aspen Plus®. Surrogate models were developed from

he data obtained in the simulations. Eqs. (34) to (41) show the

omputed variables including the reboiler and condenser thermal

uties, as well as the top and bottom temperatures. 

 C onC ol1 = −497 . 162 + 150 . 215 F R − 495 . 071 RR − 2 . 17 

×10 

−4 R R 

2 + 150 . 191 F R ∗ RR (34) 

 RebCol1 = 909 . 868 − 209 . 970 F R + 495 . 071 RR 

+2 . 14 × 10 

−4 R R 

2 − 150 . 191 F R ∗ RR (35) 

 C onC ol1 = 351 . 296 − 4 . 93 × 10 

−4 RR − 1 . 70050 F R + 6 × 10 

−6 R R 

2 

−1 . 0 × 10 

−4 RR ∗ F R (36) 

 RebCol1 = 387 . 695 − 9 . 0 × 10 

−6 F R (37) 

 C onC ol2 = −15 . 777 − 1 . 1074 F R − 18 . 3726 RR + 1 . 0438 

×10 

−1 F R 

2 + 1 . 0 × 10 

−6 R R 

2 

+3 . 632 × 10 

−3 F R ∗ RR (38) 

 RebCol2 = 19 . 968 + 9 . 4538 F R + 18 . 3726 RR − 1 . 0427 

×10 

−1 F R 

2 − 1 . 0 × 10 

−6 R R 

2 

− 3 . 632 × 10 

−3 F R ∗ RR (39) 

 C onC ol2 = 321 . 8 − 1 × 10 

−6 F R (40) 

 RebCol2 = 346 . 2 + 1 . 714 F R − 1 . 057 × 10 

−1 F R 

2 (41) 

here, Q ConCol 1 is the condenser heat duty of the column 1 (kW);

 RebCol 1 is the reboiler heat duty of the column 1 (kW); T ConCol 1 is

he top temperature of the column 1 (K); T RebCol 1 is the bottom

emperature of the column 1 (K); Q ConCol 2 is the condenser heat

uty of the column 2 (kW); Q RebCol 2 is the reboiler heat duty of

he column 2 (kW); T ConCol 2 is the top temperature of the column

 (K); T RebCol 2 is the bottom temperature of the column 2 (K); FR is

he Feed Ratio; RR is the Reflux Ratio. 

The mass balances were considered as follows: in the first col-

mn dome a SiH 2 Cl 2 -SiHCl 3 mixture is recovered, whose compo-

ition depends on the operating conditions of the hydrochlorina-

ion reactor, while in the bottom of the column high purity SiCl 4 
99.999% wt.) is obtained. The second distillation column sepa-

ates the SiH 2 Cl 2 -SiHCl 3 mixture, obtaining high purity SiH 2 Cl 2 in

he dome (99.999% wt.), while for the lower section a high purity

iHCl (99.999% wt.) is recovered ( Ramírez-Márquez et al., 2018 ).
3 
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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 ). 

SiHC l 3 + H 2 ↔ Si + 3 HCl (42)

SiH C l 3 + H C l ↔ SiC l 4 + H 2 (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 i = v i μi k [ SiHC l 3 ] [ H 2 ] (44)

where, R i is the mass rate of species i by chemical reaction,

[kg/m 

2 s]; μi is the viscosity of the species i , [kg /m s]; v i cor-

responds to the stoichiometry coefficients of the compounds in-

volved in the reactions ( −1 for SiHCl 3 and H 2 and 3 for HCl); k is

the overall reaction coefficient; and [ i ] is the mole concentration of

species i on the surface. 

The global deposition reaction coefficient can be expressed as

shown in Eq. 45 , where, k ad is the rate of SiHCl 3 chemisorption on

the surface; and k r is the trichlorosilane decomposition rate. 

1 

k 
= 

[ SiHC l 3 ] 

k r 
+ 

[ H 2 ] 

k ad 

(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. 

k ad ( T ) = 2 . 72 × 10 

6 exp 

(
−1 . 72 × 10 

5 

RT 

)
(46)

k r ( T ) = 5 . 63 × 10 

3 exp 

(
−1 . 80 × 10 

5 

RT 

)
(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 Eqs. (46) and

(47) are validated at atmospheric pressure, and consequently, they

should not be used to calculate the effect of pressure inside the

reactor. 

