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Abstract 
In this work we have developed and analyzed two alternative Si(SG) production 
processes using a stochastic opti ization sche e within S  S  he irst one is 
an intensi ied luidized ed eactor ( ) process using a reactive distillation colu n  
The second process is a hybrid process combining both the Siemens and the 
conventional  processes  The base case is the optimized Siemens process  The 
optimized processes show savings in the T C o  ,  and  or 
Siemens, Intensi ied  and ybrid process, respectively  Siemens process is the one 
with the lowest T C  owever, it has the lowest silicon production rate,  kt y  The 
Intensified FBR Union Carbide Process turns out to be the most expensive of the three, 
but with a large production of Si(SG),  kt y  owever, it is the hybrid process which 
shows the larger yield by far, with a production of  kt y of Si(SG) and T C of  
M y, showing the highest profit from sales of the three,   M y  From the 
environmental point of view, the Siemens process shows the lowest environmental 
impact based on the eco-indicator , while the ybrid process is the second best  
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1. Introduction 
For years, microelectronic industry has been an important source of polysilicon  In that 
industry, ultrapure Si,  or Si(EG), is required  The waste of Si remaining in the melting 
units as well as the pieces of waffles that do not reach the proper purity are typical 
sources of solar grade Si (Braga et al , )  owever, the development of the solar 
sector has increased the demand for solar grade Silicon and the scraps from 
microelectronic industry are no longer enough to meet the needs of P  industry  
Therefore, there is a need to improve the production processes from polysilicon to 
reduce their cost  The cost shares per Watt Peak of polysilicon solar systems are roughly 
as follows: Solar grade silicon (Si(SG)):  ingot and wafer production:  solar cell 
processing:  solar module processing:  installation of the P -system including 
converter costs:  (Sadique, )  There are two main opportunities to reduce the 

    http://dx.doi.org/10.1016/B978-0-444-64235-6.50102-9 

nton Friedl, Ji  J  leme , Stefan Radl, Petar S  arbanov, Thomas Wallek (Eds ) 
Proceedings of the th European Symposium on Computer ided Process Engineering  
June  to , , Graz, ustria    Elsevier B  ll rights reservedth th



   C. Ramírez-Márquez et al.

panels cost since approximately half ot it is due to the materials, bulk silicon production 
and wafer manufacturing (M ller et al , )  Thus, the development of optimized 
processes for production of cheap Si(SG) feedstock material can help reduce P  power 
production costs 

Solar grade silicon can be produced from quartz following a two-stage process 
consisting of the production of metallurgic silicon and its further purification up to solar 
grade quality  The two most used processes are Siemens and Fluidized Bed Reactor, 
FBR, from Union Carbide  Siemens process was patented by Siemens Corporation in 
the s  Its main feature is the Siemens or Bell reactor where  silicon is produced 
by Si deposition on a silicon pole (Payo, )  owever, this alternative shows a large 
energy consumption and a number of waste streams  n the other hand, Union 
Carbide s process uses silane as a raw material for the production of Si  It was 
developed in the s (Erickson and Wagner, )  Even though the yield of this 
alternative is larger than the one provided by Siemens process, the conversion from 
silane is larger than that from trichlorosilane and the operating conditions are more 
difficult to achieve  

ue to the high production cost of P  panels, the aim of this work is to reduce the 
production costs of Si(SG) by developing more efficient processes  In particular two 
novel processes have been developed in this paper  The first one corresponds with an 
intensified FBR s process by substituting the conventional reactors and separation stage 
with a reactive distillation column (RD) intensifying the process  Furthermore, this 
configuration improves the yield, because products alone are withdrawn from the 
reactive zone while reactants remain inside the reactive zone for further reaction  This 
reactive distillation section has been reported previously in the work of Ram rez-
Márquez et al  ( )  The second alternative process is a novel process that is based on 
both, the Siemens and the FBR attempting to reduce the use of raw material ( idal and 
Mart n, )  The three simulated processes were optimized for a consistent 
comparison of their in their Total Annual Cost (TAC) and in their production capacity 
of solar grade silicon   

