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ABSTRACT

The Low-Cost Solar Array (LSA) Project at Jet Propulsion
Laboratory (JPL) in Pasgadenn, California is being fundaend by
the Department of Energy (DOE) for effective cost reduction
in the productiun of gilicon for solar celis., This study re-
portg worg perlformed ai Lamar University in support of the
LSA Project and presents resulits lor process system properties,
chemicnl engineering wnd economic analyses of the new techno-
togles and processoes being developed for the production of
lower cort s8ilicon for soul cells.

Analyres of process system properties are important for
chemiceal materials involved in the several processes under
consideration lor semiconductor and solar cell grade silicon
production. Majnr physical, thermodynamlic and transport pro-
rerty data are reported for the following s#ilicon source and
proces’ing chemical materials

S3ilnne

Silicon Tetrachlorido
Trichlorosilane
Dichlorosi lane
Silivon Tetralluoride
Silicon

The property data are reporied for ceritical temperature, cri-
tical preasure, critieal volume, vapor pressure, heal of vapo-
rization, heat capacity, density, surface tension, viscosity,
thermal conductivity, heat of Fformation and Gibb's [lree energy
of formaiioen., The reported property data are presented as n
funciton ol temperature to permit rapid usage in research,
dovelopment and production enginecring.

Chemical engineering analyses Involving the preliminary
process design of a plant (1000MT/vr capacity) to produce
Rilicon via the technology under consideration w o accompli-
shed for the Tollowing nrocesses:

UCC Silane Process Tor Silicon

BCL Process for Silicon - Case A

BCL Process lor Silicon - Care B

Conventional Polysilicon Proc: (Siemens Technology)
SiI4 Decomposition Process

DCS I'rocess (Dichlorosilane)

«- = = 8= = @»

Major activities in the chemical engineering analyses included
base case conditions, reaction chemistry, process {lowsheet,
material balance, energy balance, property data, equipment
design, major equipment list, preduction labor and forward flor
cconomic analysis., The process design package provided detailed
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data for raw materials, utilities, major process squipment
and production labor requirements necessary for polysilicon
production in each process.

Using detniled dats from the procesz design package, ecoho-
mic analyses for a 1000MT/yr silicon plant were accomplished
for the processges’ under conslderation for production of lower
cost Bilicon, Primary resulte izsuing from the economic ana-
lyses included plant capital investment and product coal which
are useful in identitication of those processes showing promise
for meeting project cost goals,

Cost and profitabilivy results igsuing lrom the chemical
engineering snd cconomic analyses are summarized below:

Product Sales Price,
Cosl, %/kg S/kg
Process (1980 dollars) (1980 dollars)
+UCC Silane Process
ror Silicon 9.68 13,00 & 1%% DCF
*BCL Process for
Silicon - Case A 12.08 13.28 @ 5% DCr
*BCL Pracess for
Silicon - Case B 11.07 13.14 @ 10% DCF
«Conventional Polysi-
Tivon Process Sismens
Technology) 53,77 00 emeemecmm—mae—
*811, Decomposition
Process 82.50 71.48 & 5% DCT

For Lthe summary itabulation, the product cost represents all
cost associated with producing silicon including direcet manu-
facturing cost, indirect manufacturing cost, plant overhead
and general expenses. The sanles price includes a proliti lor
he company measured in terms of DCF (discountied cash flow)
rate of return on the capital investment that {he company spent
in going into the business,

The cost nnd profitability analysis results ol $9.66
and $13 per kg (1980 dollars) at 15% DCF [or producing sili-
con by the UCC silane process (Union Carbide Corporation) in-
dicate that this new technology for producing polysilicon shows
good promise for meeting the cost goal of $14 per kg of silicon
naterial (1980 dollars) Tor solar cells.
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For the BCL procesx « Careg A and B (Battelle Columbus Labo-
ratories), cort und profitability results are $11.07 - 12.08 and
$13.14 - 13.28 per kg (1980 dollars) at 8 - 10% DCT rate
ol return. These results indicate that this new technology
for producing polysilicon shows promise [or meeting the cost
gonl of $14 per kg of 8ilicon material (1880 dollarsk) for solar
cells,

For the conventional palysilicon procesas, the cost analysis
Is based on & poly plant conatructed in the 18680's (18883 or
enrlier) since several existing plants producing semiconductor
prade polysilicon in the United States were constructed in the
1960°'s. The oporuting costs for the plant are applicable to
the time period of interest such ns 1080, The average product
cont, $83.77 per kg (1980 dollars) , for the conventtional polysili-
con process corresponds to intermediate electrical costs (3,18
¢/kw hr Tor 1880)., Thoese costs results for the conventlonal
polysilicon process indicate that this Stemens technology using
trichlorosilane lor producing polysilicon does not show promise
for meeting the cost gonl of $#14 per kg of silicon material
(1980 dollars) lor solar cells,

The cost and prolfitability results of $62.5 and $71.48 per
kg (1980 dollars) at 5% DCF rate of return lor the 8iI, de-
composit ion process indicate that this pew technolopy ruﬂ pro-

diucing potysilicon does not show promise Tor meeting the cost
goal of $14 por kg of silicon material (1980 dollars) for solar

AN I I

Using a hot wire methed, gias phase (hormpl conductivily values
ol argon, hyvdrogen, silane, dichlorosilane, trichlorosilane,
tetrachiorosilane and tetraflluorosilane were expervimental ly
desvermined between 25°C and 350°C. Comparison of the values
obtained in the «tudy for argon and hydropgen with previously
reporied values indicated that the vlues should be accuratoe
o 2% throughout the temperature rar, o,

Using n transpiration 1technique, gascous viscosity values
tor nitrogen, dichlorosilane, trichlorosilane, and tetralluoro-
silane weve oxperimentally determined between 40°C and 200°C,
Comparison of the values obiained in the study (or sitrogen
with provicasly reported viscosity values indieate that the
vilues obtained are anccurate to 29 throughout the tempoerature
rangoe

Studies were conducted to develop a method ol generating
silicon tetralfluoride from hexafluorasiliecice acid, n readily
available by-product of the phosphate fertilizer industry,
Conditions for the efficient precipitation of two SiF, precur-
sors (Na,SiF, and BaSiF,) were determined.  These prnﬁurunrs
woere lhvg lhgrmnily dvvgmnnsvd to goeneratoe SiF‘. Parametors
such as temperature, heating time, and ltow rate necessary lor
effictent production of SiF, wore determined.
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INTRODUCTION -~ BACKGROUND

The Low-Cost Solar Array Project (LSA) of Jet Propul-
sion Laboratory (JPL) had its beginning in 1975, and was
congerned with achieving our national solar energy goal
(1) to "develop at the earliest feasible time those ap-
plications of solar energy that can be made economically
attractive and environmentally acceptable as slternate
energy sources.'" Solar cell grade silicon for photovol-
tajc systems will need to be produced in great volume at
considerable reduced prices to accomplish this sign.fi-
cant energy goal,

The Low-~Cost Solar Array (LSA) Project at Jet Propul-
sion Laboratory (JPL) in Pasadena, California is heing
funded by the Department of Energy (DOE) for effective
cost reduction in the production of silicon for solar
cells, An important overall objective of the project is
to reduce the cost of electricity produced with solar
cells from today's 310-25 per W (Peak) to $0.70 per W
(1980 dollars) by 1986, Cost reductions for solar
cells are allocated to major tasks encompassing everything
from initial silicon pr... . ction to final array assembly.
The cost goal for the silicon material that goes into
solar cells is about $14 per kg of material (1980 dollars).

Semiconductor grade silicon which is currently pro-
duced via the conventional Siemens process by several major
manufacturers (Dow-Corning, Monsanto, Mctorola, Texas
Instruments and Great Western) in the United States is
too expensive to meet the silicon material cost goal.

Lower cost silicon is needed for solar cells. Alternate
processes that depart from the conventional process need
to be developed by several concerns to produce a less
costly silicon material.

Process evaluation -~ which is a very useful tool in
research and development -~ 1s useful in investigation
of such alternate processes for solar cell grade silicon.
The planning and implementation of a research and deve-
lopment program involves decision making on what work
can be left out with least jeopardy to short and long
term consequences and what work should be pursued with
the best chance for success in achieving short and long
term goals, Early process evaluation investigation in-
cluding preliminary economic evaluation aids the decision
making inveolved in whether to commit extra funds to carry-
out a project from research to large scale plant,

1. ERDA, Naticnal Solar Energy Program, Industrial
Briefing, NASA/JPL Low-Cost Silicon Solar Array
Project, NASA Headquarters, Washington, D.C,
(February 5, 1975).
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The early study particularly minimizes the risks involved in
the process davelopment from early research to large scale plant.
The process evaluation investigation should be initiated with the
very inception of the research projecot and continued throughout
its life until the project is proved successful or abandoned be-

cause it cannot effectively meet the financial and product purity
goals,

In resesrch and development, a screening out is required for
those projects and processes which are believed to be unsound or
least attractive. Economics dictate that the money should not be
wvasted on projects which may turn out to be useless. The many
alt:rnate projects and processes which are available necessitate
the effactive use of a screening procedure, not to locate a fool-
proof venture, but to try to select the best possible project,

Process sevaluation investigation may effectively deal with
p complete process or part of a process. Major cost areas of a
process and profitability potential of a proposed process may be
pinpointed, It is also equally valuable in comparing alternate
processes and in the selection of processes with the best tech-
nical and economic features.

A typical sequence for process selection is presented in
Figure 1-1,The process evaluation activities are shown in rela-
tion to their usefulness in the selection of a process for scale-
up to pilot plant and large scale plant, These process evaluation
activities (system properties, chemical engineering and economic
analysis tasks) may be effectively utilized in the investigation
of alternate processes for low cost, high volume production of
silicon suicable for solar cells. .

In this process feasibility study in support of Silicon Ma-
terial Task I of the LSA, the proposed scope of work is to perform
investigations and analyses of processes for the low cost, high
volume production of silicon suitable for solar cells. The objec-
tive of this program is to validate the commercial practicality of
these alternate processes based on the following process evaluation
criteria;

1. Analyses of Process-~System Properties
2. Chemical Engineering Ananlyses
3. Economic Analyses

Each of these evaluation criteria is focused on the production
of solar cell grad- silicon at greatly reduced cost.
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2. PROCESS SYSTEM PROPERTIES ANALYSES

2.1

Sllane Properties

Critical Properties (Table 2.1-1)

Experimental data for the critical temperature and
pressure of silane are available (2, 15, 20, 22, 25,
27, 29, 46, 47, 49 50, b5l), However, all sources
cite Adwentowski (51),who preparsd his sample from
Mg,S1i and used the fraction boiling at -116°C. Since
th% boiling point of silane is generally accepted as
-112°C, thesse data may not be complstely reliable,

The critical compressibility factor, Zc’ was esti-
mated by the Garcia-Barcena method:

Z, = T(Ty) - g(Ty/M) (2.1-1)

where T, = boiling point, °K; and M = molecular weight
g/g ~ m31. The terms f (Ty) and g (T, /M) are shown
as & nomograph (29), Reid and Sherwogd tested this
equation using sixteen inorganic compounds and found
an average deviation of 1.8%. The mccuracy of the
correlation was tested by applying it to similar in-
organic and organic compounds (NH,, N, H,, B,H,, CH ).
Average deviation was 3.6% for thd co%pgundg fested.
The critical volume was found by the real gas rela-
tion:

V, = Z RT /P, (2.1-2)

using the Adwentowski data and the estimated value
of Z_.
c

Vapor Pressure (Figure 2.1-~1)

Observed vapor pressure data for silane are avail-
able (2, 13, 15, 18, 20, 25, 27, 36, 45, 51, 60) over
nearly the entire liquid phase from melting point
(mp) to boiling point (bp) to ecritical point (cp).
The available data wire correlated with the least
squares technique for vapor pressure as a Tunction
of temperature using the following correlation rela-
tion (64):

2

log P = A + B i Cilog T+ DT+ ET® (2.1-3)

T
Average deviations were less than 3.5%. Greater
deviations were encountered with other vapor pressure
equations., For example, average absolute deviations
exceeded 38% for the Cox-Antoine type equation.

Heat of Vaporization (Figure 2.1-2)

Heat of vaporization data for silane are available
only nt the boiling point (2, 21, 22, 23, 27, 41),.
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Thesa data vary less than 1%, Watson's correlation
(27, 29) was used to extend the heat of vaporization
over the entire liquid phase: n

- T

AH,, = AH 4 Tg‘:“Tl (2.1-4)
c

where AHV is the heat of voporization at the boiling
point (173 and n = 0.38.

Heat Capacity (Figures 2.1-~3 and 2.1-4)

Heat capacity of the ideal gas at atmospheric pres-~
sure is primarily based on structural and spectral
data., Values from the various sources (5, 16, 20, 22,
25, 39, 44, 52) are in excellent agreement with dif-
ferences less than 1%.

Liquid heat capacity data (6) are avuilable in the
mp-bp temperature interval. The data were extended
to cover the full liquid phase with the density rela-
tion: 1liquid heat capacity % density = constant,

The constant value was .2885. Testing of the relation-
ship with the available data produced average devia-
tion of 7%,

Density (Pigure 2.1-8)

Liquid density data for silane are available (2, 15,
18, 23, 25, 35, 48, 52) from the melting point to the
boiling point. The Yaws-Shah equation (62) for den-
sity of the saturated liquid was used to extend the
data to the critical point:

2717
~(1-1,)%/

p = AB (2.1-5)

where p = density, g/cmB, T.. = reduced temperature,
T/T, , A, B = correlation pafameters. The correlation
par&meter values for silane are A = 0.2447 and B =
0.3137. Average deviation of calculated and experi-
mental data was 1.48%,

Surface Tension (Figure 2.1-6,

Data for surface tension (7) are available from the
melting point to the boiling point. These data were
extended using the Othmernrelation (29):

Tc - T
g = 01 ',-I,—;—-_——,I,-l (2.1—6)
where o, = surface tension at T,, dynes/cm; T =
critica} emperature, °K; T = te%perature, °K; "and

n = the correlation parameter, 1.2. Deviations between
data and correlated values were less than 1%.

Viscosity (Figures 2,1-7 and 2.1-8)

The Stiel and Thodos correlation (28) was used to
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augment limited data on gas viscosity (2, 16, 20, 23,
25, 52, 53, B7) at atmospheric pressure. All data
gsources cite Rankine (57) who made his measurement

in 1922 at 18° and 100°C. Deviations between data
and correlation were less than 1% for the two data
values.

Liquid viscosity data are available (30) in the
temperature range betwesn the melting point and hoiling
point. The data were extended to cover the entire
ligquid range with the following correlation (83) for
viscosity of the saturated liquid as a funetion of
temperature:

2

log u; = A + B/T + CT + DT (2.1-7)

Correlation values and data were in good agreement
with average absolute deviation of 1.4%.

Thermal Conductivity (Figures 2.1-9 and 2.1-10)

Gas thermal conductivity for silane was estimated
by the modified Bucken correlation for polyatomic
gases, 'The Eucken correlation mgrees well with Svehla
(40); deviations were less than 1%. There are no
experimental data available for gas thermal conduc-
tivity.

Liquid thermal conductivity for silane was estimated
with the modified Stiel and Thodos relation (29). The
correlation was tested with experimental datm for meth-
ane. The average deviations were less than 17%. The
deviations for silane are probably in the same range.
The presented results are intended to represent correct
order-of-magnitude values.

Heat of Tormation and Free Energy of Formation
(Figures 2.1-11 and 2.1-12)

Values for the heat of formation, AH,, and free
energy of formation, are availablg from Ameri-
can (39) and Russ1an (15) gources, Average values
were selected. The deviation between data and selected
results was 0.2 K cal/mol.



TABLE 2.1-1--CRITICAL CONSTANTS AND PHYSICAL
PROPERTIES OF SILANE

Identification Silane
Formula Sil{4
State (std, cond.) gas (colorless)
Molecular Weight, M 32.12
Boiling Point, Tb,'C -111.9
Melting Point, Tm' *C -184.7
Critical Temp, Tc, oC -3.5 (Questionable Value)
Critical Pressure, Pc, atm 47.8 (Questionable Value)
Critigal Volume, V,,

em” /gr mol 130.06 (Estimated)
Critical Compressibility

Factor, Zc 0.281 (Estimated)
Criticalsnensity, Po

gr/cm 0.247 (Estimated)

Acentric Factor () 0.0774
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2,2 gilicon Tetrachlorids Propartien

gritical Propexties (Table 2,2~1)

Experimantal rasults for tha critical tamparaturae, prassure and voluma
of silicon tetraschloride are available (B35, B8, B9, Bll, B32, B33, B35, Bi6,
B44, B0, B36, B59, BB2, BB3), The rasulls among the savaral investigators
are in genaral agreemant. Daviations from the salectad valuas ars 1.71%,
0.5%, and 10,.8% raspactively for critical tampaeratura, pressura and voluma.

The critical compraessibility factor, zc' was calculated using the fol-
lowing equation:

Also given in the table ara valueas for the acantxic factor, w which
is defined by:

W= ~log Py - 1.000 (at T\ = 0.70) {2.2-2}
The acentric factor is an important paramentar in generalized tharmodynamic
corralations involving virial coafficiants, compraessibllity factor, enthalpy
and fugacity.

Vapor Pressure (Figure 2,2~1)

Fxuparimental vapor pressura data for silicon tetrachloride are available
(B7, B22, B24, B27, B30, B32, B43, B53, B78, Bl03) from slightly above the
melting point (mp) to boiling point (bp) and at the critical point (cp).
Available data were extrapolatad using the ¥YSSP vapor pressure correlation
(B102):

logPV-A+%+ClogT+D’r+ET2 (2.2-3)
where
P, © vapor pressure of saturated liguid, mm of Hg

A, B, C, D, B = correlation constants for chemical compound
T = temparature, °K

The correlation constants (A, B, C, D and E) were determined using a
generalized least squares computer program for minimizing deviation of
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caleulated and exparimental data values scrwenad from the literature. Avarage
absolute daviation was about 0.7% for the fifty-aight data points,

Heat of Vaporization (Figure 2.2-2}

Heat of vaporization data for silicon tetrachloride ars avalilable only
at the boiling point (B5, Bll, B22, B30, B36, BGS, BB82, BBG). Watson's
corralation was used to axtend the haat of vaporization over the entira liquid

phasa;
Ty =T | "
By = By | TR (2.2~4)

whoare ﬁuwl is the heat of vaporization at the boiling point (T;) and n = 0,38.

Heat Capacity (Pigures 2.2-3 and 2,2-4)

Heat capacity data for siliconh tetrachloride as ideal gas at low pressura
are available (B3, Bl0, Bl7, B20, B28, B32, B34, B43, B43, BS2, B&7, B73, B76,
BB2, B84, B86G, BY9l). The valuaa, which are primarily based on structural and
spoactral measuremeants, ave in closa agrasmant,

The heat capacity data for the gas phase were correslated by a seriss ex-
pansion in temperatura

Cp = A+ BT + C1? + D3 (2.2-5)
where C, - heat capacity of ideal gas at low prassura, cal/{g-mol} {(°K}; A,
B, C and D = characteristic constants for the chemical compounds; and T =
temparature, °K. Avsrage sbsolute deviation is about 0.6%.
Liquid heat capacity data are available (B5, B22, B28, B30, B26, B43, BS2,

B6O, BG5S, R76, B77, BE2, Bl04) in the mp-bp temperature interval. The data
ware extended to cover tha entira liquid phase with tha relation:

liquid heat capacity x density = constant (2.2-6)

The constant value was 0.3054. Testing of the relationship with the available
datea produced avarage deviation of 4%,

Density {(Figure 2.2-5)

Liquid density data are available (Bl, B49, BS50, B59, B65, B77, B79, BBl,
B82) from near the melting point to the critical point. The Yaws-Shah equa-
tion (BlOO, Bl07) for denisty of the saturated liquid was used to extend the
data to the critical point:

—trom 1277
(-1

p = AR (2-2"'7)

The agreement of calculated and experimental values was very good with aver-
age absolute deviation of only 0.44%.



Burface Tensiow: (Figure 2,3-6)

Data for surface tension (BS, B22, B27, BA9, BO2) are avallable in tha
melting pojnt to boiling point temperatura range. The data ware extendad
using the Othmaer realtion:

T -7 n
o= Ul .T:-.'i'-— {2.2-8)
i Ta 1

[

whara Ul » gurface tension at Tl’ dynas/cm
Tc = oritical tamparatura, °K
T = temparaturae, °K

and n = tha corralation parameter, 1.14. Tasting of the relationship with
the avallable data produced average deviation of less than 1%,

Viacosity (Pigure 2.2~7 and 2.2~8)

The modified Yoon and Thodos correlation (B105, Bl06) was used to augment
limited data (B36, B5l) on gas viscosity at low pressure:

-4.,058 T

0.618_ r+1.94 8 r + 0.1 (2.2-9)

-0.4499 T
e

ni = 4,610 Tr 2.04

1/6M-l/2P -2/3

whare £ = 1
c c

The daviation betwean data and correlation was 2%.
Liquid viscosity data are available (B5, B8, B32, B36, B49, B51, B1l07)
in both mp~bp and bp-cp temperature ranges. The data were extended to cover

the antire liquid range with the following covrelation (Bl07) for viscosity
of the saturated liquid as a function of temperature.

log b, = A+ B/T + CT + DT (2.2-10)

Averaga deviation batween correlation and data was lass than 3%.
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Thermal Conductivity (IFigure 2,2~9 and 2,2-]0)

Gas~phase thermal condugtivity data are available (B75, Bl09) in the
temparature range of 70 to 300°C, The data ware correlated by & serles
expansion in temparature (Bl07):

A, = AHBT4 cr? + pr° (2.2-11)

where A = gas thermal conductivity, cal/cmxseox®C; A, B, ¢ and D = gharac=~
teriuhig conatants for thae chemical compounds and T = temperatura, °K. The
extimates of Svehla (B73) agrea with the above correlatior. The daviation
batwean data a.d correlation values wag 1,10%,

Thermal conductivity for liquid phase is available (B25) at only one

temperatura (32°C)., Tha wodified Stiel and Thodos aquation (Bl07) was used
to covar the entire saturated-liquid phasa,

Heat and Fraa Energy of Formation (Figures 2,2-31 and 3;3.12)

Values for the heat of formation (AH_.) and Gibbs' free anergy of forma-
tion (AG;) for the ideal gas are availablg from American (B72) and Russian
{B17, 865) gourcas. American values ware selected.
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TABLE 2.2-1

CRITICAL CONSTANTS AND PHYSICAL PROPERTIES OF SILICON TBTRACHLORIDE

Idantifization — Silicon Taetrachloride
Formula sicly
Stata (8td. Cond.) Liquid
Molecular Weight, M 169.90
Bolling Point, T,, °C 57.3
Melting Point, T, °C -69.4
Critical Temp., T,, °C 234.0
Critical Pressure, P;, atm 37.0
Critical Volume, V., cm3/grmol 326.3
Critical Comprassibility

Factor, 2. 0.290
Critical Density5

Per gr/cm 0.5207
Acentric Facior, W 0.2556
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2.3 Trichlorosilane Propaertias

Critical Properties (Table 2.3-1)

Experimental data for the critical temperatura and critica. voluma are
zvailable (G33, G28) from a Russian investigation of orthobaric densities
and critical pavamaters. The critical pressure for trichloroeilans was
gatimated by Lydarsen method {G62, G&7):

P = M (2.3=1)

€ (zap + 0.34)°

wharas P, is critical pressure (atm), M is molecular weight (gr/gr-mol), and
Ap is critical property increments for atoms making up the molecule. This
mathod producad only 1.6% exror when compared with the experimentally deter~
mined critical pressure of silicon tetrachloride.