X Si ( s ) = −6 . 220 × 10 

−7 T 2 + 1 . 8580059 

×10 

−3 T − 1 . 3159371763 (48)
 H2 ( g ) = 3 . 9 × 10 

−9 T 2 − 1 . 17934 × 10 

−5 T 

+ 1 . 47006954 × 10 

−2 (49)

 HCl ( g ) = 3 . 57 × 10 

−8 T 2 − 1 . 0 6 6805 × 10 

−4 T 

+ 1 . 329638743 × 10 

−1 (50)

 SiCl4 ( g ) = 1 − X Si ( s ) − X H2 ( g ) − X HCl ( g ) (51)

here, X i is the concentration of the species i (mass fraction) and T

s the temperature (K). The polycrystalline silicon deposition itself,

s the largest contributor to the energy consumption of the overall

rocess is assumed to be 60 kWh per kg ( Ramos et al., 2015 ). The

alidation of the surrogate model obtained for polycrystalline sili-

on deposition can be found in the Supplementary material (sec-

ion S.M.4). It can be noticed that the approximation of the models

s quite precise to those obtained by Del Coso et al., 2008 . 

The silicon rods grow continuously to a thickness of 80 mm–

50 mm per rod ( Ramos et al., 2015 ). Electrical power is used

o heat the rods. The deposition process takes about 3 to 5 days

 Ramos et al., 2015 ). Therefore, it is necessary to use several depo-

ition reactors for the required production. 

.5. Auxiliary equipment 

Pumps, separators and heat exchangers were modeled accord-

ng to mass and energy balances in steady state. Regarding com-

ressor modeling, polytrophic behavior for all compressors was

onsidered, as well as an efficiency, n c , of 0.85 ( Walas, 1990 ), the

olytrophic coefficient, z, was obtained from Aspen Plus® offline

imulations, having a value of 1.4. Energy balance for compressors

as estimated considering Eqs. (52) and (53) . 

T outCompressor = T inCompressor 

+ T inCompressor 

( (
P outCompressor 

P inCompressor 

) z−1 
z 

− 1 

) 

1 

n c 
(52)

 ( Compressor ) = F ·
( 

R · z ·
(
T inCompressor 

)
( ( M w 

) · ( z − 1 ) ) 

) 

· 1 

n c 
·
( (

P outCompressor 

P inCompressor 

) z−1 
z 

− 1 

) 

(53)

here, T outCompressor is the outlet temperature (K); T inCompressor is

he inlet temperature (K); P outCompressor is the outlet pressure (kPa);

 inCompressor is the inlet pressure (kPa); z is a polytrophic coefficient;

 c is the efficiency of the compressor; W ( Compressor ) is the electrical

nergy (kW); and R is the constant of ideal gases in SI units. 

. Solution procedure 

The process was formulated as a nonlinear programming (NLP)

roblem. The model consists of 1,281 equations and 1,695 vari-

bles. Three different objective functions, Eqs. (54) to (56) , are

valuated for the optimization of the Hybrid Process for polycrys-

alline silicon production considering the following decision vari-

bles: the temperature of the thermal carboreduction reactor; the

emperature, pressure, and H 2 /SiCl 4 feeding molar ratio of the hy-

rochlorination reactor, the feeding ratio and the reflux ratio of

ach distillation column, and the operating temperature of the

iemens 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 2 /SiCl 4 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 2 /SiCl 4 FR RR FR RR T [K] 

1 2859.65 673.15 2026.00 1.92 2.17 80.00 6.82 90.01 1493.57 

2 2776.91 873.25 2026.00 5.00 2.09 13.89 5.06 59.99 1372.50 

3 2868.71 873.25 2026.00 4.56 2.09 13.92 5.15 59.99 1500.50 

∗ OF = Objective function; TCarb = Thermal Carboreduction; Hydro = Hydrochlorination Reactor; T = 

Temperature; P = Pressure; FR = Feed Ratio; RR = Reflux Ratio. 
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Table 2 . 
The first objective function, Eq. (54) , seeks to maximize the

olycrystalline silicon production where, fc polycrystalline silicon is the

ass flow of polycrystalline silicon. 