2. Methodology 
We first simulate the all three processes rigorously in Aspen Plus  To predict the 
thermodynamic of the system, we used the thermodynamic package Peng-Robinson, 
and ‘Solids  property method for solids components  To meet the typical production 
capacity of around  t y, the processes are fed with the components and quantities 
with  kg h of Si 2 and  kg h of Carbon  The simulation was carried out 
through the use of various Aspen modules  In the case of reactors, the stoichiometric 
module was mainly used, in the chlorosilanes synthesis reactors, the combination of two 
reactors had to be considered, because the software did not allow the sequential reaction 
of the components in a single reactor  Something similar happened with the 
carboreduction and deposition of silicon, where the reactor is essentially an oven, where 
the reactor was used with an oven to achieve the simulation The ‘RadFac  module was 
used for rigorous conventional distillation columns and for reactive distillation  A 
conventional set of modules was also used to implement the separators, pumps, 
compressors and exchangers, always trying to take care of each of the processes  ote 
that implementing solid compounds in Aspen is an arduous task  Next, we perform a 
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stochastic based optimization to decide on the column design and the operating 
conditions for each process  

Furthermore in this work we have added the calculation of the environmental impact 
which is measured through the Eco-indicator , a cradle to gate methodology, which 
reflects the advances in the damage-oriented method recently developed for Life Cycle 
Impact Assessment (LCA), as show Guillén-Gosálbez et al , (2 )   The Eco-indicator 

 was chosen, since it is one of the most widely used impact assessment methods in 
LCA, and for the purposes of this work it is indicated, because allows the environmental 
load of a product to be expressed in a single score  Three different processes are 
proposed for obtaining the Si(SG), such is the case of the a) Siemens Process, b) the 
Enhanced FRB Process and c) the ybrid Process (See Figure )   

 
Figure 1. Scheme of the Si(SG) production processes. a) Siemens process, b) FBR Union Carbide 
with RD column process, c) Hybrid process. 

The first case is the Siemens Process, which consists of a carboreduction section, 
followed by a chlorosilanes synthesis reactor using HCl as a precursor  Next, the 
mixture is separated in a conventional distillation column, to finish with the Siemens 
deposition reaction to produce solar grade silicon  The second process called intensified 
FRB, begins also with quartz carboreduction  Next, chlorosilanes are produced using 
SiCl  as a precursor  Subsequently, the separation process consists of two conventional 
separation columns, and two reactive distillation columns to obtain silane before 
moving on to the silicon deposition reaction  The last process is the one named as the 
Hybrid Process  It consists basically of the combination of the two previous ones  The 
first part of the process, until the separation, corresponds to the FRB Process  Then in 
the separation, two conventional columns are used, and the part of the deposition 
reaction, similar to the Siemens Process  Each process is optimized separately  Note that 
the design and the optimization of the processes are highly nonlinear problems 
involving continuous and discrete design variables  Furthermore, the ob ective function 
is potentially non-convex, with the possibility of finding local optimum and being 
sub ect to constraints  
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In order to optimize the three processes, we used a stochastic hybrid optimization 
method due to the model is highly non-linear, potentially non-convex and with a large 
amount of local minimums, also the model is not explicitly stated  The use of stochastic 
optimization methods is a good alternative  several reports have proved the successful 
application in cases of study with those already mentioned characteristics  The 
stochastic hybrid optimization is called differential evolution with tabu list (DETL) 
(Srinivas and Rangaiah, 2 )  The implementation of this optimization approach was 
made using a hybrid platform including Microsoft Excel, Aspen Plus and Matlab  The 
vector of decision variables (i e , the design variables) are sent to Microsoft Excel to 
Aspen Plus using DDE (Dynamic Data Exchange) through a C M technology  In 
Microsoft Excel, these values are attributed to the process variables that Aspen Plus 
needs  After the simulation, Aspen Plus returns to Microsoft Excel the resulting vector  
Those values are sent from Microsoft Excel to Matlab where the ob ective functions are 
calculated  Finally Microsoft Excel suggests new values of decision variables according 
to the used stochastic optimization method   

For this study, the following parameters have been used for the DETL method: 200 
generations, 200 individuals, a tabu list size of 00 individuals, a tabu radius of 2 5·10- , 
Crossover fractions (Cr): 0 , Mutation fractions (F): 0 , respectively  The parameters 
were obtained via preliminary calculations, as shown in the methodology of Srinivas 
and Rangaiah, (200 a)  The ob ective function used is shown in equation (1)  =   +                       (1) 

The payback time of the plant is considered to be five years, and 00 hours of annual 
operation for each process are assumed  In each of the iterations we calculate the TAC 
of units such as the vessel of the reactor, furnaces, separators, mixers, heat exchangers, 
pumps and compressors  The units cost depend on their size and operating cost  