The critical compressibility factor, 2, was calculated form its defini-
tion:
PV
e

RT
c

Zc - (203"’2)

Vapor Pressure (Figurae 2.3-1)

Observed vapor pressure data from saveral scurcaes (Gl5, G29, G44, G61)
for trichlorosilane are in general agrsement from ~B5°C to just above the
boiling point. The axperimental data were extsnded to cover tha eantire
liquid phase using the YSSP correlation relation {(G63):

log Py = A + % + C log T + DT (2.3-3)

where

P, = vapor pressure of saturated liquid, mm of Hg
A, B, C, D = correslation constants for chemical compound
T = temperature, °K

The deviation of experimental and correlation results was small at 0.8%
error for the 36 available data points.
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Heat of Vaporization (Figure 2.3-2)

Heat of vaporization data for trichlorosilane ara available only at the
boiling point (625, Gl8, G38, G46, G27). Using the known value at the boil-
ing point, Watson's corralation (G62) was used to extend tha heat of vaporiza-
tion over tha entire liguid phase;

- -1

'I‘c - T
AH, = AH ——r {2.3~4)
v vl L ’I.'c Tl J
where n = ,38 and AHvl applias at the boiling point (Tl).

Heat Capacity (Figures 2.3-3 and 2.3-4)

Heat capacity of the ideal gas at low pressure has been calculated by
various Russian (G23, G25, G45, Gll), American (G53, G56) and other (G5, G30)
workers. The values, taken from various structural and spectral data, are
in close agreement. The JANAF values (G53) wera selected.

Tha liquid heat capacity of trichlorosilne is reportad to be .23 batween
25 and 60°C (Gl9, G46). The values are extended ovexr all liquid temperatures
by the relationship:
Heat Capacity x Density = Constant (2.3-5)
The constant, C,, was estimated to be 0.298.
Testing of this relaitonship with available data for silicen tetrachloride

produced an average daviation of 4%.

Liquid Density (Figqure 2.3~5)

Iiquid density data for trichloresilane are available from -~10°C to the
critical point(G33, G32, G6l, Gl2, G28). The expsrimental data was extrapolated
to the melting point by use of the Yaws-Shah relatlonship {G63) for saturated
liquid:

2/7
p, = AB (1-T,) (2.3-6)
where A = ,4856 and B = ,2618. Correlation values and experimental results
were in close agreement. The deviation was less than 1% for the ! pot-lished
data points from several independent sources.
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Surfface Tension (Figura 2.3-6)

Data for the surface tension of trichlorosilans are avallable from 0°C to
40°C (G32, G26). These data were extended using the Othmer relations (G61):

n
T -T

c
¢ = o - (2.3-7)
1 T, - T,

whare 0, = surface tension at Ty, dynas/ecm, and n = the corrslation parameter,
1.2. The other paramsters have their usual meaning. Daviations betwean datsa
and correlation valuas ware 3% or less, largely due toc the deviatlions betwean
roaported experimental values,

Vigcogity (Figures 2.3-7 and 2.3-8)

Data for the gas viscosity of trichlorosilane were available only at 0°C
and at boiling point (G25). The values at highar temperatures were estimated
using the modified and revised corresponding-state method of Thodes and Ycon
(G67, CGB):

- - . r,
Nt = 4.610 vro‘elguz.oq e 0:7449Tr | gq4 0”4 0%8Tr | 5.} (2.3-8)

where n_ = viscosity, §{ = TCI/GM_I/ZPc-zfs, and T, iz the reduced temperature.
The pergentage error was lass than .4%. Testing with silicon tetrachloride gave
good agreement of correlation and experimental results (16 data points produced
a 2% deviation}.

Liquid viscosity data for trichlorosilane are available from ~7°C to 60°C
{G32, G26, G19, G25, G46). At low temperatures (from the boiling to the melting
point), values were estimated using the log ny vs 1/T linear relationship. At
high temperaturcs {up to the criticai peoint), the Stiel and Thodos correlation
wag used with uLE = f(2,,T,) where f(Zc,Tr) is given as & generalized liquid
v scoslty correlation (G62). The percentage error with the available experimental
data was about 2%.
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Thermal Conductivity (Piguras 2.3-9 and 2,.3-]0)

The gaseous thermal conductivity of trichlorosilane has recently baen re-
ported from 46°C to 3%0°C (G66), The axperimental values were extanded using
a modified form of the Misic and Thodos correlation (G63, GB87):

-6 n .
AG = Cp/Y (10 ") (14.52 T,. ~5.14)} (2.3-9)

whare i = .71, Tha avarage absolutas percentaga error was 1,5%,

Ligquid tharmal conductivity data for trichlorouilane are not available.
Using the estimation method of Sheffy ana Jonnson {G62):

.2;6M.3UO}

M, = {(4.66) {1072} [1-.00126 (T - T} 1/ T (2.3~10)

AL = 2,783 % 10"4 cal/cm x seac ¥ °K was derived for the value at 60°C.

Using the Pachaiyappan-vVaidyanathas method of est.mation /G64):

A

'ad
L= 8.8 x 1T o oy (2.3-11)

the value of 2.64 x 107 ca./cm x gec » “K was derived for 60°C.

These estimation methods produred errurs of 16% and 17.5%, respectively, on
the one published value for SiC14; and hence, should be taken to represent only
an order of magnitude estimate. The estimate was extended over the entire liquid
range using & wrodification of the Stiel and Thodos methed (G662, G63):

£loy)
A, = g ¥ kG {2.3-12)

YZ,

Heat and Free Energy of Formation (Figures 2.3-11 and 2.3-12)

ol

Values of the heat (AHg) and Gibb's free energy of formation (AGg) for the
ideal gas are available from various Russian (Gll, G45), American (G53) and other
(GG, G30) sources and are in close agreement. The American values were selected.
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PABIR 2.3-1

Critical Constants and Physical Propertias of Trichlorosilane

Identiffication Trichlorosilane
Formuia B:‘.HCI3
state (std. cond.) liquid
Moleculay Weight, M 135,453
Boi‘ing Point, T, °C 31.8
Melting Point, Tm' aC -126,6
Critical Temp., Tc' o 200
Critical Prezaure, Pc' atm 40.01%
Critical Volume, Vc,cmaqr mol 268
Critical Compressibility Pactor, Zc L273¢
Critical Densgity, oc, gr/cm3 . 505
Acentric Factor (1) .188%

kEntimated
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2.4 Dichlorosilans Properties

Physical Properties and Critical Constants (Tabla 2.4-1)

Physical propertios and critical constants ara listed in Table IA-l
for dichlorosilans. Values of critical temperature, Ty, critiocal pressure,
Pe, and critical volume, V., for dichlorosilane were estimatad by using
Lydarsan's mtructural contribution method with derived critical »xoparty
increments for silicon (H16)., This wethod produced only 2.3% arror for T,
and 3.4% arror for Vo whan compared with tha experimental valuas of tri-
chlorosilaie and it produced 0% error for Tec, Vo, and Pg when compared with
the known values of silicon tetrachloride. Thae estimated values for tha
known values for the critical properties are also within reasonable agree-~
ment (4% for T., 0.2% for P., and 14% for V) of calculated Russian values
(H10) .

The critical compressibility factor, 2., was determined from its
dafinition:

VRT,
PC‘

(2.4-1)

ZC-

The result from Eq. (IA-1) was the same as that derived by the Gaxcia-
Barcena' boiling point method (H16):

Ze = £(Ty) = g(Tp/M) (2.4-2)

Vapor Pressure (Figure 2.4-1)

The vapor pressure of dichlorosilane has bean detarminsd f£rom -BO°C to
30°C (H23, H35). The experimental data was extended over the entire liquid
range using the YSSP vapor pressure correlation (H30):

log Py = A + % +C log T + DI + mT? (2.4-3)
where Py is the vapor pressura of saturated liquid, mm Hg; T is temperature,
°K; and A, B, C, D, E are correlation constants derived using a generalized
least squares computer program. Average aiusolute deviation was about 1% for
the 13 experimental data points.
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Heat of Vaporization (Figure 2.4-2)

Heat of vaporization data for dichlorosilane are available only at the
boiling point (H1, HO, H10, H19, H3l). Using the known value at the boiling
point, Watson's correlation was used to extend the heat of vaporization ovar
the antire liquid phase:

’-TP - n
Aty = MMy L , (2.4-4)

whore n = ,J8 and AHV; applies at the boiling point (7).

Heat Capacity (Figuresn 2.4~3 and 2.4-4)

Idenl gas heat capacity data for dichlorosilane arc available from various
Mmoarizan (H5, H13, H25, H26), Russian (H6, H7, H10, H12, H32) and other ({9, H33)
workers. The vlauess, shich are in close agreement, are based on bend additivities
and spectral measurement. ‘The JANAF values wera pelected.

Measured gaturated-liquid heat rapacity data for . ichlorosilane are unavail-
able in the literature, values were estimated from ~60°C to 609C using the Yuan
and gtiel corresponding state method (HI®). For polar ligquids, the correlation
takes the form:

- o AnfOP) DY inee $20) v am £30) 2
C cg AC em(Acof 4X(A(”} +% (Ac”) +u mc0

}4pl
0y

. 5

whare CR ig the ideal gas heat capacity, wis the acentric factor, X is the Stiel
polar factor and the funcions: (ACﬂfOP), etc. are tabulated as functions of the
reduced temperature. The relatioaship that heat capaci+y times density is con-
stant was ased to extend the values cuver the entire liquid range. Application of
the Yuar and stiel correlations to silicon tetrachloride, trichlorosilane, and
g8ilicen tetrafluoride gave average absolute per-entage errors of 3.1, 6.7, and
4.3 respactively. Due to the limited experimental data points, the calculated
liquid heet capacities should be considered as order-cf-magnitude estimates.

Pensgity (Figure 2.4-5)

Liquid density data are available at the melti j point (H8, H9, H1O0, H18,
H27) and at 79C (H35). The limited data we soxtende i over the entire liquid
range using a modification of the Rackett ¢ juation:
2/7

c(1-T.
p~ (1-Tx) (2.4-6)

(- 1
¢ ‘(?

e

where Og is critical density, T, is roduced temperature and & is a parameter
defined by the experimental data.



SBurface Teusion (Figure 2.4-6)

The Brock and Bird corresponding states method (H16) was uged to estimate
tha surface tension of dichlorosilane since no exparimental data is available,
The aquation is:

o = 2 3 (0.133 og - 0.281) (1 - 7,20

(2.4=7)

whare O is surface tension, dynes/em, &, is the Riedel parameter, Pg is critical
pressure, atm.: T, is critical ten erature, °K; and 7, 13 the reduced temperature.
Application of this method tu ~ilicon tetrachloride and trichlorosilane gave re-
gults within 4% and 0,.8% absolulr Jdaviation with expe  .3ntal data, respectively,

Viscosity (Flgures 2.4-7 und 2,4~8)

Gas viscosity c¢alculations at low pressure were made using the methods of
(1) Yoon and Thodos for non~hydrogen-bo,ding polar gases, (2) Golubev, and
(3} Reichenberg (H16)}. Sincae the calculated valiues were in close agreement,
they were fittad to the series expansion:

Ng = R + BT + cr2 (2.4-8)

where Ng ’s in micropoise; T is temperature, °K; and A, B and C are computer de-
rivad paraveters using & generalized least squares program. The avarage absolute
percentage deviation was less than 1.8%,

Liguid viscosities at temperatures below the boiling point were calculated
using the methods of Thomas, and of Morris (up to 60°C) (H16), Values from the
boiling point to the critical point were calculated using the correlation methods
of Let3on and Stiel, and Sties and Thodos (H16). Calcuiated values were extended
over entire liquid rasnge and fitced to the equation:

B 2

1og nL - A _'i‘_ + CT 4 DT (2.4"’9)
where L, is in centipoiza; T 1is temperature, °K; and A, B, D and D are derived
parameters using a generalized least squares computer program. This was done
in order to fit together the calculated values which apply in the different
temperature ranges, The average percentage deviaticn was 3.3% with the greater
deviation being near the melting point; therefore, this should be considered to
be an order~of-magnitude correlation.
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Thermal Conductivitv {(Pigureg 2.4-9 and 2,4-)10)

Gas-phags thermal conductivity data are available from 28°C to 350°C
(128), Tho data were correlated and extended to higher temparatures by a
zaries expansion in tamparature:

Ag = A + BT + cr? + pr3 (2.4-10)
where A; is gas thermal conductivity, cal/em x sec x °C; T is temperature,
°K: and A, B, ¢ and D arae compuier derived constants characteristic of the
chemical compound. The absclute deviation betweaen data and correlation
valuag was less than 0.5%.

Thermal conductivity data of the liquid phase is unavailable. Modifi-
cations of the estimstion methods of Sato and Reidel (H16):

-3 3420 (1 -7 Y?

= 2:64 % 10 (2.4-11)
M?% 3420 (1 - Trb)2/3
and of Robbins and Kingrea (H13):
(88 - 4,94 ¥) x 1070 .55 4/3 (2.4-12)
'\Lg Cy P
As* T. Py

where used to derive values at 32°C. Thege modified estimation methods pro-
duced error of less than 1% absolute deviation on the one publisned value of
SiCly. The average of the estimate at 32°C was extended over the entire licuid
range using a moedification of the Stiel and Thotog method (H16):

£(pp)
r = hika + (2.4-13)

L
I’ZCE G

The modified Sato-Reidel equation produced a similar range of values., Since
assumptions in these zalculations include the accuracy of the one data point
for silicon tetrachloride and the chemical similarities in a hemologous series.
these values should be considured only order .of-magnitude estimates.

Heat and Free Energy of Formation (Figures2.4-11 and 2.4-12)

Healt u. formation and Gibkb's free energy of formation for the ideal gas
have been estimated by Russian (H32, H36) and American (H245) workers up to at
leagt 1500°K. Some estimated values differ significantly having about 35% de-
viation for AHg and about 45% deviation for AGg (H32, H36). The JANAF vrlues
{H25) werr selected.



TABIIE 2. 4"1

CRITICAL CONSTANTS AND PHYSYCAL PROPERTIES OF DICHLOROSILANE

Idsntification

Formula

State (std. cond.)
Molecular wyeight, M
Boiling Point, Ty,, °C
Melting Point, Ty, °C

Critiral Temperature, Ty, °C
Critical Prassure, P,, atm
Critical Volume, V., cma/gr mol
Critical Compreasibility Pactor, 2
Critical Density, p., gr/cm3

Acentric Factor (w)

*Estimated

Iiichlorosilane

C

72

SiH,Cl2

gas
101.008
8.3
«122.0
178. 9%
44,0%
228, 3%
L278%
.4424%
1107
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2.% Bilicon Tetrafluoride Propertlas

Physical Properties and Critical Constants (Tahle 3.5-1)

Physical proportios are listed in Table IA~l including the bolling point
{sublimation temparature, wherae tha vapor pressure of tha solid is 760 mm Hg.).
Two temperature are given in tha literature for the welting point (triple point)
of silicon tetrafluoride basad on the work of Patnode and Papish (P37) in 1930
and the work of Pace and Mosser (F36) in 1963, The more racent work was selactaed
s the melting point (triple point, where solid, liquid and vapor are in aquil-
ibrium).

Exporimental data for the critical tamperature and critical pressure of
gilicon tetrafluoride have baen determined (I4). 'The critical compressibility

factor, Zc, was estimated from the Garcia’-Barcana’ correlation {(P39):

Zg = £(Ty,) - g(Ty/M) (2.5-1)

where T, is the normal boiling point, °K, and M is thae molecular weight. When
this method was applied to sulfur hexafluorida, another subliming inorganic
fluoride, the calculated value of the critical cowpressihility factor only
deviated 3.3% from the known valua. From the estimated value of Z_, the
critical volume, V_, was calculated by the rearrangement of the definition of
o

Vapor Pressura (Figure 2.5-1)

The vapor pressurc of silicon tetrafluoride has been determined experi-
mentally from 50° below tihe sublimation point to near the critical point (r4,
F3b, ¥17, F4l). The experimental data weres aextended to cover the liquid ranye
tfroo. triple point to critical peoint}, and for the solid (below the triple
point using the YSSP correlation in sach case:

log P, = A + -f-3r— + ClogT + DT (2.5-3)
At the nigher temperatures the deviation of experimental and correlation results
arn 2% while the average percent aerror was 4.8% in the lower temperature range.
Much of the deviation is due to rather poor agreament in the literature for the
cxper imenal valuas.
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Heat of Vaeporization (Figurs 2.5-4)

Heat of vaporization data for silicon tetrafluoride are reported naar the
triple point (F24, 29, r36, 41, F60). Using the selectad valus (I"38), Wat-
son's correlation (r39) was used to axtend the heat of vaporisaticn over tha
entire liquid phase:

n

AHV - AHV (2.5-4)

-'I?—ﬂllﬂ-l-h
m -
1 1c ¥
where n = .38 and T; is the boiling print. Tha value of Hy, was offectively
confirmed using the Clausius-Clapyron eguation and litoratu%o vapor prassure
valuua (Fi6),

Inat apacity (Figuras 2,5-3 and 2,5-4)

Heat capacity of the ideal gas at low praessure has besn calculated from
D°C to 1200°C (48, P63). These values, including other values covaering
smillor Lemperature rangss (I"ll, F24, P26, 129, ri5, F60), were taken from
various structural and spactral data and ave in close argesment. The JANAF
values (F48) wore aslocted.

The liquid heat capacity of silicon tetrafluoride ig reportaed near the sub-

Limat ion point (Fi6). The values are extended ovar oll liquid tampsraturas by
the telationships

Heat Capacity x Density = Constant (2.5-5)

The ostimated constant was 0,473, Testing of this relat{onship with available
data (4 data pointsa) for silicon tetrafluoride produced an average absolute
deviation of 0.8% error,

Liquid Density {Fiqure 2.5-b)

igquid density data for silicon tetrafluoride are avallable eonly within
abou: 0 degrees of the triple point (F26, I'60). The experimental data woere
vxtrapotated to the critical point by use of a modification of the Rackett
vquat ton (K65, FoR) s
/7

2
o - pcz"“"Tr’ (2.5-6)

where s the eritical density, T, is the reduced temperature, and 2 is a
parawter dervived from available data. Comparison of the caleculated and ex~
perimental values of 5 data points gave 0,57% average absolute aerror.
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surface Tension (Pigure 2,5-6)

Exparimental data are not availabla for the surface tension of silicon
tatrafluoride. The Brock and Bird corresponding states technique was used
to astimate the surface tension (F39):

2/3, 173 11/9
TC

o = P {2.5-T7)

o (0.133 ag - 0.281) (1-1,)

whare o ig surfacs tension, dynas/om; 0, is the Riedel paramater; P, is
critical pressure, atm; T, is the critical temperature, °K; and T, gs thae
raducad temparaturse. Appflcation of this technique to silicon tetrachloride
and sulfur hexafluoride gave results within 4% and 1% absolute daviation
with experimental data, raespactively.

Viscogity (Figures 2.5-7 and 2.5-8)

Experimantal data for the gas viscosity of silicon tetrafluoride ara
availabla from about room temperatura to above 300°C (I'l3, F32). The values
at highar temperauraes were astimated using the raelationship:

log ng = A + BT + CT? (2.5-8)

Tha average absolute parcentage error was l.74% when correlatad valuas ware
comparad with the 28 exparimental data points,

No experimental data are available for the liquid viscosity of silicon
tatrafluoride. Estimates were derived applying the Letsou-Stiel high-temp-
arature liquid~viscosity correlation (F65):

0 1
g, £ = (nbﬁ) + w(nLE) (2.5-9)

where the parameters (nLE)O and (nLE)l are functions of reduced temperature,

w is the acentric factor and { = Tcl/G/Ml/ZPCZKB. This correlations gave
results within 17% and 48% absolute deviaiton for the experimental valuas of
silicon tetracloride and gulfur hexafluoride, respectively. Since liquid
viscosity estimation methods may be grossly inaccurate (F69), these values
must be assumed to be order of magnitude estimates only.
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Thermal Conductivity (Pigures 2-5-9 and 2.5-10)

Tha gaseous thermal conductivity of silicon tetrafluoride has been
reported from about room temperature to 350°C (F9, 68)., The experimental
values wara axtended using a modified form of the Misic and Thodos correla-
tion (PG6):

Cp . .
Ao = R (107% (1a.52my - 5.14)" (2,5-10)

vherse n = ,63, Pda'Tcl/eml/z/Pcz/s, T, is the reduced temperature and ¢
ie the gaseous heat capacity., The average paercentage error was less than
one parcent.

Nn liquid thermal conductivity data are available;howsgver, values were
astimated using the Sateo-Risdel equation (65):

/3
/3

2.64 x 1070 3 + 20(1-mp)°

(2,5-11)
Mt/ 2 3+ 20(1—Trb)2

Ap, =

where M iz molecular weight, Ty is the reduced temperature, and Trh is the

readuced teamperature at tha boiling point. This correlation gave 34% error
with the eingle experimental data point for silicon tetrachloride and 24%
arror for sulfur hexafluoride with the sevaral experimental data points.
There is considerable deviation of values among the several different data
sources (22% maximum deviation). The present results should ba taken only
to rapresent an order of magnitude estimate.