F 1 ) z = f c pol ycrystal l ine sil icon (54) 

The second objective function, Eq. (55) , aims to minimize the

rocess operation cost according to the methodology demonstrated

y Gutiérrez (2003) , where, a is a factor that considers annual ex-

enses such as maintenance; I F is the fixed annualized investment;

 is the unit cost of each raw material RM; c is the cost of each

tility E; d MO is the cost of manpower; p is the price of each by-

roduct SP . The raw material, vapor, cooling and electricity costs

re taken from the report of Intratec Solutions (2019) . 

F 2) min z = a I F + b RM + c E + d MO − p SP (55) 

Finally, the third objective function, Eq. (56) , aims to maximize

he process total profit, considering not only the production of

he main product (polysilicon), but also the income from byprod-

cts (chlorosilanes), deducting the manufacturing cost, where,

 polycrystalline silico is profit from the sale of the polycrystalline sili-

on. 

F 3 ) z = S pol ycrystal l ine sil ico + p SP − b RM − c E (56) 

Each one of the problems are formulated as an NLP solved using

 multistart initialization approach with CONOPT as the preferred

olver. 

Also, a detailed economic evaluation based on

urton et al. (2012) procedure is carried out for the facility

roposed, estimating the equipment cost, production cost, mainte-

ance, administration and manpower. 

. Results 

.1. Operating conditions 

The optimization of the polycrystalline silicon production plant

s evaluated under three different optimization criteria as de-

cribed in the section “Solution procedure”. The values of the deci-

ion variables for the process optimization, and the energy require-

ents and temperatures using the different objective functions are

hown in Tables 2 and 3 respectively. 

The first objective function, OF 1, maximizes the polycrystalline

ilicon production. The results obtained show two features. First,

or a large production of silicon, the hydrochlorination reactor tem-

erature is low using a H /SiCl molar ratio of 1.92. However, de-
2 4 
pite the low energy requirement of the reactor, the production

osts of SiHCl 3 are high due to the use of considerable amounts

f SiCl 4 . The second particularity is that the process requires high

nergy consumption in the distillation columns due to the high

alues of the reflux ratios, ensuring a high polycrystalline silicon

roduction capacity, although the operating cost is also high. 

Regarding the second objective function, the one that min-

mizes of the operating cost, the carboreduction reactor shows

 lower operating temperature, involving a moderate metallurgi-

al silicon production rate. However, this guarantees lower energy

onsumption, as observed in Table 3 . In the hydrochlorination reac-

or, the operating temperature of 873.25 K and the H 2 /SiCl 4 feeding

atio of 5, guarantee a high SiHCl 3 production. Finally, the distilla-

ion columns and the Siemens reactor exhibit a low thermal load.

his results in a process with a minimum operation cost, although,

t is translated in a lower polycrystalline silicon production. 

Finally, the third scenario corresponds to the profit maximiza-

ion. In this scenario the reflux ratios are similar to the case of

ptimizing OF2 but the feed ratio to the hydrogenation reactor de-

reases to 4.56. The temperature of the Siemens reactor is slightly

igher than in the previous cases. All scenarios consider the pro-

uction of the required amount of polycrystalline silicon, as well as

he high added value by-products which improves the profitability

f the process. 

The operating conditions of the process proposed are com-

ared with the operating conditions of the existing industrial sili-

on polycrystalline to give a real picture of the optimized process. 

In the first part of the process, thermal carboreduction of

uartz, a large amount of energy is required to melt the quartz and

ake it to Si MG . Brage (2003) reports industrial operating conditions

or this stage of 2600 K at atmospheric pressure. The temperatures

btained for all scenarios, between 270 0-290 0 K at atmospheric

ressure, are accordingly to the data reported by Brage (2003) . The

ariation of temperature in the furnace depends on whether the

arget is a larger production of polycrystalline silicon, to reduce op-

rating costs or to raise the profits of the process. 