3. Results  
In this section we present the results of the optimization of each of the processes 
including the iteration results to show that a plateau is reached and the operating and 
design variables  Thus, we first show a Figure of the iterations vs TAC obtained for 
each case will be shown  The TAC decreases over the iterations and a good value is 
achieved for 0,000 iterations  This is taken to be a valid solution since there is not a 
significant decrease in the last evaluations  This demonstrates the robustness of the 
DETL method, showing the convergence and results corresponding to good solutions  

All the runs to carry out the optimization were performed on an Intel (R) Core TM i -
0 CPU   GHz, 1  GB computer, the computing time for obtaining the optimal 

solutions was different according to the complexity of each process: The Siemens 
process required 2 2 hours, the FBR Union Carbide Process required 125  hours, and 
the Hybrid process required 12 2 hours   In the case of the Siemens configuration, it is 
possible to observe that only the optimization of a single conventional column and the 
fresh feed of HCl to initiate the reaction of the reactor producing the silanes are 
performed  These parameters represent substantial economic savings in the process, 
since the separation section always represents a high cost in any chemical process, and 
that the right amount of reactant represent large savings in the actual operation of the 

  

570  C. Ramírez-Márquez et al.



Alternative processes for obtaining solar grade silicon   

process  In the optimization of the Siemens Process, the initial configuration has a TAC 
of 1 0  M y, ending with a TAC of 0 50 M y, representing savings of 5 2  

The Intensified FBR Union Carbide Process has the highest number of decision 
variables to optimize  For the Siemens Process infers the manipulation of  decision 
variables among continuous and discrete variables for each route process  The 
Intensified FBR Union Carbide Process implies the manipulation of 2  variables among 
continuous and discrete variables for each route process  And for the Hybrid Process 
infers the manipulation of 1  continuous and discrete variables for each route process  
The optimization was carried out in two conventional columns, two reactive distillation 
columns, and the fresh feed stream of SiCl  The TAC of the initial configuration of the 
Intensified FBR Union Carbide is 5 M y and ending with 2 5  M y, saving 

5  The Hybrid Process shows the optimization of two conventional columns, and 
the fresh SiCl  feed  The initial configuration has a TAC of 5 21 M y, ending with 1 5 
M y, saving 2 5  Table 1 shows, for all sequences, the capital cost, the TAC, the 
energy required and the products  Note the comparison between the TAC and the 
amount of products, mainly with the produced Si(SG)  

 
Figure 2. Results of TAC, ECO-99, amount of solar grade silicon, and profit per sale of 
all configurations. 

Table 1  Comparative results for all process  

 Q  [kW] TAC [$/y] 
SiS-G 

[ton/y] 
H2  

[ton/y] 
SiH2Cl2 
[ton/y] 

SiCl4 
[ton/y] 

HCl 
[ton/y] 

Siemens 5 ,  50 , 0  1 5 2 N A 0  N A 
FBR  ,0 2 2,5 , 00 1, 5  221 0 1,2 2 N A N A 
Hybrid ,  1, 51,0 5 1, 0 2 0 1 1, 5 1 5 2  1 5 

The least expensive process is the Siemens one  However, it also shows the minimum 
annual production of Si(SG)  The Intensified FBR Union Carbide Process turns out to be 
the most expensive of the three proposed, with a large production of Si(SG), but it is not 
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the best in this way  The Hybrid Process shows the highest production of Si(SG), at a 
higher cost compared to the Siemens process, but lower than the Intensified FBR Union 
Carbide process  Figure 2 shows the potential of the hybrid process with the most 
important items  Performing the analysis of the results the potential of the Hybrid 
Process could be observed, which could represent an incentive for the silicon industry  
It is known that the processes Siemens and FBR Union Carbide, are technologies that 
have matured over time and are the ones usually used in the production of Si(SG), but the 
Si(SG) industry could benefit from novel alternatives such as the Hybrid Process  

4. Conclusions  
In this work, we have developed intensified and optimized processes for the production 
of Si(SG)   The results show than the Siemens process presented the smallest TAC, but 
with the lowest production of Si(SG)  The Intensified FBR Union Carbide Process, 
showed the largest TAC due to the capital cost of the equipment and the heat duty for 
Si(SG) purification  Finally, the Hybrid Process exhibited a large production of Si(SG), 
with a TAC between the one of the Siemens process and that of the Intensified FBR 
Union Carbide  However, evaluating the TAC vs production of Si(SG), it turned out that 
the Hybrid Process was the best of the three  In addition to the above, the Hybrid 
Process shows the largest gains from the sale of the multiple products resulting, with 
earnings of 0  M y  It is expected that with this type of research can be made more 
competitive the technology based on Si(SG), lowering the costs for the industry of solar 
panels  
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