Heat and Free Energy of Formation (Figurss 2.%~'1l and 2.5-12)

Many American workers (F20, P24, P29, F34, F35, P48, F57, Pr58) and
others (P40, F43) have reported heats of formation was well as Gibb's fras
anargy of formation (P48, F56, ¥'58) for the ideal gas. The JANAF values
(Fr48) were selected.
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TABm 2 . s‘"l

PHYSICAL PROPERTIES AND CRITICAL CONSTANTS OF SILICON TETRAFLUORIDE

Identification Silicon Tetraflucride
Formula SiF4
state (std. cond.) gas (colorless)
Molacular weight, M 104.08

Boiling point, Tb' °C -95.7 (760 mm Hg)

(sublimation point)

Malting Point, Tm' a0 -86.8 (1679 mm Hg)*Ref. F36
(triple point} -90.2 (1318 mm Hg) Ref. F37

Critical Tamp, Tc’ °C ~14.15

Critical Pressura, P, atm 36.66

Critical Volume, ' cmajgr mol LGEW*

Critlcal Compresgibility PFactor, Z,, 0,284%*

Critical Density, pc. gr/cm3 0.6308%*

Acentric Faoctor (W) 0.4086

* Saelected Valua

*rpgtimatad
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2.6 S8Silicon Properties

PHYSICAL PROPERTIES (TABLE 3.8-1)

Experimental values for the melting point have been reported
(1, 32, 49, 67, 110); however, all other values have been calculated,
Estimated valuez for the balling point range from 2285°C to 3287*C
(10, 31, 82, 58, 109, 124, 128, 137), Our value is eastimated to
give a reasonable computer fit to the available vapor yressure data,
Esitimated values of critical properties are reported by van Laar's
calceulation (%, 34, 43, 44, 101, 125), Baibus (4) and QGates and
Thodog (31, reported in Table I-1), Solid properties listed in
Table I«1 are ut room temperature while liquid properties are at
the melting r~int,

VAPOR PRESSLUKE (FIGURE 2.6-1)

Recent vapor pressure data reported by Amesrican (1, 18) and
British (8) workers were selected and extended using the YSSP vapor
pressure correlation (187):

log Py = A + 2+ C log T + DT + E1° (2.6-1)

where P,, ig the vapor pressure of saturated 1liquid, mm Hg: T i=s
temparaYure. °K: mnd A, B, C, D and E are correlation constants
derived using a generalized leasi squares program. Other date

(10, 125, 142) were not used because ol high percentage error which

is reported to be due to extensive reaction of the silicon (54, 1G3).
For the 44 cxperimental data points used (which are all in the

range below 0.2 mm Hg) the averapge sbsolute deviation was 17%.

HEAT OF VAPORIZATION (FIGURE 2.8-2)

Heat of vaporization values of about 3850 cul/gm are available
(1, 6, 18, 55) as well as older (10, 125a, 147) and Russian (142)
values of about 3170 cal/gm. TFrom the vapor pressure data near the
melting point, the heat of vaporization was determined using the
Clausius-Clapyrin equation, Using these values, Watson's correlation
(165) was used to extend the heat of vaporization to the boiling

voint.
[ = ' 7500 - T l“ -
AH AHV1 7500 =, (2.6-2)
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where n = 0.32 and all other terme have their usual meanings.
The calculated values give a 1.3% absolute percentage deviation
with the five experimental reflerences giving values nonr 3880
crl/gm near the melting point.

HEAT OF SUBLIMATION (FIGURE 3.8-3)

Hoeat of sublimation based on limited data have been reported
recentiy in the literature (18, 654, 108)., Using the YBSP corre-
lation of vapor pressure datn (as describec earlior), heats of
uugéimntion woere calculnted using the Clausius~Clapeyron equation
(133 ):

. - 8P 9 a.
A“uub PAVBub T (4.6-3)

where Aﬂsu ig the heat of sublimation, ecal/gr-mol; P is the vapor
pressure®Rim; and av_ . =V __ -V 1q: The deviva ive, 8P/,
was determined from dTY?ermngfgtionsg} fhe vssP VAPOI pressure equa-
tion. Considering the possible inaccuracy in the extrspolation of
very low vapor pressuresz at low temperatures, these valuas should

he conridered only order-of-ungnitude calculations below 800°C,

HEAT CAPACITY (FIGURES 2.0-4 and 2,8-8)

Liquid heat capacities have been reported from experiments done
In the range from the melting point to about 200°C above the melting
poinl (87, 100)., The values ol Kantur (87) were selected because
the temperature range was significantly greater with the tempera-
tures nppearing to be more accurately determined., The average values
ol heat capacity and temperature were taken as a reference point

and the values were extended over the liquid range using the rela-
Lionahip:

Liquid Heat Capmeity x Liquid Density = constant (2.6-4)

Caleulated values agree within two percent of the valuvs published
in the experimental work (67).

Solid heoat capacities have been reported by many authors (144,
138, 85, 34, 96, 164, 62, 115, and others) which give similar values,
The JANAF and Touloukian values (138, 144) were selected.
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DENSITY (FIGURES 2.6-8 & 2.6~7)

Baveral authors (83, 37, 14, 25, 9) have reported measurad liquid
density values from the melting point to about 400°7 mbove the melting
point. The datawere extended to the boiling point using n modification
of the Rarketl equation (188):

2/7
=(1 - T,

pm=op, Z (2.8-3)

where p,. i8 critical deneity; T, is reduced temperature and = iz a
parwmtﬁr tdefined by the mq:eriﬂ:n@ntal data., Calculated values give

2 0,5% average abmsoiuie deviation from the thirty reported experimental
values. The vertical line at the melting point indicates the change

in density upon melting.

Solid density measurements of silicon are recovded near room
temparature /733, 134) at the melting point (88) and many others
give linear i.ermal expansion data which are summarized by Touloukian
{144)., Solid densities at various temperatiures were calculated using
the percentage linear expansions (144) according to the relation:

p = py % {1 ~ [3x(percent linear expansion)]} (2.6-8)

Calrulated values gave less than one percent deviation with the measured
valuers over the solid range.

SURFACI; TENSION (FIGURE 2.8-8)

Limited data for the surface tension of silicon show a wide
range of values (79, 71, 130, 25, 40), TFrom the experimental data
in close agreament (79, 71, 130}, valuer were extended to the boiling
point using the Othmer relation (123):

7500 - T |®
1[’75‘0‘0‘*"1“1]

e

where o is surface tension at T,, dynes/an, and n is the correlation
parameter, 1,2, The other puraﬂ':eters have their usual meaning. Cal-
culated values agree with the limited data (5 values) with a 1.5%
absolute errorv,
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LIQUID VISCOSITY (FIGURE 2.6-8)

Liquid viscosity data for silicon are available from the
melting point to about 400°C above the melting point (9, B1,
127, 183). Valuaes from the melting point to the boiling
point were calculated using a log ny vs 1/T linear relation-
ghip. Average absolute percentage error was 9.1% on 19 data
points, due largely to the wide scatter of the experimental
data.

THERMAL CONDUCTIVITY (FIGURE 2,6-10)

Au experimental value of the liquid thermal conductivity
of silicon has been reported by Russian workers (167)., Their
research indicates a value of 0,16 (xz ,02) cal/em x sec x °C
at the melting point. The higher value of the thermal con-
ductivity of liquid silicon compared to solid silicon at the
melting point is in agreement with other experimental work (168).

Solid thermal conductivity data has been reported by several

authors (104, 23, 83 and others), The recommended values of
Touloukian (144) were selected.

111



TABLE 2,8-1

PHYSICAL PROPERTIES AND CRITICAL CONSTANTS OF BILICON

No. Idantification
1, Symbol
R. State (std. cond.)
3. Atomic Weight
4. Boiling Point, b.p., °C
5, Melting Point, m.p., °C
N Critical Tamperature, T,, °C
7. Critical Prasgsura, Py, atm
8. Critical volume, Vg, om’/gr mol
9, Critical Dansity, p., gr/cm®
10, vapor Presgure, mm Hg
11, Heat of vaporization, cal/gr
12, Heat of Sublimation, cal/gr
13, Heat of Fusion, cal/gr
14, Liquid Heat Capacity, cal/gr-mel °C
15, Solid Heat Capacity, cal/gr-mol ¢C
16. Liquid Density, gr/cm?®
17, S8olid Density, gr/cm’
18, Percent Expansion on Freezing
19, Surface Tension, dynes/cm
20, Liquid viscosity, tentipoise
21, Ligquid Thermal Conductivity, cal/secxcmx®C
22, Solid Thermal Conductivity, cal/secxemx®C
*egtimated

112

Sllicon

81

8olid

28.086

2,878%*

1,412 & 2

4 ,886%

530%

232,6%

0.1207%
2,8x10 " {(at m.p.)
3,812 (at m.p.)
4,078 (at m.p.)
264* (at m.p.)
6.755 (at m.p.)
4.78 (at 25°C)
2,533 (at m.p.)
2,329 (at 25°C)
10% (at m.p.)
736 (at m.p.)
0.88 {(at m.p.)
0.16 {at m.p.)
0.353 (at 25°C)
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3.7

Thermal Conductivity Investigation

Gue phase thermal conductivity values were experimentally
delermined between 25°C and 380°C for a variety of silicon
source matorials which included silane and halogenated solanes.
The apparatus used was & hot wire thermal conductivity cell
(or eatharometer). It consists of two pairs of matched tung-
sten-rhenium {ilaments mounted in & stainless steel block,

The [ilaments are connected as elemenis of a constant current
Wheatstone Bridge (Figure 2,7-1)., The cell is electrically
hented and a constant temperature is maintemined with o digital
temperature controller and read-out to + 1°C. The lilaments
are positioned in cavities in the steel block into which the
gases, ol which the thermal conductivity is to be determined,
een be introduced, The filaments are heated by a constant
current and the heat thus generated is dissipated primarily

by conduction through the gas. A change in the ithermal con-
ductivity of the gaseous medium results in a change in the rate
ol digsipation and therelore, s change in the temperature of
the fitament, The temperature of the hot Iilament is measured
ns {1t were p resistance thermometer; change in temperatiure
produces a change in [ilament resistance, which is measured

by means of the Wheatstone Bridge circuit.

The thermocouples (type K) used to monitor the temperature
ol the thermal conductivity cell were calibrated using materials
ol known melting points throughout the temperature range of
the study (25°C to 350°C)., The EMF of the thermocouples was
measurcd with a Leeds and Northrup, Model B88G, millivolt
potenf fometer which was calibrated and certiflfied at the Tactory.
The temperatures reported for the thermal conductivity values
are considered Lo be accurate to +1°C.

Since absolute measurement of thermal conductivity is dif-
Ficult, au differential method was employed in which the catha-
rometor was divided into two parts where half of the {ilamentis
are in contacet with a reference gas of known thermal conduc-
tivity and the other halfl contact the sample whose thermel
conductivity is to be determined. The Wheatstone Bridge is
first balanced by introducing the reference gus into both
sides of the cell, The sample to be determined i=s then intro-
duecd into the sample side of the cell and the resultant vol-
tage unbalance (E) is recorded., The catharometer responds
to the reciprocal of the thermal conductivities according to
equation 2.7-1: (reference 1)

B = bt - T (2.7-1)

‘ref.
where En,p is voltage with the reference gas in both sides

ol the thermal conductivity cell, X and Ay,p are the thermal
conduct ivities of the unknown and reference gas respectively,
and b s o4 constant characteristic of the paricular apparatus
(vell conctant), This cell constant (b) can be determined

by using n standardization gas of known thermal conductivity
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as the sample and determining the voltage unbalance (E) of it
with respect to the reference gas. The cell constant (b) is
slightly temperature dependent and must be determined throughout
the temperature range in which measurements are to be made.

Before thermal conductivity data could be obtained, the
apparatus described above needed to be calibrated. The cenli-
bration work included the determination of cell constants for
the temperature range 25°C to 350°C, the determination of
filament wire temperatures for various filament currents and
cell wall temperatures, and the experimental determination
of the thermail conductivity of argon and hydrogen in the tem~-
perature range 23°C to 350°C,

The cell constant, which is used to calculate Lhermal con-
ductivity values when the differential method is used, 1is
temperature dependent and therefore needs to be determined
fo~ the complete temperature range to be investigated. It
was also found thet at a given temperature, the cell constant
may vary slightly from day to day; therefore cell constants
were routinely determined everytime data were collected. This
variation may be due to slight changes in the [lilament cur-
rent or to slight oxidation or corrosion of the filament with
uge.,

In measuring the thermal conductivity of gases using the
"hot wire! method, the gas may nol be at a uniform temperature
due to differences in the terperature of the cell wall and
filament wire. This can be minimized by operating the appara-
tus at filament currents sufficiently low that this tempera-
ture ditlerence is small., In order to do this, a means of
monitoring the filament wire temperature was needed. This
wag accomplished by using the filament as a resistance ther-
mometer. With no current in the filament, the filament resis-
tance as a function of temperature was measured (Tigure 2,7-2),
When thermal conductivity data wre being obtained, the [ilament
resistance was routinely calculated by monitorine the current
through the filament and the potential across tiie filament.

The Filament temperature can then be obtained from ligure 2,7-1,
The [ilament current was then adjusted so that the temperaicure
differenrce hetween the filament and the cell wall was small.

The thermal conductivity of argon was determined through
out the Lemperature range 25°C to 350°C, These values were
compared to recommended values for the thermal conductivity
ol argon (reference 2) in order to evaluate the accuracy of
data obtained on this apparatus ({figure 2.7-3). The recom-
mended values used were 1hose presented in "Thermophysical
Propertier of Matter”, Vol., 3 on Thermal Conductivity (TPRC),
and were determined by an evaluation of available published
duta. It was stated that the published data correlated with
the recommended values to within + 5%, The thermal conductivity
values obtained in this study agree with the recommended values
to within ' 2% up to 300°C and + 4% from 300°C to 350°C,
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The thermal conductivity of hydrogen was determined in cthe
temperature range 258°C to 350°C. These values were compared
to previously reporied experimental valuexs for thermal con-
duct!vity of hydrogen (references 3 and 4) in order to evaluate
the accuracy of the datu obtained on this apparatus (ligure
2,7~4) lor gases of relatively high thermal conductivity.

The thermal conductivity of s{lane (SiH,) was determined
between 25°C and 300°C (Tuble 2.7-1 and Fiﬁure 2,7-5). Values
above 300°C were not determined because above that tempera-
ture silane is thermally unstable and beging to deposit sili~
con, There “ave been no previously reported experimental
data for gaseous Lhermal conductivity of silane. Estimated
values have been determined using a modifled Eucken Correla-~
tion (ref, 5) rnd these estimated values agree Tairly well
with the now available experimental values,

The thermal conductivity of dichlorosilane (SiH2C1 ) was
determined belween 25°C and 350°C (Table 2.7-2 and“Fiffure
2.7-6). There have been no previously reported experimental
data for gaseous thermal conductivity of dichlorosilane,
Estimated values have been reported (reference 38) in the
temperature range 0°C to 70°C which were determined by a
Fuchen approximation. These ostimated values are considerably
lower than the experimental values now reported.,

The thermal conductivity ol trichlorostlane (SiHCl,) was
determined between $50¢C und 350°C (Table 2.7-3 and Fifure
2,7-7TY. There have been no previously reported experimental
data for gascous thermal conductivity of trichlorosilane,

The thermal conductivity of gaseous silicon tetrachloride
was determined between 100°C and 350¢C (Table 2.7-4 and Figure
2.7-8)., There have been both caleulated (ref. 7) and experimental
(ref. 8) values for the thermal conductivity of silicon tetra-
cehloride previously reported. The calculated values, in the
Ltemperature range 80°C Lo 335°C, were lower than the values
obtained in this study by more than 10%. The experimental
values, in the temperature range 70°C to 300°C, were about
107 lower than the values oblanined in this study.

The thermal couductivity of silicon tetrafluoride (SiFd)
wias determined beween 25° uand 350°C (Table 2.7-5 and Figure
2.7-9). The values obtuined in this study agree to wtihin
+35 with proeviously roeported (refevence 9) experimental data
Tor silicon tetratluoride (figure 2.7-10)

Fipure 2.7-11 summarizes ull of the experimentally deter-

mined values Tor sascous  {heermal conductivity of silane and
halogonated silanes reported from this investigation,
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Table 2.7-1 Gaseous Thermal Conductivity Values of Silane

Temperature Gaseous Thermal Conductivity

% oW em %kt a1l emlgec™t %71 mrm nrleiT? O
28.0 0.234 56.02 X 10~° 15.54 X 10~
45.7 0.249 59,44 X 10°° 14.37 X 10~
94.7 0.297 70.96 X 1078 17.15 X 10~
139.4 0.345 82.34 X 10™° 19.90 X 10™>
184.1 0.400 95.67 X 10~° 23.13 X 107
227.4 0.449 107.24 X 1070 25.93 X 107>
269.5 0.497 118.86 X 10~° 28.73 X 102
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Table 2.7-2 Gaseous Thermal Conductivity Values of Dichlorosiliane

Temperature Gaseous Thermal Conductivity
S¢ oW _cm T Okt Cal cm Tsec™t %1 BT hr trg~t Op~1
28.0 0.102 24,43 ¥ 10°° 5,91 X 107
45.7 0.108 25.72 X 10~° 6.22 X 10~
94.7 0.129 30,86 X 1070 7.46 X 107
139.4 0.148 35.42 T 107° 8.56 ¥ 10~
184.2 0.169 40.37 X 107° 9.76 X 107>
D74 0.194 46,46 X 1070 11.23 X 1070
.5 0.217 51.79 X 1070 12,52 X 1070
1.3 0.243 58.15 X 1070 14.06 X 1070
30.6 0.267 63,70 X 107° 15,40 X 1072
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Table 2.7-Z2 Gaseous Thermal Conductivity Values of Trichlorosilane

Temperature

o5
45.7
94.7

139.4

184.1

227.4

269,

311.3

350.6

10

oW cm — K

-1

Gaseous Thermal Conductivity

0.093
0.110
0.126
0.144
0.161
0.180
0.198
0.216

Cal cm tsec ™+ %c~t BTU hr st~ t Cpl
22.13 X 107° 5.35 X 107>
26,22 ¥ 10°° 6.34 X 107>
30,16 X 10°° 7.29 X 107>
34.35 X 10™° 8.30 X 107
38.55 X 1070 9.32 X 1077
43.05 x 107 10.41 X 1070
47.24 X 107° 11.42 X 1072
51.58 X 10~° 12,47 X 1077
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Table 2.7-4 Gaseous Thermal Conductivity Values of Tetrachlorosilane

Temperature Gaseous Thermzl Conductivity

% wd_em + %t Cal cm tsec™™ %) BIU hr iyt OF 1

94,7 0.100 2%.9% X 10~° 5.78 X 10~
139.4 0.111 26.43 X 10~° 6.39 X 107>
184.1 0.122 29.59 X 10~° 7.15 X 1072
227.4 0.138 32.89 X 10~° 7.95 X 1077
269.5 0.153 36.59 X 100 8.85 X 10~
311.3 0.169 40.39 X 10°° 9.76 X 1077
350.6 0.193 46.1% X 107° 31.15 X 10~2
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Table 2. 7_-5 aseous Thermal Conductivity Values of Tetrafluorosilane

Temperature Gaseous Thermal Conductivity

o oW _cn™t %g~1 Cal cm tsec ™t O¢~t BTU hr Lft~l Ol
29.0 0.150 35,95 x 107° 8.69 X 107
45.7 0.158 37.79 X 10°° 9.13 X 107
94.7 0.189 45.24 X 1070 10.94 X 10~
139.4 0.215 51.43 X 1070 12.43 X 1070
184.1 0.241 57.67 X 10™° 13.94 ¥ 1072
227.4 0.274 65.46 X 107° 15.83 X 107>
269.5 0.291 69.55 X 10°° 16.81 X 10~
311,3 0.316 75.55 X 100 18.26 X 107
350.6 0.345 82.34 X 10°° 19.90 X 10~
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2.8

Viscosity Investigation

Gag viscosity values of some halogennted silanes were e
perimentally determined between 40°C and 200°C.  The viccosiny
values were determined by n transpiration method which i1s based
on the rate of flow of the gas through a captllary. 1In order
to determine these gar {low rates, 8 constant volume, glasy
viscomeler (Figure 2.8-1) was fabricated and assembled.  The
apparatus s simf{lar to one deseribed by MceCoubrey and Singh
(1), The apparatus congist of a 1 liter glass buitbh which s
connected through a giasks manifold to a mercury manometer and
to a thermostated capiilary with a preheater coil., The capil.
lary i 20 em. in length and has an internal diameter ot o0 02
cm, ‘the oxitt side of the capiliary can be continuousty -
Cuoted by o two stapge mechanical pump.