Erickson and Wagner (1952) reported experimental data for the

iHCl 3 production in a fluidized bed reactor. Typical operating con-

itions of 50 0-90 0 K and 20 0 0-360 0 kPa are required to obtain

igher conversion. The results obtained ranging from 673 to 873 K

nd 2026 kPa (see Table 2 ) are according to these values. Once the

iHCl 3 is obtained, it is purified on a set of distillation columns.

hese columns operate in the range obtained by the rigorous sim-

lation performed in Aspen Plus. These conditions are collected in
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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] Q Con /Q Reb [kW] T Con /T Reb [K] Q Con /Q Reb [kW] T Con /T Reb [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 

Profit [M$/y], Operating costs [M$/y], and kg of polycrystalline sili- 

con/h of each objective function. 

OF 1 2 3 

Profit [M$/y] 6.34 9.09 10.1 

Operating costs [M$/y] 11.64 6.32 6.48 

kg of polycrystalline silicon/h 236.71 173.641 217.752 

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

function. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Utility and raw material costs of each objective function. 
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Siemens reactor conditions are a temperature range between

130 0 K and 150 0 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 20 0 0 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 Si SG 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
n the production cost since the polysilicon production is max-

mized independently use of raw materials and utilities. On the

ther hand, the production of some secondary components such as

iCl 4 , H 2 , HCl is reduced, which can be sold to increase the profit

f the process. 

In the case of OF2, the production of polycrystalline silicon is

rastically reduced, since the aim is to minimize the operation

osts of the process, adjusting the production of silicon to the

conomy of the facility to reach the lower production cost feasi-

le. By reducing the operating costs of the process, 5.32 M$/y with

espect to OF1 and 0.16 M$/y with respect to OF3, the profit of the

rocess increases as it has lower expenditure on raw materials and

nergy requirements. Like the previous case, all operating condi-

ions, the required raw materials, and the economic performance

f the facility are linked. 

For OF3, where the profit of the facility is maximized, a larger

mount of polysilicon compared to the OF2 scenario is produced.

perating costs are reduced to a value very similar to that of the

revious scenario.In terms of the operation of the process, the

roduction of secondary products which raise the profit of the

rocess is promoted to improve the profit of the process. Addi-

ionally, 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

ompetitive 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-

illation columns are the most expensive, second by the Siemens

eactor and the thermal carboreduction reactor. This equipment

epresents 77% of the total cost of the process. 

To assess the benefits of the modelling approach devel-

ped in this work, the results of this work are compared with

hose of the process developed in Aspen Plus® by Ramírez-

árquez et al. (2019) , see Table 6 . It should be noted that in this

ork rigorous Aspen Plus® simulations are used to develop the

urrogate models for the distillation columns, which are embedded

n the optimization problem. It can be observed that in the previ-

us optimization performed in Aspen Plus® the energy required

y 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 Si Poly 

T[K] P [kPa] Q [kW] T[K] P [kPa] H 2 /SiCl 4 Q [kW] T [K] P [kPa] Q [kW] [ton/y] 

1 2,859.65 100 4,308.24 673.15 2,026.00 1.92 568.80 1,493.57 100 14,560.00 2,012.04 

2 2,776.91 100 4,028.80 873.25 2,026.00 5.00 2,140.52 1,372.50 100 9,571.86 1,475.94 

3 2,868.71 100 4,345.68 873.25 2,026.00 4.56 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 

∗ Si Poly = Polycrystalline silicon 
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Fig. 7. Effects of scaling study for the Hybrid Process. 

m  

t

 

s  

p  

t  

2  

d

 

t  

T  

i  

s  

m  

t  

e  

s

 

b  

o  

u  
he energy requirements obtained in the facility design proposed

n this work. The production capacity is only similar when the

olysilicon production is maximized (OF1 scenario). In the other

cenarios, the system adjusts the production capacity to reduce the

anufacturing costs to reach an optimal production cost. It can

herefore be observed how the proposed methodology, combining

igorous column modeling and detailed surrogate models for the

eactors with the optimization of the entire plant, results in an op-

imized design of the process with improved performance. 