In order to make o meustrement, the viscometoer s Chovoughly
evacualed and then the gas sample is {ntroduced into the bulb
up to a pressuroe of about I8 em. Hg, The gas sample s then
evacuni d fhrough the capillary und the resulting rate of lew
is monitvred by recording the pressure decrease i the bolb
with twme. Thoe pressure is measured with a stuandard U tahe
mercury manometer to 0, 5Bmm, Hyg,

The tate of low of n gas through a cupillarvy 15 dependent
upon Lhe coeflficient of viscoslty (n) of the gas, By combining
Poigeuille’s equntion VYor ifaminar flow of a was through o tabe
and the idenl pgas law ecquation:  the relationship hetween
presgure, time, and viscosity of a gns can be devived,  Poa
gseullle's equation (2) for laminar gas llow is:

cp. 2 L p. 2y
av _ "(Py - Py
at =~ IGEFFE““" (2.8-1)

where dV/dt {s the volume rate of gas {lowing through (he
capillary, P; is the pressure at the capiliary intet, b, i
the pressure”at the capillary outlet, r is the radius oT the
capillary, L is the length of the capillury, and Py e th
pressure at whichh the pas volume is measured.  In Phis wethod
where the gas s continuously evacunted with u pumpr P, s
negligible compared to Pl and equation 2.8-1 reduces o

From the ideal gax low, oV, the volume of gas at P pasaaing
throegh he capillary on unit {ime can be nxrn‘vsm‘g in torms
of dN, Lo nuber or oo = o gas fiowing throuwgh the capatlary
in unit time (cquation P o8-8,
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dy = dN(RT/PO) (2.8-3)

Substituting equation 2.8-3 into equation 2.8-2 gives equation
3,8-4:

P
aN P T (3.8-4)
di  T3ImRT
As the gas 18 vvincunfed in a conetant volume vigcometer, the
pressure dacrenses. Again using the ideal gas law,

dN = -dP, (V/RT) (2.8~-b)

where V is the volume beling evacuated., Substituting equation
2.8-5 into equation 2.8-4 gives equation 2.8-6
-nP12r1
dpl - *m-‘—.v- dt (2.8—6)

The asgsumpt ions of the derivations ars: constant volume of

the myst m, ideal behovior ot the gas, and laminar flow thyough
the catl!l!ary. 8Since the pressure 18 measured with a U-tube
manomete = thy volume of the gysatem will change by 10 to 20

ml, 4dutrin,s wa experiment, However, with a total volume of

the viscomoter of over 1 liter, this change can be neglected.
The gases Lo be measur d do not exhibit ideal behavior, but

at pres.nves of less than 1 oatmosphere their deviations should
not he ln»ge Tauminanr flow assumes zero velocity r1 the wall,
A coriortion may need to be made for slip ae the wa.l,

From ~quarfor 22 R-68, the viscosity (n) of a gas can be
caleoulnted Irom che slope ~f the line obtained by plotting
1/P, versns o In order Lo avold the necessity of careful
measu mtw of the captliary dimensions and the volume of
the syvdtem a pns of RKnown viscosity can be used to determine
an appar~tus constant which includes all the constant terms
in equation 2,R-6, Alternatively, the caleculation constant
cap be omitted and the viecority of the unknown, relative to
that of 4 relerence gn:, can be computed from the inverse
ration of the sloper of the 1/P versus t graphs (equation
2,8~7).

slope

ref (2.8-7)

sTope”

n =

Y .
]I'H'

Fvaluation and calibratton of the gas viscometer was ac-
complished before data collection begun., Using argon gs a
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referunce to determine a viscometer constant, sxperimental
values for gae vimscosgity of nitrogen have been determinaed
hetwaen 49°C and 200¢C, Thaese values were compared to recom-
mended valuses for the gos viscosity of nitrogen (3) in order
to evaluate the accurac)y of data obtained on this viscometer
(figure 2.8-2), The recommended values used were those pra-
gsented in "Thermophysical Properties of Matter'", Vol., 11 on
vigcosity (TPRC), and were deitermined by an evaluation of available
published data. It was stated that the published data cor-
related with the recommended values to within 2%, The vis-
coslly values obitained for gaseous nitrogen in this study
deviate from the recommended values by less than 2% {rom 40°C
200°C (figure 2,8-2).

The viscosity of trichlorosilane (SiHCl,) has been deter-
mined between 40°C and 200°C (table 2.8-1 Bnd figure 2.8-3).
There have been no previously reported experimental values for
ga~ viscosity of trichlorosilane in the temperature range of
the study. Values at 0°C and 31°C were reported by Tel'chuk
and Tubyanskuya (ref. 5),

The viscosity ol dichlorosilane (Sincl ) has bheen deter-
mined betwoen 40°C and 200°C (table 2.822 fnd figure 2.8-4),
The sample of dichlorosilane used for the measurementis was
semiconductor grade obtained from Union Carbide Corporation.
There have been no previously reported cxperimental values
for Lhe gus phase viscosity of dichlorosilane. One set of
calculated values have been reported (ref. 6) in the tempo-
rature range of 0°C to 300°C. These calculated values agree
with the experimental valuerp determined in this study with
deviations ol less than *+2% from 10°C {to 200°C.

The viscogity of telralluorosilane (8i¥F,) has been deter-
mined between 40°C and 200°C (Table 2.8-3 #nd Figure 2.8-5).
There have “~en two previous reports of experimentally deter-
mined viscor,vy values for te.raflucvrosilane. Ellis and Raw
(reforence 4) reported vatlues betwecen 23°C adn 134°C and Mc-
Coubrey and Singh (reference 1) reported values hetween 18°C
and 190°C, The values of McCoubrey snd Singh were in close
agreement to the values reported in this study with less than
3% deviation through the whole temperature range. The values
ol Ellis and Raw wesre lower than the valves reported in this
study by as much as 7%.
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Tabled 2.1

Jiscosity of Gasecus Trichlorosilane

Temperatura Viscosity
¢ micrapoise Nsm * lbms"ft"7
5 122.0 12.20x10"" 8.20x10"°
60 125.9 12.59x10"° 8.46x10 °
80 124.8 13.48x10"° 9.06x10" °
100 140.8 1°.08x10 ° 9.46x10 °©
150 157.3 15.73x10 ° i0.57x10" ¢
200 177.2 17.72x10 ° 11.91x10" °
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Table 2, 8.9

Viscosity of Gaseous Dichlorosilane

Temperature L Viscosity
C micropozs= Nsm~ ! lbms”lft—1
40 118.7 11.87 X 10°° 7.98 X 107"
60 125.3 12.53 X 10°° 8.42 x 10”°
80 134.6 13.46 X 107" 9.05 X 10°°
100 140.2 14.02 x 10°° 9.42 X 10 °
150 163.5 16.35 X 10°° 10.99 X 10°°
200 181.9 18.19 x 107° 12.22 X 107°
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TABIE 2.8-3

Gaseous Viscosity of Tetrafluorpsilane

Viscosity

. . —2 -3 _ -1

micropoise Nsm lbmS ft
N -6 -6

1€9.5 16.36 X 10C 11.40 X 10
-6 -6

180.7 18.07 X 10 12.14 X 10
-6 -6

191.7 19 17 X 1Q 12.88 X 10
-6 -6

208.3 20.83 X 10 14.00 X 10
-6 -6

231.2 23.12 X 10 15.54 X 10



181

Viscosity, mlcropoise

4180
250.0f
)
150
T
?2n0.0kF
4120
150.0 | : L
0° 50° 100° 150° 200°

Temperature, °C

Figure 2.8-5 Viscosity of Gasesus Tetrafluorcsilane

Viscosity, 10771b, s-1f£t"!



References for Viwcusicy Investigation

McCaubrey, J. C., and N, M. S8ingh, Trans. Furaday Soc.,
B3 877 (1987).

Moore, W. J., "Physical Chem!stry", 3rd ed., Prentice-
Hall, Inc, (1964),

Touloukian, T. S. (Series Editor) and others, "Thermophy-
gical Properties of Matter'", Volumes 1-13, lst and 2nd
editions, IKI/Plenum Press, New York (1970-1978),

Ellis, C. P. and C, J. G, Raw, J. Chem. So~., 765 (1888).

Lel'chek, 8., L. and V, S, Tubyvansksya, 'Physic>~-Chemical
Properties of Some Silicons', Moskva, Goskhimizdat (1861).

Lapidus, I. I. et al, "Thermophysical Properties ol Gases

and Liquids", No, 1, V. A. Rabinovich, ed,, 102, Israel
Program for Scientific Translation, Jerusalem (1870).

162



2.9

Silicon Tetrafluoride Geharation

Investigations were conducted toward developing a method
to genrate sllicon tetrafluoride (SiF,) from an aqueous solu-
tion of hexafluorosilicic saeid (H,Sif)), which ie readily
available ag » product of the phothatg fertilizer industry.
The method investigated involved the precipitation of an in-~
soluble salt of hexafluorosilic acid followed by the thermal
decomposition of the salt to produce Sin.

Experiments were conducted in whieh concentrated agqueous
solutions of vmrious selts (NaCl, NaF, NaCH, Na CO,;) woere
reacted with a 23% aqueous solution of H,SiF a% rbom tempe-
rature; 2 &

2 NaX H281F6

where X = C1, 7, OH or CO3

* Nn281F6+ + 2 HX

Reaction under these conditions resulted in the immediate
formation of a precipitate which could be readily filtered
and dried. With each salt, several reactions were carried
out with differing stoichiometric amounts of the reactant
in order to determine the reactant ratio which would give
maximum precipitation of Na,SiF,. The results of these in-
vestigations are shown in F?gur@s 2,9-1 through 2,9-4.

Figure 2.9-1 shows that the precipitation of Na,SiF, with
NaCl solutions gives maximum recovery of the SiTF, . reclirscr
at a reactant ratio of slightly greater than 1:1, Increasing
the amount of NaCl does not improve the yield any further.
The percent yield of Na,SiF,. never rises above the 90-85%
region due to its sligh% so?ubility in water. The precipitate
formed was shown to be Na,S1iF, by comparing its infrared spec-
trum with that of an authgntig sample. Air drying of the pre-
cipitate was shown to leave approximately 1-2% water,.

Figure 2.9-2 shows that precipitation of NazsiF with NaF
solution gives essentially the same results as“was obtiained
with NaCl up to about 1.25:1 reactant ratio. At higher ratios
the calculated percent yield of Na,SiF, rises above 100% which
indicates that something else is o%cur?ing other than the
precipitation of NazsiF . Hydrofluoric acid (HF) is a by-
product of this reactiog and will form an insoluble adduct
(?aF-HF) which results in the greater than 100% calculated
vield.

Precipitation using NaOH solutions (Figure 2.9-3) gives
completely different results than that obtained with either
NaCl and NaF. The calculated yields (based on Na SiFG) are
much above 100% and continue to rise up to a reac%ant ratio
of 3:1, The use of NaOH (a strongly basic reagent) resulted
in the hydrolysis of the Si~TF bond as well as precipitation
of NaQSiFG. The hydrolysis of SiF6= under basic conditic s
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resulls in the formation of silic.r acids which are hydrated
oxides o, silicon and these precip’tate along with NaZSiF .

The formation of silicic seids ir (hese reactions was con?irmed
by infrared anrlysis of the precipitnte which showed charac-
teristic absorptions for both sil cic acld and Na,S1Fq.

Figure 2.8-4 shows that reaction with Na,CO, (& weankly basic
reagent) gives results comparable to those ogLRQned with NaCl
Bolutions. Infrared analysis of the precivitate however, in-
dicated the prodence of some s8ilicic acidy vhich showed thrti
hydrolysis was nccurring with Nazcoq as wel' a8 with NaOH,

Studies were also conducted to determine conditions neces-
gary for the efficlient precipitation of BaS:F, (another poseible
precursor f{or the geration ot S8iF, ). The use of BaS!F. as an
glternate nrecursor to SiF (iustgad of No.SiF,.) was iHdverti-
gated becsuse of several aavunlngos this rBut« may have.

BuSiF, i loess soluble than Na,SiF,. by a factor of about 30
which should result in a more érfi?ivnt raecovery of SiF, from

a solution »f li,51F,.. Secondly, {f BaF, is used to pregipitute
the BaSiF thvrg thuld be no co-proripfiution of an sdducl
with HF (ise of NaF in the precipitation of Na,SiF,. resulted

in the co-precipitation of NaF+HF), Also the %hnrgal decom-
pogition ol BaSiF, to give SiF, may occeur at a lower tempera-
ture thati thaut obZ%erved for NMZSiFG.

The preciptration of BaSilt, was eflected by the reaction
of a 237 aqueous solution of ﬁ.SlF‘ with aqueous solutions
ol either BuCIZ or BaF,. An iﬁmvd?atn precipitate was lormed
in both -

BaX,, + H.,8iF., + BasSi¥F,.+ + 2 HX
2 ? 5] [§]

-

X =1, F

cases which could be readily tilterea and dried. With each
galt, several reactions were carried oul with ditlering stoi-
chiometric amounts of the reactant ia order to determine the
reactant ratio which wouid give maximum precipitation of BaSiF,.
The resalts of these investigations are presented in Yigures
2.9-06 and 2,9-06.

Figure 2.9-% “hows that the precipitation of BnStFr with
BaCl,, solutions at room temperature gives muXimum rvrﬁvery
of the SiFq precursor at a reactant ratio of 11, lncreasing
the amount of BaCl, does not increase the yield any turther
and the per.ent yigld never rises above abount 977 due to the
slight solubility of BaSiF,.

Figur. 2.9-6 shows the venits of the reactions of BaF,
solutions with H,SiF. s1 oust,. Maxinum recovery of BaSiﬁ
is shown Lo be af a Fenctant ratio of 1.5 to 1 with the pgr~
cent yield about 957. The hivher reactant ratio necessary
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Tor efficient precipitation and slightly lower yields than
ware observed in the remctions with BaCl, is due to the low
golubility of Ban which dictated the us® of considerably
larger volumes of“water,

Investigations were conducted for the generation of sllicon
tetralluoride (SiF,) by the thermal decomposition ol sodium
hexafluorosilicate (NaZSiFB):

A
NaZSiFB by 51F4+ + 2 NaF (4)

Parameters such as temperature, reaction time, and genaeral
reactlon conditiong were examined in order to determine opti-
mum conditions for efficient SiF4 generation,

Anhydrous sgample of Na,SiF, were placed in a quartz tube
and heated under various %eac@ion conditions, The amount of
S1F, generated was determined Irom the weight loss of the
samsle after heating based on the stoichiometry in equation 4,

Initially the samples were heated for 1 hour in a closed
system of inert gas (N,) maintained at 1 atmosphere and at
constant temperatures %anging from 350°C to 6800°C., 1In no
instance was the generation of SiF, above 12%. This low yield
of the SiF, was due to the fact th&t the thermal decomposition
reaction 13 an equilibrium reaction (eq. 4) and when the de-
composition is ecerried out under conditions which allow an
equilibrium to be established, the reaction will proceed no
further than the equilibrium point.

As a result of these initial results, the reaction conditions
were altered such that a slow stream of N, (approximately
200 cc/min) was continuously passed over %he sample during the
decomposition. Figure 2,.9-7 shows the results of these experi-~
ments. Heating the samples for 1 hour gave low yields of
SiF, increased rapidly such that the generation of SiF4 was
esagntially quantitative above 550°C,

Based on the above results, it is obvious that the decompo-~
sition of Na,SiF,. to generate SiF, occurs extensively at tempo-
ratures abovg 508°C. Since this 3ata was obtained by heating
the samples for an extended period (1 hour at each temperature),
the per cent generation of SiF, was obtained as a function
of reaction time in order to détermine the minimum amount of
heating required to produce high yields of SiF4. Figures
2,.9-8, 2.9-9, 2,9-10 show the results of this type investi-
gation at 500°C, 550°C, and 600°C. Figure 2,9-8 indicates
that decomposition is not complete at 500°C even upon neating
for a period of 1 hour. At 550°C the generation of SiF4 ap-
proaches completion in 30 minutes (figure 2.9-9) and at "600°C
the reaction is essentially complete in 15 minutes.
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The goneration of silicon tetrafluoride (SiI',) by the thermal
decompogition of barium hexafluorosilicate (BnS?Fe) nccording
to equation ® was investiigated. Parametsrs such

A 81
g < BiFy

ag temperature, reaction time, and general reaction conditions
wore axamined in order to determine optimum conditions for
efficient SiF4 generation by this method,

Bagir o+ BaF2 (2)

Samples of anhydrous BaSiF, were placed in a quartz tube
and heated at various tempsra@ures for a period of one hour
during which tins a slow stream of N, (approximately 200 cc/min)
was continuously passerd over the samPle. The amount of SiF4
generated was detarmined from the weight loss of the sample
after heating based on the stoichiometry in equation 8, The
resulte of theese experiments are shown in figure 2,8-11,
Heating for 1 hour at temperatures up to about 400°C gave low
vields of 3iF,. At temperatures above 400°C however, nearly
quantitative yields were obtalned.

Basged on the mbove resulte, it can be seen that the decompo-
gition of BaSiF, to generate SiF4 occurs extensively at tempe-
ratures shove 480°C. Since this data was obtained by heating
the samples for an extended period (1 hour at each temperature),
the per cent yinld of SiF4 was obtained as a Tunction of time
in order to determine the minimum amount of heating required
to produce high yields of SiF,. Figures 2.9-1i2, 2,9-13, 2.9-14,
2,9-15 show the results of this type investigation at 400°C,
450°C, 500°C, and 550°C respectively. Figure 2,9-12 shows
that at 400°C the decomposition of BaSiF_, does not approach
completion until about 1 hour heating time. TFigure 2.9-13
shows that decomposition of BaSiF6 is essentially complete
after 30 minutes heating at 450¢C  and figures 2.9-~14 & 2,9-15
show that decomposition is complete after only a few minutes
(5-10 minutes) at 500°C and 550°C.
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Reaction Rabo NaClH25Fg, Equivients
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Figure 2.9-1 Variation of SiF4 Precursor Recovery with Reaction Ratio (NaCl Reaction)

% SiF4 Precursor Recovaered
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Reaction Ratio NaF/HaSIFg, Equivalents
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Temnperature = Constant (ambient)
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Figure 2.9-2 Varation of SiF4 Precursor Recovery with Reaction Ratio (NaF Reaction)




Reaction Ratic NaOH/H2SiFg, Equivalents

30

25l Temperalure = Constant (ambient)
2NaOH  + HoSFg * NagSiFgs + 2H20 /
20
15
/7
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L L | | 1
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% SiF4 Precursor Recovered

Figure 2.9-3 Vnriation of SiF4 Precursor Recovery with Reaction Ratio (NaOH Reaction)
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Reaction Rat:o NazCO3/HaSiFs, Equivalents

T

251 Temperature =.Constant {ambient)
NasCO3 + HoSiFg » NagSlFg + CO2 + H20

20

1o}

0skO—"

.

0 A |
40 50 60 70 80 90
% SiF4 Precursor Recovered

Figure 2.9-4 Variation of SiF4 Precursor Recovery with Reaction Ratio (NasCQO's Reection}
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Ba012 + H2$iF6 + BaSiFg+ + 2HC1

Temperature = Constant (ambient)

Reactant Ratlo B Cly/ Ho8iFg, Bquivalents
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0.5 [ ] 3 | N
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Figure 2.9-5 Variation of BaSiFg Recovery with Reactant Ratio (BaClg Reaction)
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% SiF4 Generated
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Figure 2.9-7 Variation of % SiF4 Generated with Temperature
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% SiF4 Generated
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Figure 2,9-8 Variation of % SiF4 Generated with Reaction Time
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% SiF4 Generated

NagSiFg 4 SiFqe +2NaF
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Figure 2.9~9 Variation of % SiF4 Generated with Reaction Time
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% SiF4 Generated
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Figure 2.9-10 Variation of % SiF4 Generated with Reaction Time
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Figure 2.9~12 Variation of % SiF4 Generated with Reaction Time
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Figure 2.9-13 Variation of % SiF, Genera+ed with Reaction Time
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3.

CHEMICAL IENGINEERING ANALYSES

3,1 811, Decomposition Process

4

The chemical engineering analysis activity involves a pre-
liminary process design ol a plant to produce =zilicon via
the technology undur consideration,

The process flow-diagram for the SiI, decoumposition process
1s shown in Figure 3.1-1, This process involves several major
processinf operations such as fluidization, distillatinn,
condensation, vaporization and deposition unit,

At the beginning of the process, metallurgical grade silicon
{M.G, Si) i8 reancted with ilodine (I,) in & rlunidirod bed renctor
(100°K) to produce silicon tetraiod%de. This rae product is
condenged and then purified by distillation process.

Thig purified SiI, is vaporized and introduced into a silicon
rod reactor where si?icon is deposed according Lo the following
reaction

8114 -y 81 + 212 (3.1-1)
The reaction temperature is kept at 1300°K.

Unreacted SiI, and iodine are condensed and scparated by
distillation lor recycle purpose.

A process design was performed to obinin date for the cost
analysis, The design was baserd on a plant [or the production
of 1000 metric tons p v yr = o polysilicon via this SiI‘1 de~
composition process,

The detailed status sheet lor the process desipgn package
is shown in Table 3,1-1 and is represeniative of the various
sub-items that make up the activity., The rummarized resulis
for the preliminnry process design are presented in a tabular
format Lo make it easier to locate {Ltems of speclflic interesti.
The guide for these tahles ig given below

Base Unse Conditions----=—=- -—-  Talie 3.1-2
Reactlon chemistry-———avwa- - Table 3 1-3
Raw Material Requirements------ -Table 4.1-4
Utility Requirements—————————- == Table 3.1-5
Major Process Equipmentweme——-.. e1e R e
Production Labor Requirements-  Table 1,1-7

The process decipn prevides detailed data for raw materials,
utitities wad w oy -0 o mipmest and proyduciion labor require-
ments whicn ar-- :ceer aay tor polysilicen prodvetion

182



2 ()
51
o
)

-t

Kake-U
!
i

| I

IRaHIoD

)
3

Vayjaung| y‘

Liuad
b
Hold
Tark

—

(v uLl-vhaw

J
(ol
f

L

o vwwwa )
ﬁ g

"

_._ﬁ o) -

—_—————— e e

§

LY g

)
df
hw R 4 ) Y gﬁl _.M

|

|
HIN Uowsadag dl._ W r .“!

l

{

!

183

Fijure 3.1-1 process Flow Diagram for SiI, Decomposition Process (Battelle)



¥81

WM

Prel, Process Design Activity

Specify Base Case Conditions

1.
2.
3.

Plant Size
Product Specirfics
Adi.itional Conditions

Define Reaction Chemistry

e

2.

Reactants. Products
Egquil_briom

Process < low Liagram
Flow 3-guerce, Unit Tperations

1.
2.
3.

Material Balance Calculaticrs

Faergy Balance Caxsuiat.n.

.
z.

)
PR

rocess Co.ditions (T, !

Envi -onmental
Cong.ny L-.*eraction
{Technoloyy Exchange)

Raw Materials
Broducts
By=Produec~ -

Heating
Cooling
additional

Property Data

i.
2.
3.

Physical
Thermodynami
2dditional

2

TABLZ 3.1-1

2TC. ]

Status

L N I

CHEMICAL EHGINEZRING AMALYSES:
PRELIMINARY PROCESS DESIGN RCTIVITIES FOR

SJ'.I'4 DECOMPOSITION PROCESS

Prel. Process Design Activity

Equipment Desz:gn Calculations

1. torage Vessels

2. Unit Cperations Ecuipmant

3. Process Data (P, ¥, rate, etc.)
4., Additional

List of Major Process Egquipsent
i. Size

2. Type
3. Materials of Cocastrection

Major Technical Factors

{Potential Pxoblem Areas)

1. Materials Compatibility

2. Process Conditions Limitatioms
3. BAdditional

Production Labor Bequirements
l. Process Technology
2. Production olume

Forward for Economic Analysis

L L N NN ) L 3 N Seosee E
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TABLE 3.1-2

BASE CASE CONDITIONS POR 8114 DECOMPOSITION PROCESS

Plant Size
~ Production of 1000 metric tons/year
- SBolar Cell drade Silicon

Iodination Reaction

~ Mstallurqical grade wili.on and iodine to produce SiI4
Atmosphuriz, l000°K

100% conversion {(thermodynamic sguilibrium)

Fluidized bed

§i1, Purification

- Recycled and manufactured SiI, distilled
- 10% wasts (5% light, 5% heavies)

w 90% product (heartcut)

8il, Decomposition

- Sflicun rod reactor, deposition

- .00l ATM, 1300°K

= 59,067y conversion (thermodynamic equilibrium)

Sil,/1, Recycle

- Sepatated by distillation

- 511, to purification and decomposition
- 12 to itodination

Upeyrating Ratio
~ Approximately B0% utilization (79.3%)
= Approximately 7000 hr/year production

Recuovery of Waste Sil

- Wet tecovery of fodine from SiI4 wasles
- YU% recovery

- % J'opound of T cvcovery oot

- Recyole 1, to 1:‘maknup

Staorage Oonstderations

-~ Feod materials (two week supply)
= Product (twe week supply)

=« Process {sevieral days)



me 3 ] 1"‘3
REACTION CHEMISTRY IFOR BiI‘1 DECOMPOBITION PROCESS

1. 8iliccn Daposition

5114 + Bl + 212

2. Icdination Resaction

gi + 212 * Si14
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TABLE 3.1-4

RAW MATERIAL REQUIREMENTS FOR
511, DECOMPOSITION PROCESS

4
Raguirement
Raw Material 1b/Kg of 8ilicoun
1. Metallurgical Grade 8ilicon 2,6194
2. lodine 7.4954
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TABLE 3,1~5

UTLLITY REQUIREMENTE FOR
8114 DRCOMPOSI'TION PROCESS

K watt~hours/

Utility/Function Kg of 8ilicon Product”
Heating and Cooling (10% lossas) 27,55
Compressor Train 1.059
Radiant Losses from Daposition 190,

218,61

* All utility requirements calculated as eleactriclty. Actual useage
would involva cooling water, steam, etc,
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661-681

10,

Item

Purified 5114
Hold Tank

Liquid Storage
Silicon Product

Storage

Liquid i,
Storage

SiI4 Bulk
Storage

Metallurgical
Silicon Storage

Feed Tank

SiI4 Vaporizer

Silicon Coolex

Depositior
Condenser

TABLE 3.1-6 LIST OF MAJOR PROCESS
EQUIPHKENT FOR 5114 DECOMPOSITION PROCESS

Function

Storage of purified
siI4 feed to deposi-
tion

Cooled overneads
from depocsition

Preoduct for sales

I, separated from
S%I

4
SiI4 separated from
I
Raw material storage
for manufacturing

Purification columm 2
feed tank

Vaporize SiI4 for
deposition wmit

Coc_ product silicon
for storage and ship~
rent

Condense overheads for
recvcle

ne Week

One Week

Two Weeks

One Week

One Week

Two Weeks

Eight Hours

+29.86 K cal/gmales

5i produced

-5.7 K cal/gmole Si

-37.146 K cal/gmoles 5i

Size

6.254 x 104 gallons

5.6 x 104 gallons

1.097 x 10% gallons
2.962 x 10% gallons
6.948 x 10% gallons
1.304 x 10? gatlions

4.008 x 103 gallons

121.5 £t°
iD= 1.85 £t
L. = 5,67 £+
i510.8 ft2

Matexrial

316 5.S.

316 S.5.

316 s.S.

316 s.S.

C.5.

316 S.S.

C-S- Wit.h
Hastelloy tubes

6 wnits - Graphit

or Quartz

C.S. with
Hastelloy tubes
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11.

12,

13.

14,

15.

1b.

17.

1s8.

19,

20,

21.

Item

Separation Column
Preheater

Separation Column
0/H Condenser

Separation Column
Calandria

Separation Column
O/H After Cooler

12 Vaporizer

Iodination O/H
Condenser

Separation Column
Bottoms After
Cooler

Tet Purification
Preheatar

Purification Column
1 G/H Condenser

Purification Column
1 Calandria

Purification Column
2 O/H Condenser

TABLE 3.1-6 (Continued)

Function

Preheat feed to
bubble poinrt for
dist.

Provide liquid
reflux £o coliumn

Provide vapor rate
to column

Cool I at B.P. to
1306°C for storage

Vaporize I, for
iodination mit

Condense bulk 51X
vapocrs from iodina-
tion

Cool SiI, at B.P.
to 150°C for storage

Bring SilI, to bubble

soin~ for distillation

Frovide reflux for
operation of colummn

Prcuide wapor for
column operation

Provide reflux for
operation of column

Duty
+3.282 K cal/gwole S5i

—36.66

+11.41

-54,4;

S4.4z

-53.24

Size

22.3 ft2

216.2 ft2

210 ft
14.24 ft2

1i3 ft?

1377.42 ft2

28.48 ft2

77.38 £t2
221 £t2
221 £t

212 ft2

Material

C.S5. with
C.5." high
Hastellow

C.5. with
Hastelloy

C.5. with
Hastelloy

C.5. with
Hastellowy

C.S. with
Hastelloy

C.5. with
Hastelloy

C.S. with
Hastelloy

C.S. with
Hastelloy

C.S5. with
Hastelloy

C.S. with
Hastelloy

trbes

tubes

tubes

tuohes

tuobes

trbes

tobes

tobhes



T8

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

3z,

Ltem

TABLE 3.1-6 (Continued)

Punction

Purification Columm Provide wvapor forx

2 Calandria

Purification After
Cooler

Da-superheater
Purified Sil

4
Pusp
Deposition Com—
pressor{s)
IE/SiI
Pump

a Liguid

IZISiI 4 Separa-—
tion Coluwmn Over-

heads Pump

I./5i1, Separa-

tlIon Column Bottoms

Pump

IzPump

S:i.I4 Pump

Tet Purificatiorn
Column 1 O/H
Pump

operation of column

Cool purified SiI 4
to 150°C for storage

Cool for compressicn
Fead to SiI4 vaporizer

Return deposition gases
to atmospheric pressure

Pump to IZ/SiI 4 separa-—
tion

for reflux

Pump O/H 12

and storage

Pump bottocwms foxr reboil

and SiI4 storage

Pump liguid I2 throagh
vapcorization and iodina-
tion

Pump liquid SiI 4 o
purification
Pump O/H Lo reflux
and waste

Duty
52.24 K cal/gmole Si

~10,27

-24,03

6.2 gpm

=-23.03 X cal/gmole
4,155 x 10° ft3/min

5.56 gpm

5.6& gpn

{ur
y
1

6.89 o=

19.7% 5om

69.7 ftz
2
163 fr each

100 £t of head

184.1 horsepower
100 £: of head

100 £t

150 £t

153 ft

040 It

Material

C.5. with
Hastelloy topbes

C.5. with
Hastalloy tobes

6 maits - Quartz
or Graphite

31& 8.5.

316 S.S.

316 5.5,

316 s.S.

316 S8.5.

316 5.5.

316 S.S.

3i6 8.8.



[48)4

33.

34.

35.

37.

3B.

39.

40.

4].

item

Tet Purification
Coluwmn 1 Bottoms
Pusap

Tet Purification
Columm 2 Feed
Pump

Tet Purification
Coluwmn: 2 O/H Pump

Tet Purification
Colupn 2 Bottoms

Puwmp

Deposition Unit

Jodination Reactor

I /'SiI4 Distilla~
tion Column

Purification
Column 1

farification
Colwuan 2

TABLE 3.1-6 {Coctinued)

Function

Pump bottoms for
reboil and remnove
product

Feed to Colu=n 2

Pump for reflux and
to purified stage

Pump bottoms for
repoil and waste

Produce S5i from
. . S§ +

S.l.I4 + 51 212
Produce SiI, from
mat grade Si.

51 + 212 + SiI4
Separate I, from
S:;.I4 for recycle

Purify SiI4 by 5%
cut off top to wasce

Purify SiI, by 5%
cut off bottom to waste

Duty
27.25 cpm

ENT e

19.35 oom

144 ¥Xg of Si/bou~
4+ 89.82 X cal/gmole Si

3263.25 Kg/hr of raw

SiI,, -44.93 K cal/gmoles

Separate 1903.36 Xg/hr

SiI, + 2602.61 Xg/hr I,

Feed rate 51656.61
Xg/hr 5114

Feed rate 4908.238
Kg/nr SiI 4

Size

50 ft

6 at 1018 £t2
each

23 inch ID by
10 £t tall

20 £t by 23 inch

I
B’ﬂﬂ [V, I ]
an bR
ny Py

:

Meterial

316 s.S.

316 S8.5.

316 S.8.

316 S.5.

Craphite

316 s.8.

316 s.S.

316 5.8.



TABLE 3.1-7 PRODUCTION LABOR REBQUIREMENTS

or 3114 DECOMPOBITION PROCESS

Semiskilled
Han_Hrs/Day Unit

36

36

72

Bkilled
Unit Opsration Type. Man Hrs/Day Unit
1. Vaporization B 23
2. Daposition Unit A 38
3. Comprassion Symtem B 23
4. Vapor Condansation B 23
5, 12/8i14 Distilletion 14
6, Todinac.on B 23
7. Tet Purification C 16
8, Matarials Handling A
9. Product Handling A
160
Skilled: .0584 Man-hrs/Kgsi
Semiskilled: .0263 Man-hrs/KgSi
TOTAL .0847 Man-hrs/Kgsi
NOTES
l. A Batch Proces’s or Multiple Small Units
B Avarage Process
C Automatad Procass
2, Manhours/Day Unit from Fiyure 4-6, Peters & Timmerhaus (7).
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3.2 Conventionai Process for Polysilicon (Siemens Teclmology)

The chemicnl engineering analysis activity involves & pre-
liminary process design of a plant to produce polysilicon through
the conventional process (Sismans Technology).

The process (lowsheet for the conventional polysilicon pro-
cesgs, consisting of meveral major procesuing operations of
hydrochlorination, condensation, distillation and chemical
vapor deposition, ig zhown in Figure 3,2-1,

Initially, metallurgicsl grade silicon (MGSi) i= reacted
with anhydrous hydrogen chloride (IIC1) in a fluidized bed
(BB0-B80°K) to produce a mixture of chlerusilanes, which is
primarily trichlorosilane (TC8) and silicon tetrachloride (TET).
Since the reactions are highly exothermic, heat transfer for
removal of heat of reaction is required to maintain reaction
temperature control., The mixture of chlorosilanes from the
reaction is condensed and subjected to a several stage distillation
to separa.e by-products and remove impurities.

The purified TCS is reacted with hydrogen (H,) in a rod reactor
to obtain polysilicon deporition via the represgntative reaction:

SiHCl3 + H2 + 51 + 3HC1 (3.2-1)

The deposlition reaction occurs on the surface of a hot rod
(1000-1100°C) which is heated by passage of electrical current
through the rod., Large electrical energy requirements are
necessary because ol the endothermiec reaction, radiati .nm heat
losses and incomplete conversion of the TCS. Unreacted chloro-
silenes and hydrogen are separated and recycled. Sllicon tetra-
chloride is not recycied.

A process design was performed to obtain data for the cost
analysis. 'The design was bssed on a plant for the production
of 1000 metric tons per year ol semiconductor grade p~lysili-
con via the conventional Siemeons process,

The detailed status sheet for the process design package
is shown in Table 3.2-1 and is representative of the various
sub-itams that make up the activity. The summarized results
for the preliminary process design are presented in a tabular
format to make it easier to locate items of specific interest.
The guide for these tabizg is given below:

* Base Case Conditions--~w—m—e———e—-- Table 3.2-2
* Reaction chemistry------ e Table o,2-3
* Raw Material Requirements-—------ Table 3.2-4
* Utility RequirementsS——-—c——cwce—wa Table 3.2-5
+ Major Process Equipmenteme—————e- Table 3.2-6
« Production Labor Requirements---~Table 3.2-7
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The process design provides detailed data for raw materials,
utilities, major process equpment and production labor require-
ments which are necessary for polysilicon production.
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Figure 3.2-1 preliminary Process Flowsheet for Convertional Polysilicon Process



FAV 4

TABLE 3.2-1 CHEMICAL ENGINEERING ANALYSES:
DRELIMINARY PROCESS DESIGN ACTIVITIES FOR CONVEWNTIOMAL POLYSILICON PROCESS

Prel. Process Design Activity

Specify Base Case Conditioas
1. Plant Size

2. Product Specifics

3. Additional Conditions

Befine Reacticon Chemistry
1. Reactants, Products
2. Egquilibrium

Prc¢ .ess Flow [iagram
1. Flow Sequence, Unit Operations
2. Process Conditions (T, P, etc.}
3. Environmental
4. Company Interaction

{Technology Exchange)

Material Balance Calculations
1. Raw Materials

2. Products

3. By-~Proqucts

Energy Balarnce Calculations
1. Heating

2. Cooling

3. Additional

Property Data

1. Physical

2. Thermodynamic
3. Additional

Status

dPe e L L 3% I I I L

10.

Prel. Process Design Activity

Equipment Design Calculations

« Storage Vessels

. it Cperations Eguipment

. Process Data (P, T, rate, etc.;
. Additional

W N

List of Major Process BEguipment
1. Size

2. Type
. Materizls of Construction

Major Technical Factors

{Potential Problem Areas)

1, Haterials Compatibility

2. Process Conditions Limitations
3. Additional

Production Labor Requirements
1. Process Technology
2. Production Volwme

Forvard for Ecopomic Analysis

0 2lan
# In Prograss
® Cowplete

t

i



TABLE 3.2-2
BASE CASE CONDITIONS FOR CONVENTIONAL POLYSILICON PROCESS

1, Plant Size
~ 1000 metric tons par year
~ Semiconductor gradae silicon

2. Production of '1CS o
- Fluidized Bad, GOD K, low presgure (G5 PBIA)
- Metallurgical grade ailicon plus HCl gas
-~ Chlorosilane content in condensad reator gas by moles (raf. 32)

91.5% 'TC8 (Biclaﬂ)
%,2% 'TET (SiCld)
1.4% DCS (51c12n2)
1.9% Heavies

~ Slight excess HCl in reator gas (1%)
- Hydrogen burnad

3. TCS Purification (ref. 31)

pistillation

5% lights to waste (5% of TCS & TET)
- Separate TCS and TRT

5% heavies from TCS & TET to waste
TET for by-product sales

TCS to rod reactor

4, Silicon Production

- Rod reactor at 1050°c, 20 PSIA
Hydrogen to reduce TCS
Entering gas analysis

10% TCS

90% H2
B.17 moles TCS in/mole of §; production in an operating reactor
Exit gas analysis (ref. 20)

4.339% TET
4.457% TCS
.089% DCS
2.197% HC1
88.92% H
2
5. MWaste Treatment
- Light and heavy cuts from distillation to waste treatment
- Vapors from TCS reactor condenser to scrubber
-~ Vapor from rod reactor to scrubber
-~ All waste streams neutralized with NaOH
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9,

TABLE 3.2-2 (Continuad)

Recycles
- H, from rod reactor dried and returned, 5% lossas
- cﬁloronilnnan from rod reactor gondensad off gas racycled to
purlfication (distillation)
Oparating Ratio

~ Approximately 90% utilization
- hpproximataly 7880 hour/year production

Storaga Congidarations
=« Faad materiale (two wask supply)
- Produut (two wesk supply)
- Process (saveral days)

Filament Pullers
- Pull rate of 50~100 inchas/hour
- Average of 72 lnchaes/hour uaed
- 1/4" Pilaments for silicon daposition neaded
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TABLE 3.2-3
REACTION CHEMISTRY IMOR CONVENTIONAL POQLYSILICON PROCERR
1, 'TC8 Reactor

8i + 3 HC1 - SiHCl3 + HZ

81 + 4 HCl sic:‘l‘1 + 2H2

8i + 2HCL - sin2c12

2. Rod Reactor

BiHCl3 + H2+ Si + 3IHCl

BiHC13 + HCl"‘SiCl4 + H2

siuc13 + H2 * SiH2C12 + HCL

3, Waste Treatment

SiHCl3 + 2H,0 * Si0, 4 31HC1 + H

2 2 2
SiCl4 + 2H20 + Sinz + 4HC]
SiH2C12 + 2H20 ¥ 5102 + 2HCL + 2H2
HC1 + NaOH * NaCli + H. 0O

P



RAW MATERIAL REQUIREMENTS FOR
CONVENTIONAL POLYSILICON PROCESS

Raw Material

M. G, 8ilicon
Anhydrous HCL
Hydrogen

Caustic (50% NaOH)

B.‘.Cl4 {(By Product)

TABLE 3,2-4
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Requirement
1b/Kqg of silicon

6.72 Xg/Kg
57.96

.828
53.29

46,12



1.

UTTLITY REBQUIREBMENTS FOR
CONVBNTIONAL POLYSILICON PROCESS

UTILITY/PUNCTION

Bleotricity

1. All pump motors (16 motors)

2, 2 compressor motors

3. Polysilicon Rod Reactor

4. Pilament Pullevs

Steam (250 P8IA)

1. HCl vaporizer

2. Caustic sStorage Tank

3. #l Scrubber Vapor Heatar

4. #1 Disti)llation Column Calandria
%, #2 Distillation Column Calandria
6, #3 Distillation Column Calandria
7. TC8 Vaporizer

B, #2 Scrubber Vapor Heatar

9. Liquid Rac¢ycle Heatar

10. #4 Distillation Column Calandria
1ll. Rod Reactor

Cooling Water

l. TC8 Reactor Off Gas Coolar

4. Rod Reactor OIf Gas Cooler

3. #4 Distillation Column Condanser

4. Polysilicon Red Reaclor Cooling
End Plates

5. TCS Reactor Off Gas Comprassor

6. Rod Reactor Off Gas Compressor

Procaess Water

l. #2 Gas Scrubber

2. #1l Gas Scrubber

3. To Make Steam In Cooling Rod
Reactor Side Walls

Refrigerant (—40°F)
1. TCS Reactor Off Gas Condenser
2. Rod Ramctor 0ff Gas Condenser

Refrigerant (34°F)

1. #) Distillation Column Condenser
2. #2 pistillation Column Condenser
3. #3 Distillation Column Condenser

High Temperatura Hesat Exchange Fluild
l. T¢8 Fluidized Bed Reactor
2, Nitrogen Heater

Nitrogen
1. Molecular Siaves
2. Polysilicon Rod Reactor Purge

EEQUIREHENTS/KQ OF SILICON PRODUCT

384.62 Kw~Hx

{,339)
(9.243)
(378)
{.0244)
152 Pounds

(7.07)
{1.82)
(.276)
{38.75)
(47.73)
(25.24)
(10.79)
{(3.4)
{5.52)
(11.3)
(-1287
ganarated)

(13.91) 984.5 Gallons

(334)
(37.24)

(473}
(11.12)
(115.2)

320.9 Gallons
(31.36)
(134.82)

(154.7)

42.1 ¥ 81U
(12.57)
(29.52)

92.3 M BTU
(34)
(37.4)
(20.85)

582 Pounds
{581)
{(0.61)

349.1 sCF
(328.5)
(20.64)
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£1a

i10.

i1.

12,

(T1}

(T2}

(T3)

(T4)

(TS5}

(T6)

(T7)

{T8)

(T9)

(T10)

(T11)

(T12)

Type

—

M.G. Silicon
Storage Hopper

Ligquid HC1
Storage Tank

Crude TCS
Hold Tanks (3}

Waste Hold
Tank

TCS Reactor Off
Gas Flash Tank

Hydrogen Storage
Tank

Polysilicon Storage
Space

TET Storage
Tanks (2}

TET Feed Tanks (2)

TCS Feed Tanks (3}

TCS Storage
Tanks {3)

TET/TCS Peed
Tanks (3)

TABLE 3.2-6

LIS OF MAJOR PROCESS
BEQUIPHMENT FOR CONVENTIONAL POLYSILICON PROCESS

Punction

Raw Material Storage
Raw Material Storage
Peed for Purification
Feed Por Waste

Treatment

Phase Separation
Make-up For Losses
Final Product Storage
Final By-product

Storage

Feed for Distillation
Column %4

Feed for Distillation
Column #3

Purified TCS Hold-Up
Feed to Rod Reactor

Feed for Distillation
Column #2

buty

2 Weeks Storage

2 Weeks Storage

1 week Storacge

1 week Storage

B Bours Beackup for

Pipeline Failure

2 Weeks Storage

2 wWeeks Storage

1 Weex £ _rage

1 bay Storage

1 Week Storage

1 Day Storage

Size

6.5 x 104t gallons

2.5 x 105 gallons
250 PSIA

2.77 x 105 gallons
{each)

3.025 x 104 galloms

1 ft. in diameter by
4 f£t. tall, 300 PSIA

7.24 x 10% gallons
Spherical 250 PSIA

1300 ft.3 of space

1.62 x 105 Gallowns
{each)

B.83 x 104 Gallons
{each)

2.47 x 1.04 Gallons
{each)
1.64 = 105 Gallons
{each)
3.75 x 104 Gallons
{each)

Materials
of Comstraction

Nickel Steel



i

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

(T13)

{T14)

{T15)

(H1)

(H2)

(H3)

(H4)

{H5}

{H6)

(H7)

(H8)

(H2}

Caustic Storage
Tank

#1 Distillation
Condenser Flash
Tank

Rod Reactor OfFf
Gas Flash Tank
HC1l vaporizer
TCS Reactor Off

Gas Cooler

TCS Reactor Off
Gas Condenser

#1 Scrubber
Vvapor Heater

#1 Distillation
Column Condenser

#l1 Distillation
Columr Calandria

#2 bDistillation
Column Condenser

2 Distillation
Column Calandria

#3 Distillation
Column Condenser

TABLE, 13_2-6

Raw Material Storage

Phase Separation

Phase Separation

Vaporize Feed To
TCS Reactor

Cool Reaction
Gas

Condense Reaction
Gas

Heat “Japor Wastes
to 42°9F for Scrubbing

Condense Overheads for
Relux

Reboiler for Column =]
Condense Overheads

For Reflux

Reboiler for Colusn #2

Condense Overheads for
Reflux

{contirued)

2 ¥Week Storage
1.91 x 10% BTU/HR

7.5 x 125 BTU/Exr
5
4.4 x 1¢° BTU/Hr
6
1.6 x 13~ BTU/Hr
4 .
3 12 BTU/Hr
&
4.31 x 10 BTU/Hr
6
4 x 10 BTU/Hr
6
4.7 x 10" BTU/Hr
8
5 x 10 BTU/H4r

2.64 x 106 BTU/HT

1.2 x 105 Gallons

1 Ft. in Diameter
by 4 Feet Tall

1 Pt. in Diameter
by 4 Feet Tall
300 PSIA

2

38.23 Pt.” 250 PSIA Shell

224 Ft.2 65 PSIA Tubes

1423 Ft.z 305 PSIA Tubes

15.7 Pt.2 250 PSIA Shell

1540 Ft.z

311. Ft.2 250 PSIA Shell

1555 Fe.>

402.4 Ft.2 250 Pgix Sbell

867 Ft.z

$5/88

Cs/SS

55/5S

CS/SS

Cs/58

Cs/ss

cs/Cs



St

25,

26,

27.