.3. Scale-up study 

Polycrystalline silicon technology relies on processes that have

een mainly borrowed from the semiconductor industry. Conse-

uently, unitary equipment, machines and accessories essential for

he industrial process are also widely available. In the past two

ecades, the manufacturing of equipment, machines and acces-

ories has increased in capacity and efficiency ( Ranjan et al., 2011 ).

ue to the experience of maintenance and operation, heuristics for

uch equipment are extensive and easily manageable. Therefore, by

mploying processes for which the equipment and supporting in-

rastructure are predominant, researchers may be able to ensure a

egree of scalability in their technologies. However, when transi-

ioning to higher production volumes, it becomes a challenge to

onsistently produce large quantities of polycrystalline silicon with

he same quality. 

In this work, the reference capacity of the facility is chosen to

e 2.0 0 0 t/y. Although a decrease in the price of silicon was ob-

erved, this capacity is not large enough to have low manufactur-

ng costs derived from economies of scale. Nowadays, the accepted

alue for the minimum capacity of a polysilicon plant is around

5,0 0 0 t/y. For this reason, a scaling study was carried out with

alues of around 5,0 0 0, 10,0 0 0, 15,0 0 0 and 20,0 0 0 t/y of polycrys-

alline silicon. As the size of the polycrystalline silicon production

lant increases, the cost of plant investment increases as well due

o larger or additional equipment is required. The scale-up study

as carried out using the same methodology described previously

or the modelling of the process and to estimate the equipment

nd operating costs. Since the lowest polysilicon price is obtained
aximizing the profit of the facility, the objective function used in

he scaling study is OF 3. 

Table 7 shows the results of the scaling of the polycrystalline

ilicon plant. The increase in investment costs, production and

rofits along the capacity of the process is observed. A raise of

he profit of 100% when the production capacity is increased from

0 0 0 t/y to 20,0 0 0 t/y. Similarly, the price of polycrystalline silicon

ecreases 1.03$/kgSi Poly for the same capacity range. 

Fig. 7 shows summarizes economic performance of polycrys-

alline silicon for the difference facility sizes evaluated collected in

able 7 . In this figure, five axes that present the production capac-

ty of the facility, and four items in each of the axes are addressed,

uch as the estimated price of polycrystalline silicon, the invest-

ent for each kilogram of silicon obtained, the operating costs and

he profit of the facility. It can be observed a non-linear growth of

ach one of the items as a function of the capacity of the facility

ince. 

Responsiveness of these scenarios proves an opportunity for

oth research and industry. By understanding the characteristics

f production processes, equipment and the divergence from those

sed 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. 

SiO 2 [kmol/h]-C [kmol/h] Si Poly [kg/h] Si Poly [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 15514.914 8.07 75.68 14.37 118.41 

160-320 2369.137 20137.6645 7.91 99.16 15.98 157.11 
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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 ( Ramírez-Márquez 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 $/kgSi Poly, 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. 
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ppendix A 

nergy balances 

The energy balance to an open system in steady state is de-

cribed by the Eq. (57) ( Doran, 2013 ). 

E C + �E P + �H = Q + W (57)

here, �E C is the variation of kinetic energy; �E P is the variation

f potential energy; �H is the enthalpy variation; Q is the heat

xchanged by the system; and W is the work exchanged by the

ystem. 

In this work, the mechanic energy contributions (kinetic and

otential energy) to the system total energy were considered neg-

igible compared with the other terms. Thus, the energy balance is

implify, obtaining the Eq. (58) : 

H = Q + W (58)

The enthalpy variation respect to a reference state is defined

ccording to the Eq. (59) : 

H = 

∑ 

i 

n i ·
T 

∫ 
T Re f 

C pi · dt + 

∑ 

i 

n i · λi + 

∑ 

i 

n i · H 

T re f 

f i 
(59)

here, n i is the amount of the component i; T is the temperature

K]; C pi is the specific heat of the component i; λi is the specific

atent heat for each element i ; H 

T re f 

f i 
is the standard enthalpy for

ach element i. 

The first term of Eq. (59) refers to the energy replaced due to a

emperature change (called sensible heat), and it is represented as

 S . The second term, called sensible heat, shows the heat involved

f a phase change of the considered substance occurs, and it is rep-

esented as Q L . Finally, the third term shows the energy associated

ith the substance formation through a chemical reaction (called

eaction heat), and it is represented as QR. The thermodynamic

ata required in the modeling of the different processes was taken

rom the National Institute of Standards and Technology (2018) . 
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