28.

29,

30.

31.

33.

34,

35.

36.

{H10)

{H11}

(H12)

(H13)

(H14)

{H15)

(H16)

{H17)

(H18)

(PL}

(P2)

{(P3)

£3 Distillation
Column Calandria

TCS Vaporizer
Rod Reactor Off
Gas Cooler

Rod Reactor Off
Gas Condenser

#2 Scrubber
Vapor Heater

Liquid Recycle
Heater

#4 bistillation
Column Condenser

£4 Distillation
Column Calandria

Nitrogen Heater
TCS Reactor Off
Gas Compressor
Caustic Supply

Pump

#] Distillation
Columm Overheads
Pump

TABLE 3-2-6

Reboiler for
Column #32

Vaporize Fead To
Rod Reactor

Cool Reaction
Gas

Condense Reaction
Gas

Heat Vapor Wastes
to 40°F for Scrubbing

Heat Cold Recycle
Liguid {(Crude TCS) to
80°F for Storage

Conder ser Overheads for
Reflux

Reboiler for Coluumn #4
Heat Regenerator
Gas for Molecular Sieves

Compress Reaction Gas
For Condensation

Supply Canstic for Waste
Heutralization and Gas
Scrubbers

Supply Reflux and Remove
Waste to Waste Hold Tank

2.64

1.13

3.56

5.79

1.18

2.46

3.52

{continued}

x 106 BTU/Hr

x 10  BTU/Br
x 107 BTU/Hr
x 10 BrU/Br
x 1C” BTU/Hr

x 1C” BTU/Br

x 10 BYU/Hr
x 10 BTU/HTr
x 10" BTU/Hr

x 10~ BTU/Hr

173 Ft.2 250 PSTA Shell
3 pt.2 250 PSIA Sheil
2
2519 pt.2 20 psma
2
3341 7=.2 300 PSIA Tubes

180 Ft.z 250 PSIA Shell

30.6 Ft.> 250 PSTA Shell

513 Ft-2

2

95 Ft. 250 PSIA Shell

44.8 Ft.z

138.2 Borsepower

9 apm 100 Ft. of Bead

62.2 grm 100 *t. of Head

CS/88

S$8/88

C5/58

Cs/Cs

Cs*



37. (p4)

38. (P5)

39. (P6)

40. (P7)

41. (pP8)

N a2. (p9)

43. (P10}

44. (P11)

45. (P12)

46. (Pi3)

47. (Pl4)

NOTES

*Includes incremental high=r cost for special purity reguirements.

#1 Digtiliation
Column Calandria
Pump

TET/TCS Feed Pump

%2 Distillation
Column Overheads
Pump

TCS Feed Pumb

#2 Distillation
Column Calandria
Pump

£3 Distillation
Column Quverhead
Putap

Rod Reactor TCS
Feed Pump

43 Distillation
Column Calandria
Purnp

Rod Reactor Off
Gas Compressor

#4 Distillation
Column ¢xwerheads

Pump

#4 pistillation
Column Calandria
Pump

TABLE

Forced Convection
Dump

Feed #2 Distillation
Column

Supply Relux , Pump
Overnead to TCS Feed
Tank

Feed #3 Distillation
Column

Forced Conwection Pusp

Supply Reflux, Pump
Overheads to TCS
Storage Tank

Feed TCS to Rod
RBeactor

Forced Convection
Pump

Compress Reaction
Gas for Condensation

Supply Reflux
Pump TET by product to
TET Stcrage Tank

Forced Convection
Pump

3.2-¢ (continued)

3.65 x 10° Bey/Er

93 gm 150 F¢. of Haad

26.1 gpm 100 Pit. of Bead

70 grm 100 Pt. of Head

21 gom 1IN0 Ft. of Head

104 gom 150 Pt. of BHead

39 gpom 100 Pt. of Paid

15 gpm 190 PL. of Head

39 gom 150 Pt. of Head

1434 Horsepower

21.59 gpm 100 Ft. of Bead

22.4 gpm 100 Ft. of Bead

w*

(3*

(3!

w*

m*



48,

49,

W
[}
3

56.

57.

58.

{Plh)

(P16}

(P17)

(r1B)

(cl)

(C2)

{C3)

{C4)

(CS)

(CB)Y

(R1)

TET Feed Pump

Waste Treatment
Pump

Cruae TCS Feed
Pump

Prrocess Water
Feed Pump
£l Gas Scrubber

#2 Tas Sorubber

#] Distil ation
Column

#2 Distillation
Column

*3 Piscillation
Column

#4 Distillation
Column

TCS Fluidized Bed

Reactor

TABLE

Feed #4 Distillatiom
Colum

Pump from Waste Hold
Tc War“e ™ ‘estment

Feed P.ri:zication
Area

Feed Procoess Water tn
Scrusber and Waste

Tre-tment

Scrub Sas Wastes from
T™CS Practter 2ff Gas

Scruk Gas Wastes from
H16, H3I, HS

S-tarate Light
Impurities .o Y"iste

Serarate TET and TCS

Separate Heavies
TCS to Waste

Separate Heavies
TET to Waste

Production of TCS
For Rod Reactor

3.2-6 (continued)

4.552 x 106 BTU/hEx

{Cooling)}

9.2 gpm 100 Ft. of Head

2.8 gpm 50 Pt. of Bead

28 gpm 100 Pt. of Head

350 gpm 170 Ft. of Head

43 Fr. Tall
D= 34 Pt.

40 Ft. Tall
D = 2% Ft.

29 Trays
24 inches apart
3 3/4 ¥~. in Diameter

29 Trays
24 inches apart
4% Ft. in Diawmeter

15 Trays
20 inches apart
3 Ft. in diameter

15 Trays
20 inches apart
2% Feet in Diameter

b= 2.61 1.

L = 28.8 Ft.

64, 1™ O D Cooling Tubes
9.4 Long

csi



59.

60.

61.

62.

63.

81¢

(r2)

(al)

(a2}

{A3)

(A4}

Polysilicon Red
Reactors (305)

Molecular Sieves

(2}

Fines Separator

Hydrogen Flare

Filament Pullers

TABLE 3.2-6 {continued)

Production of
Polysilicon

Dry Out Rod Reactor
Dff Gas For Hydrogen
Racycle

Regnwe Solids From

Flu.-lized Bed Reactor

Off Gas

Dispose of Hydrogen 8.94 x 106 BTO/Br
Produced in TCS Fluidized

Bed Reactor

Production of 1/4" filaments for
Polysilicon depositon

Halrpin Reactor (2 hair-
pins, 3 Pt. long, 6 Inch Dia.)

3.5 Ft.
14.4 Pr.

Bo
Wou

12" Cyclone Separator

30 Pest Bigh Stack
6" diameter



TABLE 3,2-7

PRODUCTION LABOR REQUIREMENTE FOR
CONVENTIONAL POLYSILICON PROCESS

S8killed Laborx Somiskilled Labor
Unit Operation Type Man Hrs/Day Par Kg 8i Par Day Pax Xg 81
1, iCS Production A 80 ,0292
2. Vaporization B 60 .0219
3. Vapor Comprassion B 61 0219
4. Vapor Condensation B 60 ,0219
5. TC8/TET Separation ¢ 40 L0146
6. TCS Purification c 35 .0128
7. TRT Purification c 30 .011
g, Filament Pullers 120 .0439
9. Gas Zcrubbing A 64 .0232
10. Hydrogen Drying B 32 0117
{Molacular Sieves)
1l. <Crude TCS Recycle B 58 0212
System
12. 8Silicon I'ines Sep- B 15 . 0055
aration
13. Materizl Handling A 20 .0329
14, Polysilicon Producticn 732 -2672 o
TOTAL 1386 »3059 90 .0329
NOTES ¢
l. A Batch Process or Multiple Small Units
B Averagae Process
£ Automated Process
7
2. Man hours/day Unit from Figure 4-6, Peters and Timmerhaus (7).
3. Polysilicon manpower requirements based on batch operation with approximately 1
operator per 10 reactors.
4.

Filament puller manpower requirements based on 1 nperator per ruller.
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3,3 UCC 8ilane Process for Silicon (Union Carbide Corporation)

The chemicel engineering aneslysisr activity involves a pre-
liminary process design of a plant to produce silicon via the
technology under consideration,

The UCC silane process (Union Carbide Corporation) for
Bilicon involves several processing operattons of hydrogona-
tion-hydrochlorination reuction, stripping, distillation,
radistribution reaction, silane purification, pryolysis and
consolidntion of silicon. The procesr (lowsheet is shown in
Figure 3.3-1.

Hydrogen, silicon tetrachloride, and metallurigical grade
gilicon ure fed to the hydrogenation reactor (tluidized bed,
B00°C, 515 psin, copper catalyst) to produce a mixture of
chlorosilanes, The mixture ol chlorosilanes from the hydro-
genation regetion is condensed and subjected to several state
d'<tillation to separate components and remove impurit ies,

Inftinlly, the condensed ligquid mixture is sent to D-01
slripper (90 psia) (o remove inert pases and volatile impuri-
ties., The stripper bottoms go to D-02 distillation (55 psia)
which separates 'I'CS (trichlorosilane) and STC (s1licon tetra-
chlovide). The TCS redistribut ion reactor (liquid phase,

85 psin, 140°F cataiyst) is used to produce DOS (dichlorosilane).

The separation «f DCS and TCS is achioeved in D-0Y distillation
(320 psin). The overhead goos 1o DOS redistribution reactor
(liquid phase, 510 psia, 140°F, catalyst) to produce silance
(81l1,). The silan«¢ is purlficd by sceparation from trace im-
puri'f/.lies (such s 112“6, by D=0 distiliafion {355 psian).,

The purified silane i used to produce =ilicon powder via
the pyrolysis reaction:

Sill, » Si + 2H,. (3.3-1)

The hydrogen {rom {he reaction is compressed and recyeled to

the hydrogenation reactor.  The silicon powder from the pyrolysis

is conmolidated tn provide the molten silicon product.

A process design was perlformed to obtain data for a cost
analysis of a ptant to praduce silicon by this new technology.
The design was based on a plant to produce 1000 metrie tons/yr
of silicon via the UCC silane process.

The detailed status sheet for the process design package
is shown in Table 3.3-1, and is representative of the various
sub-items  that make up the activity., The summarized results
Tor the preliminary process design are presented in a tabular
fTormat to make it casier to locate items of specific interest.



The guide for these tableg is given below:

sProcess Flowsheetl-~—==m- 1 o i e Flgure 3,3-2
*Bage Case ConditionB-wemmccmeenwn Table 3,.3-2
*Reaction Chemlgtiryw--caemccunreua Table 3,3~3
*Radiatribution Equilibriume—-rew-- Figure 3,3-3
*Raw dMaterial Requlremenlig-r-—we-- Table 3,34
'Utility Requirementg--warm—mwr—ca- Table 3.3-8
*Major Process Equipment-—e-—s—cw-—- Table 3,3-8
*Production Lobor Requirementg----Table 3.3-7

The process design provides detalled data for raw muaterials,
utilities, major process equipment and production labor ire-
quirements which are necessgary lor polysilicon production,
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TZBLE 3.3-1

Prel. Process Design Activity

Specify Base Case Conditions

1.
2.
3.

BPlant Size
Product Specifics
Additional Conditions

:fine Meaction Chemistry

N
1.
Z.

Beactants, Products
Eguilibrium

Process Flow Liagram

1
ie
-

S

4.

Flow Seguence, Jnit Operations
Frocess Conditions (T, F, etc.)
Environmer+tal

Zoumpany Interaction
{Techrnolog, Exchange;

vaterial Balance Calcualations

1.

-

“-a

3.

Raw Materials
Products
By-Products

Enexrgy Balance Calculations

1'
2.
3.

Heating
Cooling
Additional

Property Data

1-
2.
3.

Physical
Thermodynamic
Additional

CHEMICAL ENGINEERING ANALYSES:
PRELIMINARY PROCESS DESIGN ACTIVITIES FOR poc STLANE PROCESS

Status

10.

Prel. Process Design Activity

Equipment Design Calculations

1. Storage Vessels

2., Unit Operations Equipment

3. Process Data (P, T, rate, etc.)
4. Addi‘ ‘onal

List of Major Process Equipment
1. Size

2. Type
3. Materials of Construct-on

Majcr Technical Factors

{Potential Problem Areas)

1. Materials Compatibility

2. Process Conditions Limitatioas
). Additional

Froduction Labor Reguiremwents
l. Process Technology
2. Producticn Volume

Forward for Economic Analysis

0 Plan
@ In Progress
® Complete

sasco0oese aa0e P oo fé
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3.

TABLE 3.3-2

BASE CASE CONDITIONS FOR UCC SILANE PROCEZS

Plant Size

~8ilicon produced from silane
~1000 metric tons/year of uiltcon
~8olar call grade silicon

Hydrogenation Rasaction

-Metallurgical grade ailicon, hydrogen, and recycle sllicon tetrachloride
(TET} used to produce trichlorosilane (TCS)

-Copper catalyzed

=Fluidized bed

~500°C, 514.7 psia

~20% to 22.5% conversion of 5101, {example)

TCS Redistribution Reaction

=TCS from hydrogenation produces dichlorosilane (DC8)

~Catalytic redistribution ot ¥y with tertiary amine ion exchange rasin
~Liquid phase 8% psia, 140°F

~Conversion a function of in!ct concentration {Union Carbide equilibrium)
~Conversion from purc TCs food 13 about 9.5% to DCS (example)

DCS Redistribution Reaction

-DCS produces SiHy (silanc)

~Catalytic redistribution ot DS with tertiary amine exchange roesin
=Liquid phaze %10 psia, 140°F

~Conversion a function of inlet concentration (Union Carbide aequilibrium)
=Conversion from pure DCS feed ig abaut 14% to Silana {example)

Recycles
=Unreacted chlorosilanes separated by distillation and recyeled

Silane Purification
~Final purification by diatillation
~Designed to remove trace impurities (BpHg, example)

Operating Ratio
~Approximately 85% utilication (onh stream time)
=Approximately 7445 hour/year prodaction

Storage Congsideration

~Feed materials (several week uupply, apvrox. 1 month)
~Product (two shifts storaqe)

~Process {several hours to 1 shift)
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TABM k) 33"'3

REACTION CHEMISTRY FOR ycC SILANE PROCESS

l. Hydrogenation Rsaction

3 BiCl, + 8L + 2H

4 , 2 4 sincy,

2. Qrichlorosilnne Redisvribution Reactlon

2 8iHCl, » BiH,Cl, + 8icl

3 2772 4

3. Dichlorosilans Redistribution Rsaction

Diltillntionj\z SiHC'13 " BiH4

3 SiH2C12

4, Waste Treatment (representative)

81H,C1, + Ca(OH) L) LY S10, + CaCl, + 2H,0

252 2 2
8iHCL, + L1.5C.(OB) =3 510, 4+ 1.5CaCl, + 2H,0
2 5_‘..1'._
51014 + 2ca{on), > $10, + 2CaC].2 + 2H20

5, 8ilane Pyrolysis Reaction

siH4 —_ 5i + H,

Nota

1. Reaction 1 product contains H,, HCIl, SiC14, SiHClB. SiHZClz(trace),
other trace chlorides -

2, Reaction ¢ Product contains SlHCl3 SiC14, 51H2C12’ SiH301

3. Reaction 3 Product contains Sinclz, SiHCla, SiClé, SiH3CI, Siﬂ4
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TABLE 3,3-4

RAW MATERIAL REQUIREMENTS FOR yCC SILANE PROCHSSE

Raw Matarial Ragquiramants
1b/hr for 1bh/KG of
1000 M1/vr 8ilicon Bllicon
l. M. G, Silicon (8i) 348.6 2.60
2. 8ilicon Tetrachlorida 370.1 2.76
(sicl,, make-up)
3. Liguid Hydrogen 4.3 0,032
(Hz, make-up)
4. Copper Catalyst (Cu) 6.8 0.051
5. Hydrate Lime [Ca(OH)2] 326.3 2,43
Note:

Assuming all inert gas from D-01 is H,
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TABLE 3,3-5

UTILITY REQUIREMENTS FOR yge SILANE PROCESS

Utility/Fungtion Total Requirement Regquirsment /%G Silicon
1. Eleactrigity 409.7 XW 3,050 XW/hr

2. Staam 23113 lb/hr 172.2 1lba.

3. Cooling Water 70,453 gal/hr 525 gallons

4, Procass Water 9,52 gal/hr 0.0709 gallons

5. Refrigerant 0.130 MM Btu/hr 9568 Btu

6. Fual 3,640 MM Btu/hr 27,100 Btu
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Equipment

DISTILLATION COLUMNS

1. D-01 Crude TCS5/5TC
Stripping Column

2. D-02 TCS/STC
Distillation Column

3. D-03 DCS/TCS
Distillation Column

Eg 4. D-04 Silane Distil-
a lation Column
REACTORS
5. R-01 Hydrogenation
Reactor (Fluidized
Bed)
6. R-02 DCS Red.strz~-
but.on Reach-r
(Fixed Bed)
7. R-03 TCS Redistri-
bution Teactor
(Fixed Bed)
8. & 9. R-04 Sludge

Neutralization
Reactor

EQUPIMENT FOR UCC SILANE PROCESS

Function

To

remove inert

gases

To
at

To
at

To

remove STC
bottoms

remove DCS
distillates

purify silane

Hydrogeneticn of

Si

To
to

To
to

convert DCS
silane

convert TCS
DCS and STC

Waste Treziment

TABLE 3.3-6

LIST OF MAJOR PROCESS

Duty/Type

24929 1b/hr
of feed

64,213 1b/hr
of feeds

46,254 1b/hr
of feeds

6967 lb/hr
of feed

25,447 1b/hr

of feed

6,967 1b/hr
of feed

39,287 1b/hr
of feed

Agitated
Tank,/Column

Size

24" diam. 20' tall,
10 sieve plates

4.63' diam., 74" tail,
32 gieve plates

4.30' diam., 77.5' tall,
45 sieve plates

24" diam., 50'tall,
30 sieve plates

6.5' diam. x 6.5%/

2.5' diam. x 10.5"' cone

2’ diam., 11.2' tall,
with catglyst

3' diam., 17.3" tall,
with catalyst

2' diam., 20' tall

Material of
Construction

3l6ss

31658

3168s

316ss

316385
{for pricing}
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HEAT EXCHANGERS

10.

i1.

13,

13.

14.

15.

16.

17.

18.

19.

H-0} Liguid Hydrogen
Vaporizer

H-02 ST Cooler

H-~03 Quench Condenser

H~04 Recycle STIC
Vaporizer

H~05 Recycle STC
Superheatar

H~06 Recycle Hyp
Heater

H~07 Stipper
Recoiler

H-08 Stripper
Condenser

H-08 TC5/STC
Reboiler

H-10 TCS/STC
Condenser

TABLE 3.3-6
To provide Hp 7.22 1b/hr of
gas Liguid H,
Exchange heats 7.23 x 10° Btu/hr
of STC streams shell-tube H. E.
To condense 4.69 x 10° Btu/hr
chlorosilanes, shell-tube H. E.
100°F
To provide STC 1.71 x 10® Btu/hr
vapor to reactor  kettle

To heat STC from
234 to 932°F

To heat H2 from
100 to 932°F

Reboiler of D-01,
242°F

Partial Condenser
of D~01, 139°F

Reboiler of D-02
216°F

Total condenser
of D-02, 120°F

2.46 x 10% Btu/nr
Furnace Convection

6.78 x 10° Btu/hr
Furnace Convection

9.06 x 10~ Btu/hr
Kettle

86,700 stu/hr
shel ~tu e ¥ 7,

7.83 x i0% sua/Fr
kettle

6.24 = 1y Buu/hr
shell-~tube H. E.

{Continued)

{(Vendor supplied

893 f£t.2
514.7 psia

676 ft.2
51...7 psia

65.9 ft.2
314.7 psia

1603 ft.2
514.7 psia

331 ft.2
514.7 psia

39.8 ft.2
95 psia

36.1 ft.2
Qd usia

295 f£t.2
55 psia

1315 fc.?
55 psia

equipment)

31655/CS

316s55/CS

316ss

316ss

Cs

cs

cs

31688/CS



gge

20.

21.

22,

23.

24,

25.

26.

27.

28.

29,

H-~11 DCS/TCS
Reboiler

B-12 DCS/TCS
Condenser

H~13 DCS Cooler

H-14 TCS Cooler

H-15 Silane Boiler

B-16 Silane Condenser

H~17 silane

Vaporizer/Superheate.

H-~18 Pyrolysis
Hydrogan Cooler

H~19 First Stage

Hy Intercooler

H-20 Second Stage
Hy Intercooler

TABLE 3.3-6

Reboiler of D-03

Total condensar
of D-03, 234°F

To cool DCS before
redistribution
reaction

To cool TCS befcre
redistribution
reaction

Reboiler of D-04
278°F

Total conderser of
~44PF

To provide silane
vapor for pyroly-
sis, 200°F

To cool Hé gas
from 363 to 100°F

To cool Hy be-
tween comp. stages
328 to 100°F

To cool H, be-
tween comp. stages
328 to 1l00°F

3.50 x 10° Btu/hr
Xettle

3.99 x 106 Btu/hx
shell-tube H. E.

1.88 x 10° Btu/hr
shell-tube H. E.

2.01 x 17% Btu/hr
shell-tube H. EBE.

2.71 x 10> Btu/hr
Kettle

1.30 x 10° Btu/hr
Shell-tube H. E.

25,000 Btu/hr
Jacket/tubes
43,000 Btu/hr
shell-tube H. E.
38,570 Btu/hr

shell-tube H.E.

38570 Btu/hr
shell-tube H. E.

(Continued)

333 £t.2
320 psia

429 ft.2
320 psia

22.1 f£.2
530 psia

161 fr.°2
85 psia

15.4 ft.2
360 psia

81 £t.2
360 psia

27.3 ££.3712.0 ft.2
355 psia

80.5 fr.2
20 psia
72.2 ft.2

50 psia

72.2 ft.2
160 psia

31655 ACs

31685/CS

31685/CSs

316ss/CS

3168s

3168s8/Cs

31655/CS5

3168s/CS

31685/CS



9ge

PUMPS AND COMPRESSORS

30.

3l.

32,

33.

34.

35.

36.

37.

38.

39.

C-01 Pneumatic
Conveying Fan

C-02 Recycle
Hz Blower

C~03 First Stage
H2 Compressor

C-04 Second Stage
H, Compressor

C-05 Third Stage
il Compressor

P-01 Quench Contac-—
tor Pump
P-03 Recycle STC

Punmp

P-04 TCS Distillate
Pump

P-05 DCS Distillate
Pump

P-06 Lime Tank
Pump

TABLE 3.3-g

Si feed transport

H5 gas blower

H, gas compressor

H, gas compressor
action,

Hp gas compressor

Circulating liquid
chlorosilanes

To supply STC

D-02 Reflux/
Distillate

D-03 Reflux/
Distillate

Circulating Lime
Slurry

417 ACFM
Centrifugal

22.8 ACFM
Centrifugal

164 ACFM; fdouble
action, reciprocat-—
ing

50 ACFM; double
action, reciprocat-
ing

15.3 ACFM;:double
a. _ion, reciprocat-
ing

100 gpm,
centrifugal /motor

33.1 gpm
Centrifugal/
Turbine

144 gpm
Centrifugal/
Turbine

144 gpm
Centrifugal/
Motor

100 gpm
Centrifugal/
Motor

{Continued}

5.1 psi Ap
12 BHP

518.7 psia
1.23 BHP

48.1 psia discharge,
19.8 BHP

157 psia discharge,
19.6 pHP

515 psia discharge,
19.8 BHP

36.7' head,
1.56 BHP
847" head,

14.2 BHP

589" head,
33.5 BHP

759" head,
26.2 BHP

103" head,
4 .BHP

cs

Ccs

316ss

cs

316sS

Cast iron



LEG

TANKS AND BINS

40.

41.

42.

43,

44,

45.

46.

47.

48.

49,

50.

T-01 Crude
TCS/STC Storage Tank

T-02 STC Storage
Tank

T-03 Liq. H
Storage

2

7-~-04 Waste Settler
Tank

T-05 Waste Chlorides
Tank

T-06 Quench
Condenser Receiver

T-07 Recycle
Hydrogen Receiver

T-08 Stripper
Reflux pot

T-09 TCS/STC
Reflux pot

T-10 DCS/TCS
Relux pot

11 A, B
Silane Shift Tanks

TABLE

Storage/Feed to
Silane production

Storage/Feed to
Hydrogenation

Lig. H, make-up
storage

To separate solid

residues

To remove solid
residues

Gas-lig. separa-
H, gas surge tank
D-01 Distillate/
gas

D-02 Distillate

D-03 Distillate

D-04 Distillate/
Feed to pyrolysis

3.3-6

8 hr. storage,
horizontal

6 hr. storage,
Vertical

{Continued)

12' diam. x 27°
ssia

j4' diam. x 13.4°
14.7 psia

{(Vendor supplied squipment)

Vertical cyl/cone
bottom

285 1b/hr
Vertical

1% min. storage
Horizontal
Vertical

30 min. storage
Vertical

10 min. storage
Vertical

10 min. storage
Vertical

4 hr. storage,
each, Vertical

6' diam., 12' tall
514.7 psia

3* diam., 4' tall
25 psia {aprox.)

4*' diam. x 11.3"
514.7 psia

3" diam. x 6
514.7 psia

2' diam. x 3.4°
90 psia

5' dizam. x 10'
55 psia

4' diam. x 12°
320 psia

5' diam. x 9.4"
360 psia

316ss

316S8S

316s8s



55.

8ET

51. 9T-13 Pyrolysis
H, Receiver

52. T-14 Lime Make-Up
Tank

53. T-15 Siudge Pump
Tank

54, B-01 M. G. Silicon
Storage Hopper

56. B~04 Pyrolysis
Dust Bin

FILTERS

57. ¥F-01 Crude TCS/
STC Filter

58. F-02 Waste Hydroxice
Filter

59. P-03 Pyrcolysis
H., Filter
2

60. F-04 M. G. Silicon

Unloading Filte -

H2 Feed to Com—
pressor

Lime solu. pre-
paration

Sludge~solu.
storage

Feed to hydro-
genation reactor

Solid residue

In Line Filter

Remove solid
residues

Remove solid
residues

Solid-air separa-
tion in pnewmatic
conveyor

TABLE 3_3-6

Vertical
25 psia

8 hr. storage
Vertical, open

4 hr. storage
Vertical

344 1b/hr Si

Small

Small
solic-liqg.

100 gpm
solid-liqg.

Small Bag
solid-gas

Small Bag
solid-gas

{Continued)

6' diam. x 12°

5' diam. x 9.2'
14.7 psia

5' diam. x 8"

20' sq. x 5'/10"' cone

14.7 psia

3‘diam. x 3°*
25 psia

50 gpm x 100u

Filtering area
67 fr.?

20 ££.2 x 51

20 ft‘2 X 5u

31655

€S/3168S

Cs/3165S

CS/cloth

Cs/cloth



6E2

SOLID HANDLING EQUIPMENT

6l. S-01 M. G. Silicon
Unloading <yclone

62. 5-02 Double Shell
Blender

63. 5-03 M. G. Silicon
Lock Hopper

UNCLASSED

64. U-01 Quench Contac-
tor Ejector

65, U-02 Lime Tank
Agitator

66. U-03 Vent Gas
Combustor

67. U-04 Vent Gas
fjector

PYROLYSIS SECTION (Primary)

68. R-05 Silane Pyrolysis
Reactors (six)

69. X-01 Melters
(six)

TABLE 3.3-6 {Continued)

Si feed trans- 6" W. C. AP 417 ACFM

port

5i feed to Blending 20 ft.3/5hroud
reactor

Si Feed to Locking 20 ft-3
reactor

To withdraw 5" W. C. 100gpm
gaseous products Suction 134 ACFM

from reactor

Line solution 3/4 HP
preparation
To burn vent gases 20 ft.l, .5 MM 1.22 ACFM
from various - :its Btu/hr load
To withdraw gases 10" W. C. 100gpa
from combostion Suction 1.0 CPM (STP)
chamber
To convert silane 25 XW Powe. 3" diam., 15" tall,
to sil.con supply cone :.ape (argrox.)
Melt silicon 60 XW Power
supply

31683

304ss

31658

31655

3les8

31688

Honel/
« uartz
{pricing)

Graphite/
Quartz, etc.



ove

70.

71.

72.

73.

74.

75.

76.

B-D5 Powder Hoppers
{six)

¥-02 Hydrogen Cooler
X-~03 Hydrogen Blower
X-04 Dust Filter

X-05 Star Valve {six)

X-06 Conveyor

X-07 Drum Loader

TABLE 3.3-6

Pyrolysis Powder
collection

96.1 1b/hr Si

Cool Hydrogen 42.4 1b/hr H

2

Blow Hydrogen 12% CFM (57TP)

Filter Dust 127 CFM (STP)

Flow Control

Transport Material g6.1 1b/hr Si and

its containers
Load Drums

(Continued)

8' diam. x 15' width
cone bottom

See Economic Analysis
See Economic Analysis
See Economic Analysis

See Economic Analysis

See Economic Analysis

See Economic Analysis

316s8S

¢s/other
cs/Other
Ccs/other

cs/other

CS/0ther



TABLE 3,37

PRODUCTION LABOR REQUIREMENTS FOR UCC SILANE FPROCESS

Section/Unit 8):illad Labor Semiskillwd Labor
Operation man~hr/KG 5i (opar/shift) man-hy/KG Si (opexr/shift)
1, Hydrogenation 0.00745 (1) 0.00748 (1)
2. 8ilana 0.02230 (3) —————
3. Pyrolysis 0,02980 (4) ——
4, Waste Traatment 0.00745 (1) _——
5. Hydrogen Compression 0.00745 (1) -——
TOTAL 0.0745 (10) 0.00745 (L)
Note

Manpowar estimate for production labor requiremsnts based on:

1., Dividing plant into sections
-type cf unit operation
-mark off working arsa

2. Specify work duties requirad in each section

3. Estimata operators required to psrform work duties in
each section
-type of unit oparation
~size of working arsea
~dagrae of automation (batch, semi-continuous, continuous, ete.)
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3.4

BCL Process for 8ilicon - Case A (Battelle Columbus Laboratories)

The chemical engineering analyeis activity involves a pre-
liminary procees design of a plant to produce silicon via the
technology under consideration,

The process flowsheet Tor the Case A of BCL process to
manufacture Bilicon is ghown in Figure 3.4-1, This process
congists of several major procegsing operaltions of distilla-
tion, vaporization, stripping, condensation and a deposition
reacltion to produce silicon as well as elccirolysis to recover
the zinc.

Silicon tetrachloride (8iCl1l,), which is the major raw ma-
terial, i fed to the distilla%ion gaection for purification,
to remove impurities (Buch as boron and phosphorous). In the
deposition section, purified silicon tetrachloride is vaporized
and preheated to the reaction temperature, 927°C, before it
is introduced into a silicon deposition unit, which is a fluid-
ized bed reaclor., Zinc vapor, produced by a specinlly designed
induction~heated vaporizer, is also introduced to the reactor
at the same temperature for the reaction, The reaction ec¢ia-
tion to show the silicon deposition is

SiCt

+ 272n » 8i + 27nCl (3.4-1)

4 2

Silicon granules produced by the deposition reaction, which
descend to the bottom of reactor, are cooled and collected in
containers, A small amount of silicon seed is fed to the reac-
tor to control the particle size of the gilicon product. Zinc
chloride and unreacted zince are recovered and fed to the elec-
trolysis section, while unreacted silicon tetrachloride is
recycled to the distillation section,

In the electrolysis scetion, zine chloride is reduced to
zine by low voltage (1-85 volts) electrolyvsis cells, Zince is
recveled to the deposttion unit, while chlorine gns is col-
lectoa s the by-product,  The deposition and electrolysis
gect ions are purged with nert cas {such as arpgon),.  Waste
gases [rom vartous sections are collected and treated with
hydrate lime solotion in the waste {reualment section.

A process desipn was performed 1o obtaan datu lor a cost
analysis nl oo piant to prodiece silicon by this new technology.
The Jdesign was bhased on n plant to produce 1000 metric tons/yr
of s1iicon via 1he BUL process, In Case 4, two deposition
reaciors and six clectrolysis cells are required,

The detailed status sheet for the process design package

is shown in Table 3.4-1 and is representative of the various
sub-items  that make up the activity., The summarized results
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for the preliminary process design are praesented in a tmsbular
format to make it easier to locate itema of specific interest.
The guide for these iables ig given below:

*+ Process Flowshoeotl~r=rwmmena mmmme=Pipure 3,4-1
» Base Case Conditiong~=mecewcrnucwa-Table 3.4-

* Reaction Chemigtry———rmecmrw- we=m=Table 3,43
+ Raw Material Requirementg--—~--~-=Table 3.,4-4
» Utility Requirementg-e-~m=nemwrceewe-Table 3,45
+ Major Process Equipment-~-wsce~=-Table 3,4-8
* Production Labor Requirsmentg~--~Table 3,4-7

The process design provides detriled data for raw materials,
utilities, major procaess equipment and production labor ra-
quirements which are necessary for polysilicon production.
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TABLE 3.4-1 (HEMICAL ENGINEERING ANALYSES:
PRELIMINARY PROCESS DESIGN ACTIVITIES FOR BCL PROCESS _ ppcn a

Frel. Process Design Activity

Specify Base Case Conditions
1. Plant Size

2. Product Specifics

3. 2dditional Conditions

Jefine Reaction Chemistry
i. reactants, Products
2. Equilibrium

Process Flow Diagram

1. Flow Sequence, Unit Operations

J. Process Conditions (T, P, etc.)

3. Environmental

4. Company Interaction
{Technolegy Exchange)

Material Balance Calculations
1. Raw Materials

2. Preducts

3. By-Products

Enexrgy Balance Calculatiomns
1. Heating

2. Cooling

3. Additiomal

Property Data

1. Physical

2. Thermodynamic
3. Additional

Status

*eo®e [ B N N L N N N L N N L B N N

8a.

10,

Prel. Process Design Activity

Equipsment Design Calculations

1. Storage Vessels

2. Unit Operations Egquipment

3. Process Data (P, T, rate, etc.}
4. Additieonal

List of Major Process Equipsent
1. Size

2. Type
3. HMaterials of Construction

Hajor Technical ractors

{Potential Problem Areas)

}. Materials Compatibility

2. Process Conditions Limitations
3. Additional

Production Labor roguirements
1. Process Technology
2. Production Volume

Forward for Economic Analysis

0 Flan
@ In Progress
® Complete

L N N N oo ve L N N N g
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Figure 3.4-1 Process Flow Sheet for BCL Process-Case A
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Figure 3.4-2 Process Flow Sheet for BCL Process-Case A
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2.

3.

G,

TABLE 3.4~2%
BASE CASE CONDITIORE FOR BCL PROCESS ~ Camoe A

Plant 8izoe

~gilicon produced from milicon tetrachloride (TET)
«1000 metric tons/yr of silicon

~golar cell grade silicon

~g01id phase product form (granules)

Light End Distillation

~rurification of TET by distillation

~ramove 4% chlorosilanes as the light end

~80°C, 10 paig

Heavy End Distillation

=purification of TET by distillation

~-remove 4% impurities as the heavy end

-924 over-all yvield of TET from both distillations
~80°C, 10 psig

TLT Vaporizer

~to supply TET vapor for deposition reactor
-by power input (resigtance heater)

=hold at conntant level and constant pressure
~l64°PF

Depogition Reactor

-reduce TET by zinc to produce silicon
~deporit on pure silicon seed

~fluid bed

=927°C (1700°F, 1 atm)

=63% conversgion of TET to silicon

Reactor Condenser

-to condense gazes fram reackor (ZnC12, unreacted Zn and Sicl4 qages)
-partial condenmation

-uging therminel 66 as the coolant

-927°C inlet temperature and 350°C outlat temperature

Reactor 4nCl, Stripper

-work as pargial condenser

~to condense ZnClzqaa from 85iCl, gas

-operating at the temperature right above 2nCl, melting point (318°C), 150°C
~using therminol 66 as the coolant

Cell ZnCl, Stripper

~operates as partial condaenser

~to condense ZnCl, gas from Cl. and SiCl, gases

-operating at the temperature right ahove ZnCl2 melting point (318°C), 3k0°C
~using therminol 66 as the heat exchange medium



9.

10'

11.

12l

13.

l4l

TABLE 3.4-2 (Continued)

Reactor 8iCl, Condsnmer

-condaensa 8iCly gas for racycls

~antifresxa as tha coolant

~-350°C inlet temperature, 20°F outlet tamperature.

Blectrolysis

~glactrolytic racovery of Zn from Zn(.‘12
-Cl, gas is by product

~05%% Zn recovery

=500°C, approx. 1 atm

Zinc Vaporizer

~to vaporize Zinc

=by induction haeating
=327°C, approx. 1 atm.

Wasteas Treatmant
~to scrub and neutrallze SiCl, and chlorosllane gasex
~caustic solution used to nautraliza

Oparating Ratlo
-approximately 80% utilization (on str.afi time)
~approximately 7,000 hr/yr production

Storage Consglderations
~faad material (two week supply)

-product {two shifts storaga)
-process (saeveral hours)

254



3a.

TABLE 3,4-3

REACTION CHEMISTRY FOR BCL PROCESS - Case A

8ilicon Daposition

2%n + 81014"514 + ZZnCl2

Elactrolysia

elegtroly.

ZnCly Zn(l) + cl, (q)

Waste Traatment

sicl, + au,0 3 sio, + 4HCl(aq)

NaOH({aq) + HCl(ag) + NaCl(ag) + H,0

or
Ca(OH)z(aq) + 2HCLl (agq) -+ CnClz(aq) + 20,0

Wagte Treatmant (50 MT/yr uanit)

Clz(q) + 2NaOH (ag} -+ NaOCl({aq) + MNaCl(aq] + H

2565

2

o



1,

2,

Teble 3,4-4

Raw Matarial Requirements Eor
BCL Procus. - Case A

Raquiraments
Raw Matsrial 1b/KG of 8ilicon
silicon Tetrachloride, 8iCly 15,681
Zine, 2n 0.54
Caustic (50%), NaOH(aq) 5,23
or
Lime (99%), Ca(OH), 2.852
Argon 3.1 scri
Nitrogen 7.6 scrl
Chlorine, Clz (by-product) 11.12

Includes light wastes (4%), heavey wastes (4%) and additional losses (7%).

Includes neutralization of distillation section, deposition section,
electrolysis section and chlorination losses.

Estimate from BCL

256



TABLE 3.4-5

UTILITY REQULREMENTE FOR BCL
- Cagn A

PROCESS
Utility/Function
Blectricicy
l, Low Volatagn D.C. for Electro-
lysis

2, Zinc Vaporizer Induction Heated

3. Preheat Section of Deposition
Unit Induction Heated

4. Electrolysis Feed Tank Heater

5. Molten Zinc Storage Heater

6, SiC14 Vaporizer

7, Pumps, Blowers

Steam (50 PSIA)

1, #1 pPurification Column Reboiler
2. #2 Purification Column Reboiler
3, Caustic Storage Heating

4. #1 Purification Column Preheater

Cooling Water

1. #1 Purification Column Condenser
2. #2 Purification Column Condenser
3. Purified Tet Cooler

4, Chlorination Cooler (H-17)

5. Cell Gas Cooler (H~18)

Process Water
1., DPiluent for Waste Treatment

Refrigeration

l. Reactor SiCl4 Condenser (H-11)
2. SLC14 Vent Condenser (H-07}

Note; k = kilo = 10?

{20.51)

( 5.62)

{ 0.24)
{ 0.10)
( 0.53)
{( 2.53)

( 4.5%)
( 4.30

{ 0,29)
( 0.49)

(16.94)
(15.88)
{ 1.67)
( 0.53)
{ 2.86)

(24,20)

—
M
— B
Pariid

257

Raquirsments/Kg of 8ilicon Product

30.92 kw-hr

9.67 pounds

37.88 Gallons

24.20 Gallons

2.38 Kk8tu
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Equipment

TABLE 3.4-6

LIST OF MAJOR PROCESS PLANIPMENT

FOR BCL

Function

PROCESS TOWER AND INTERNALS

1.

D-01 Light End

Distillation Column

D-02 Heavy End

Distillation Column

A-01 Primary SiC14

Vent Scrubber

A-02 Final sic14
Vent Scrubber

HEAT EXCHANGER

5.

H-01 L.E. Colutn
Feed Heater

H-02 L.E. Column
Rehoiler

H-03 L.E. Column

Condenser

H-04 H.E. Column
Feed Heater

To purify S5iCl,

To purify SiClg

To scrub SiCly
vent gas

To scrub SiCl
vent gas

4

To preheat feed
to D-01

Reboiler of D-01

Total condenser of

b-01

To rreheat £ 24

+to D-J2

— Case A

Size/gxgg

8" dia. x 21°', packed
13.5°

8" dia. x 21", packed
13.5*

3' dia. x 4'4" T/T,
225 gal/flat bottom

7'6" dia. x 17'4" T/T/
4 pp trays, Teflon
dimister

2' dia. x 5, 15,013
Btu/hr / external
heater

2' dia. x 3%, 51,522
Btu/hr / external
heater

Material of
Construction

Column, CS/packing, S5

Columm, CS/packing, SS

FRP

FRP

47,430 Btu/hr/shell—-tube CS

H.E.

2' dia. x 5', 14,331

Btu/hr/external heater

s

Capacity Ratio
to 1000 MT/yxr

20

=~



10.

11.

12,

13.

14,

15,

i6.

17.

18.

19,

2C.

H~(}5 H.E. Column
Rahoiler

H~06 H.E. Column
Condenser

H-07 5iCls Vent
Condenser

H-08 SiCl4 Vaporizer

H~09 Reactor
Condenser

H-10 Reactor ZnCilg
Stripper

H~11 SiClg
Condenser

H~12 Cell Znﬁiz
Stripper

H~13 Thermirni

Cocler {enld ~ircuir;

H-14 Therminnl
Cooler ‘hot circuit:

H-15 Start-up
Heater

H-1€ Silicon
Product Cooler (twoi

TABIE 3. 4-6 (Continued)

Reboiler of D-02

Total condenser
of D-0Z

Condense 51C1ly from
vent gas

To provide S1Cly
vapor to reactor

To condense by
products from
reactor

¢ condense ZnCIZ
gas
To condense 5iCl,

gas for recycle

¢ conder.se ZnCl
TREOY

2

o sl Tharminod
gf

cnel Therminol

Therr ~~- ztart

up he-ia-

To ccovl *he §i

2' dia. x 3', 56,641 cs
Btu/hr/external heater
52,292 Btu/hr/shell- cs
tube H.E.

38 £t2, 18,000 Btu/ cs
hr/ eli-tube H.E.

2.75" dia. x 3' T/T. S
13.648 Btu/hx/
resistance heater

14" dia. x 6.4",
126,237.2 Btu/hr

12 ft2, 2,65z Btu/hr/ 316 S§
shell-tube H.P., finned

U-tube

6,401 Btu/hr {x 4.6&2 316 85

= 29.573 Btu/hr)

9,84]1.4 Btu/hr/sheil- Inconel 600

tube, H.E. (x 0.32)

63 ft2, 11,000 Btu/hr/ CS
shell-tub¢ d.E.,

500 psia

262 ft2, 120,000 Btu/hr/ C3
shell~tube H.E., 500 psic

98,950 Btuw/hr/U-tube cs
15", resistance heater

T,735 Btuw/hr sic

produci. from reacior

Graphite W/SS shell

20

20

20

20

20

20

20

20
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20a.

20b.

H-17 Chlorination
Cooler

H-18 Cell Gas
Cooler

TABLE 3_4-6 {Continued)

20,000 Btu/hr, Area
200 £t?

.08 x 10° Btu/hr, Area
1805 £t2

PROCESS AND STORAGE VESSELS

2.

22,

23.

24.

25.

26.

27.

2d.

29.

30.

T-01 5iCly Storage
Tank

T-02 SiCl,
Emergency Storage
Tank

T-03 L.E. Column
Reflux Drum

T-04 Surge Tank
T-05 Sump Tank
T-06 H.E. Column

Reflux Drum

T-07 Pure Sirl
Storage Tank

T-08 Electralysis
Teed Tanx

T-09 Molter Zinc
Storage Tank

T-10 Therminol Head
Tank

Storage/feed to
purification

7' dia. x 16' T/T/
4,600 gal

torage/feed to
purification

7' dia. x 1=' T/T/
4,600 gal

To hold distillate 12" dia. x 4°/23 gal
for reflux

Surge Tank for
D-0l1 bo* tom

3" dia. x 4'/200 gal
Sump for purifica- 3' dia. x 4'/200 gal
tion un.t

To hold distillate 12" dia. x 4'/23 gal
for reflax

Storace ‘feed to
SiCcly Vaporizer

6*' dia. x 10" ©™/1/
1900 gal

Storag: feed ZnCl, 50" x 158" x 38"H/
0 =1:rwrolysis cell 7" graphite TH

Ftoraiy feed to
Zinc vaporizer

W/heater 68,242 Btu/hr

1.5' dia. x 3.75" T/T/
49.6 gal

55

cs

cs

cs

Graphite/304 SS

Graphite/304 SS

20

20

20

20
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3.

32.

33.

T~11 Therminol Drain To stcre drai-ed

Down Tank

T-12 Cnlorine Sup-

ply Tank

T-13 Lime
Stcrage Tank

PUMPS WITH DRIVERS

34,

35.

36.

37.

3g.

39.

47.

P-01 Purification

Feed Pump

P-02 L.E. Column
Feeqd Pump

P-03 L.E. Column
Relux Pump

P-04 Surge Tank
Fump

P~-05 Sump Pump
P~-0€ L.E. Column
Bottom Pump

P~0Q7 H.E. Column
Relux Pump

P-38 H.E. Tolumr
Bottom Purp

P-G9 SiCly

Vaporizer Feed Pump

Therminol

Tc zupply chlorine
gas

Storage Limes

To fesd S5iCl, to
storage tank

To supply SiCl4
to preheater

D-01 Reflux
To supply SiCl4
to H.E. Column

To pump Sicig to
emergency tank

To pump SiCI4 to
surge tank

D-02 Reflux
To purmp bottom
solution to waste

treatment

To feed SiCl, to
Vaporizer

TARLE 3.4-6 (Continued’

2.75" dia. = 3' T/T/
133 gal

I 1/2* gia. x 2/
37.62 gal

12" dia. x 14'6" T/7/
12,000 gal

30 gpm, 31" head/
centrifugal, 1L 1/2 hp

28.9 goh, Ar = 72 psia/
0.5 ho.

S1.7 oph, Ap = 23 psia/
0.5 ho.

29_4 gph, Ap = 33 psia/
0.5 hp.

30 gpm, 31° head/
centrifugal, 1 1/2 hp.

29.4 gph, Ip = 53 psia/
0.5 hp.

57.1 gPh: 25 psia/
0.5 hp.
1.3 goh, &{r = 25 psia/
0.5 hp.

#

15 goh, 317 head/ 1/2 hr

FRP

Cs

CSs

CS

Cs

20

20

20

20

20

29
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42. P-13 Reactor Z:in-
denser Circula%ing
Pump

4. P=11 Coid Zrrzu.-
Punp (twe)

45, P-12 Hot Circuit
Pump

<. P~13 Primaxvy
Scrubber Re-<.r:ula-
tion Pump

o P-~id4 Primary
Scrubber Lower-lcop
Recirculating Pump

48  P-15 Primary
Scrubker Toper-loop
Recirculating Pump

49. P-16 Mak2 up Lime
Metering Pumc

FILTERS

50. F-01 L.E. Csi:imn
Feed Filter

51. P-02 L.E. Cclumr
Reflux Fi.>er

52. F-03 H. E. Column
Feed Filter

53. F-04 H.E. Column

Relfux Filter

To zirculate -on-

densaces
Znld Therminol
—irculation

Hot Therminol
circulation

Recirculat.cn for

3oripber E-01

Tireulat2 sclution
for Lower-loop of
Scrubber A-02

Cirrmulate sclution
for upper-loop of
Scrubber A-02

T.ae make up

Remove solids

Remove solids

Rempove solids

Remove solids

TABIE 3 4-6

7.4 gpm, 30' head/1/2

20 gpm, 85° head/centri-

fagal, 2 hp.

£Z gpm, B85' head/centri-

fugal, 4 ho.

2C gpm, 125' head/
centrigugal, 2.% hp.

106G gzm, 123" head/

centrifugal, 7 1/2 hp.

100 gpm, 13' head/
centrifugal, 2 hp.

G.9 gpm, 25" head/
centrifugal, 1/2 hp.

29 gph, Ap
140 micron

S5 psia/

30 gph, Ap = 5 psia/
140 micron

52 gph, Ap = 5 psia/
140 mwicron
31 gph, Ap = 5 psia/

140 micron

{Continued;

Graphite

Ccs

Durircon

Duriron

20

20

20

20
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54.

F-05 Therminol
Cooler Blower
Filter

SPECTALIZED EQUIPMENTS

35-

57.

58.

59.

62.

B65.

®#-51 Fluidized
Bed Reactor {two)

FH~-01l Furnace {two)
B-01 Seed aAddition
Hopper {two)

B~02 Si Preoduct
Hopper (four)

B-03 7Zinc Hopper
Z-Cl Thermirnoal
Cooler Blower

Z-02 Scrubkber Vent
Blower

E-0l Eductor {two)

EC-01 Electrolysis
Cell (six)

PH-01 Power Supply

vp-01 Z2inc
Vaporizer {(two)

TABLE

To filter the solids

from air

To reduce Si?i4 jatol
Si by Zn

To rreheat 31714
gas

To feed 5i seed to
the reactor

To hold Si product
To hold make up
Zinc

Thermirol system
ir zocier blower

Sucr 3iCl; gas
for A-0l & A-02

5iCl, scrubbing
(Scrubbar D-05)
To recover Zn from

ch12

To supply power to
electrolysis cell

To provide zinc
vapor to reactor

3.4-6 (Continued)

1330.2 Btu/hr, .57 dis,

272,96€ Bru/hr

6 gal

40 gal

507 acfm fan/electric,

11/2

hp., 12-1/2" wheel

15,900 acfm/electric,

29 hp.

31-1/2" wheel

20 gpm, Ap = 47.4 psia/
Hydraulic ejector,
1-1/2" NPT

5,0C0

~6,000 ar; celis

545,933 Btu/hr.

104,128.8 Btu/hr

13.5"

dia. x 32"

Graphite Lined /SS

3190 85

310 ss

Cs

s

D .V.C.

Graphite/5S

Quartz

20

22

29

20

2C

N
i

g

[

20

20

20
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TABLE 3_4-g (Continued)

For the 1000 MT/yr plant, items 3, 4, 33, 46, 47, 48, 49, 61, and 62 are used for waste treat-
ment of distillation wastes {light, heavy) and vent gases.

In the 50 MT/yr facility, these items are used for hypochlorita maufacture which is not present
in the 1000 MT/yr plant.

For H-11, the operation conditions wers changed from 171°F - 32°F to 662°F ~ 20°F.

For E-12, the operations conditions have been chnaged from AT = 8535°F to 270°F.



TABLE 3,4«7

PRODUCTION LABOR REQUIREMENTS FOR
BCL PROCRS8 - Case A

Labor
Section man-hr/KG 81 (opaexr/shift)

1, Purification (1) 0.01402 (2}
2. Deposition (11} 0.01402 (2)
3. BElectrolysis (11T1T) 0.02103 (3)
4. Waste Treatment (IV) 0.00701 {))
5. Product Handling (V) 0,00701 {1)

TOTAL 0.06309 (Y

Note
Manpower ostimate for production labor requirements based on:

1. Dividing plant into sections
~type of unit operation
-mark off working area

2. Specify work duties required in each section

3, Estimate operators requived to perform work duties in
each section
~type of unit operation
-size of working area
~degree of automation (batch, semi-continuous, continuous, etc.)
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3.5

BCL Procegs for Silicon - Case B (Battelle Columbus Laboratories)

The chemical engineering analysis mctivity involves a pre-
liminary process design of a plant to produce silicon via the
technology under consideration,

The process flowsheet for the Case B of the BCL process to
manufacture silicon is shown in Tigure 3.5~-1. This process
congists of several major processing operations of distlliation,
vaporization, strippping, condensation asad n deporition remction
to produce silicon as well as elecrolysis to recover the zine,

Silicon tetrachloride (8iC1,), waich is the majer raw ma-
terinl, is8 fed to the distilla%ion section for purification,
to remove impurities (such as boron and phosphorous). In the
deporition section, purified silicor tetrachloride is vapor-
ized and preheated to the reactiion tempersture, 927°C, bhefore
it is introduced into a silicon ¢ gition unit, which is a
fluidized bed reactor. Zine vape moduced by u apecially
designed induction-heatced vaporiz is also introduced to
the reactor at the same temperati.y» for the rcaction. The
reaction equation to show the silicon deposition is

SiC1

+ 2Zn » 81 + 27nCl {3.5~1)

4 2
Silicon granules produced by fhe deposition ronction, which

descend to the bottom of reactor. are c¢ooled und collected

in containers, A small amount of silicon seced i fed to the

reactor to contrel th. particle size of the silicon product.

Zine chloride and unreacted zine are recovered and fed to the

elecirolysis section, while unreacted silicon tetrvachloride

is recycled to t.e distillation section.

In the electrolysis section, zine chloride is roeduced to
zinc by low voltape (4-L volts) electrolyvsls ceolis. Yine is
recycled to the deposition unit, while chlorine eas is collected
as {he by-product The depositicn and electrolysis gections
are purged with intert gas (such as argon). Waste gases from
various sections are collected and treated with hyvdrate lime
solution in Lhe waste treatment section.

A process design was performed to obtain data for a cost
analvsis of a piant to produce silicon by fhis noew technology.
The "esign was b:and on a nlant {to prodnce 1000 qetrice Ltons,/yr
of sslicon via the RL process. In case 3. the orocess contains
one deposition reactor and two elecirnlvsis- ceolls as compared
with two deposition reactors and six electrolysis cells for
Case A which was reported earlier.

The detailed status sheet [lor the process design package
is shown in TAble 3,5-1 and is representative of the various
sub-itoms  that meake up the activity., The summarized results
for the preliminary vroceess design are presonted in a tabular
formit {o make it cavier to locnte ivens of specific interest,
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The gulide for these tables iz glven bslow:

+ Base Cape Conditiong-—-reacrcmmcrummuna- Table 3,5-2
*» Reaction Chemigtrye~—-emeemcccmmcamaana Table 3.5-3
+ Raw Material Requirementg--r--ecwm—we—. Table 3.5-4
» Utility Regquirements---weem-cmmmames wa Table 3,8-5
» Major Process Equipment---—reamcwmacew- Table 3,.5-6
+ Production Labor Requirementg-ew-eam—a-- Table 3.5-7

The process design provides detailed data for raw materials,
utilities, major proceas equipment and production labor re-
gquirements which are necessary for polysilicon production.

267



892

TABLE

Prel. Process Design Actlivity

Specify Base Case Conditions
1. Plant Size

2. Product Specifics

3. BAdditional Zonditions

Lefine Peacti-n Themistry
1. BReactants, Products
2. Equilibrium

Process Flow Diagram
l. Flow Sequence, Unit Operations
2. Process Conditions (T, P, etc.)
3. Environmental
4 Tompany interaction

(Technology Exchange)

Material Balance Calcualatious
1. Raw Materials

2. Products

3. By-Products

Energy Balance Calrulations
1. Heating

2. Cooling

3. BAdditional
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3. Additional
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2, mxw Operations Equipment
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4, Additional

List of Major Process Equipwment
l. Size

2. Type
3. HMaterials of ronstruction

Major Technical Factors
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2. Process Conditions Limitatioms
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2,

TABLE 3,5-2
BASE CASE CONDITIONS FOR BCL PROCESS (Case B)

Plant Sizo

~silicon producad from milicon tetrachlorida (TET)
-~1000 metric tons/yr of silicon

~solar cell grads silicon

-golid phase product form (granules)

Light End Distillation

=purification of TET by distillation

~remova 4% chlorosilanes as tha light end

-80°¢, 10 psig

Heavy End Diatillation

=purification of TET by distillation

~remove 4% impurities as the heavy and

~92% over-all yield of TET from both distillations
~80°C, 10 psaig

TET Vaporizer

-to supply TET vapor for deposition reactor
by power input (rasistance heater)

~hold at constant lavel and constant pressure
=164°F

Deposition Reactor

~reduce TET by zinc to produce silicon
~depogit on pura milicon saed

=fluid hed

=427°C (1700°F, 1 atm)

~63% conversion of TET to silicon

Reactoy Condenser

~-to condense gases from reactor (ZnC12, unreacted Zn and S:Lcl4 gases)
~partial condensation

-using therminol 66 as the coolant

-927°C inlet temperature and 350°C outle’ temperature

Reactor 2ZnCl,, Stripper

~-work as pargial condenser

-to condense ZnCl,gas from SiCl, gas

~operating at the temperature right above ZnCl, melting point (318°C), 3koec
-using therminol 66 as the coolant

Crll chl2 Stripper

-oporates ag partial condenser

-to condense 2ZnCl, gas from Cl., and SiCl, gases

~operating at the temperature ¥ight above ZnCl2 melting point (318°C), 35¢°C
~using therminol 66 as the heat exchange medium
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10,

11.

12,

13,

14.

TABLE 3,5-2 (Cfontinued)

Reaactor 8iCl4 Condenser

~condanse S\Cl4 gas for reoycla

~antifraeze as the coolant

~350°C inlet temperatures, 20°F outlet temperature.

Elactrolysis

=eslactrolytic racovery of Zn from ZnCl2
~Cl, gas is hy product

—95% Zn recovery

=300°C, agprox. 1 atm

Zinc Vaporizar

~to vaporize Zinc

~by induction heating
=-927°C, approx. 1 atm,

Wwastes Trcatment

~ter serub and neutralize 8iCl, and chlorosilane gases

~cqustic solution used to neutralize

Operating Ratio
~approximatoly 80% utilization (on stream time)
~approximataely 7,000 hr/yr production

Storage Considerations
~fead material (two week supply)

~product (two shifts storage)
-process {(saveral hours)
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3.

3a.

TABLE 3, 5-~3

REACTION CHEMISTRY FOR BCL PROCESS (Case B)

Bilicon Daposition

27Zn + 31014+si+ + 2ch12

Bleactrolysis

alagtroly.

Z2nCly Zn(l) + cl, (q)

Wagstae Treatmgnt

sic, + 20,0 S 510, + 4HCL(aq)

NaOil{aq) + HCL(aq} - NaCl(aq) + H,0

or
Ca(CH) 5 (aq) + 2HCl(aq) -+ CaCl,{aq) # 2Hx0

Waste Traatment (50 MT/yr anit)

Cl,(g) + 2NaOH(aq) + NaOCl(aq) + NaCl(aq) + H

272
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Table 3, -4

Raw Matarial Requirements for
BCL Procass (Cass B)

Requiremencs

Raw Material lb/KG of 8ilicon
l., 8ilicon Tetrachloride, 8iCly 15,33
2., %inc, 2Zn 0.54
3. Caustic (30%), HaOH(aq) 3.7%
or

Lime (99%), Ca{OH), 1.75
4, Argon 3.1 scr+
%, HNitrogen 7.6 8Cr*
6. Chlurine, Cl, (by-product) 11,12

*Bgtimate {rom BCL
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TABLE 3,85 UTILITY REQUIREMEMTS FOR BCL

PROCESS (Case B)

Raquiremants/Kg of Silicon Product

Utility/Punction
Elactricity
1., Low Voltage D,C. for Blectro- (20.581)
lysis
2. %inc vVaporizer Induction li+-.tad { 4.37)
3. Praheat Section of Deposition { 1.12)
Unit Induction Heated
4, EClectrolysis Feed Tank Heater {( 0.24}
5, Molten Zinc Storage Heater { 0.10)
6. 8iCl, vaporizer { 0.53)
7. Pumps, Blowers { '.53)
Staam (50 PSIA)
1. #l Purification Column Calandria ( 4.59)
2. #2 Purification Column Calandria ( 4.30)
3. Caustic Storage Heating { 0.29)
4, ¥l Purificwclon Column Preheater ( 0.49)
Cooling Watex
1. #l1 Purification Column Condenser (16,94)
2. H2 purification Column Condensger (15,.88)
3. Purified Tet Cooler ( 1.867)
Process Water
l. Diluent for Waste Treatment (10.48)
Rafrigeration
1. Reactor SiCly Condenser (H-1l) ( 1.28)
2. 8icCly vent Condenser (H-07) ( 1.10)

2%, 40 Kw-hr

9,67 pounds

34.49 Gallons

10.48 Gallons

2.3 MBtu
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Equipment

TABLE 3.5-6

LIST OF MAJOR PROCESS BQUIPMERT

FOR BCL

Functioq

PROCESS TOWER AND INTERNALS

1. D01 Lignt End
Distillation Column

2. D-02 Beavy End
Distillation Column

3. 2A-0l Primary SiCl,
Vent Scrubber

4. A-02 Final SiCl4
Vent Scrubber

HEAT EXCHANGER

5. EH-01 L.E. Column
Feed Heater

&. H-02 L.E. Zolaamn
Reboiler

7. H-03 L.E. Column

Condenser

8. H-04 d.E. ‘olumn
Feed Hea“er

To purify SiCl,
To purify SiCl,
To scrub SiCly

vent gas

To scrub Sicl4
vent gas

To preheat feed
to D-0l1

eboiler of D-01

Total condenser of
D-01

To prehz2at feed
to D—-N2

(Case B)

Size/Tvpe

8" dia. x 21', packed
13.5"

8" dia. x 21", packed
13.5°

3' dia. x 4'4" T/T,
225 gal/flat bhottom

7'6" dia. x 174" T/T/
4 pp trays, Teflon
dimister

2' diz. x 5', 15,013
Btu/hr / external
heater

2' dia. x 3', 51,522
Btu/hr / extermal
heater

Material of
Construction

Coluwm, CS/packing, SS

Columr, CS/packing, SS

FRP

47,430 Btu/hr/shell-tube CS

H.E.

2' dia. x 5', 14,331
Btu/hr/external heater

Cs

Capacity Ratio
to 1000 MT/yr

20

20

20

20

20



9.8

10,

11.

12.

13.

14.

15.

16.

17.

18.

19,

20.

H-05 H.E. Columm
Reboiler

H-06 H.E. Column
<ondenser

H-07 SiCly; Vent
Condenser

H-0B SiCly Vaporizer

H~09 Reactor
Condenser

H-10 Reactor ZnClz
Stripper

H -1l SiClig
Condenser

H-12 Cell Zn012
Stripper

H-13 Therminol

Reboiler of D-02

TABLE 3 5-§ (Continued)

2' dia. x 3', 56,641 cs
Btu/hr/external heater

Total condenser 52,292 Btu/hr/shell- Cs
of D-02 tube H.E.
Condense SiCl, from 38 ft2, 18,00C Btu/ cs

vent gas
To provide sicl,

vapor to reactor

To condense by
products from
reactor

To condense chlz
gas
To condense SiCl4

gas for recycle

Te condense ZnC12
vapor

To cool Therminol

Cooler [(cold circuit) 66

1-14 Thermino™

To cool Therminol

Cooler (hot circuit) 66

H-15 Start-up
Heater

H-16 Silicon

Product Cooler {(two)

Therminol start-
up heater

To cool the Si

hr/shell-tube H.E.

2.75* dia. x 3 T/T, cs
13,048 Btu/hr/
resistance heater

14" dia. x 6.4°,
126,237.2 Btu/hr

Graphite W/S5 shell

12 f£2, 2,652 Btu/hr/ 316 5§
shell-tube H.E., finned

U-tube

6,401 Btu/hr (x 4.62 316 58

= 29.573 Btu/nr)

9,841.4 Btu/hr/shell- Inconel 500

tuber H.E. (x 0.32)

68 ft2, 11,000 Btu/hr/ CS
shell-tube H.E.,
500 psia

262 £t2, 120,000 Btu/hr/ CS
shell~tube H.E., 500 psia

98,950 Btu/hr/u-tube cs
15", resistance heater

5,735 Btu/hr sic

product from reactor

20

20

40

20

20

20

20



LiG

20a.

H-17 Chlorination
Cocler

20b. H-18 Cell fas

Cocler

PROCESS AND STORAGE VESSELS

21.

22,

23.

26.

27.

28.

29,

30.

T-01 SiCl, Storage
Tank

T-02 SiCly
Emergency Storage
Tank

T-03 L.E. Column
Reflux Drum

T-04 Surge Tank
T-05 Sump Tank
T-06 H.E. Column

Reflux Drum

T-07 Pure SiCl
Storage Tank

T-08 Electrolysis
Feed Tank

T-09 Molten Zinc
Storage Tank

T-10 Thermino. fcad
Tank

Storage/feed to
purification

Storage/feed to
purification
To hold distillate

for refiux

Surge Tank for
D-0)1 bottom

Sump for purifica-
tion unit

Tc hold distillate
for reflux

Storage/feed tc
SiCl4 Vaporizer

Storage/feed ZaCl,

TABLE 3.5--6 (Continued)

20,000 Btu/hr, Area
200 £t2

1.08 x 10° Btus/hr, Area

1805 f£t2

7' dia. x 16* T/T/
4,600 gal

7' dia. x 16' T/T/
4,600 gal

12" dia. x 4'/23 gal
3' dia. x 4’/200 gal
3' dia. x 4'/200 gal
12" dia. x 4'/23 gal
6' dia. x 10' T/7/

1900 gal

50" x 158" x 38"H/

to electrolysis cell 7" graphite TH

Storage/feed to
Zinc vaporizer

Storage Therminol

W/heater 68,242 Btu/I'r

1.5' dia. x 3.75*' T/T/

£7.6 gal

S5

Cs

cs

Cs

Grephite/304 S5

Graphite/304 SS

20

20

20

20

20

20

26

20



3l. 7T-11 Therminol Drain To store drained

Down Tank

32. T-12 Chlorine Sup-
ply Tank

33. T-13 Lime
Storage Tank

PUMPS WITH DRIVERS

34. P-0l Purification
Feed Pump

35. P-02 L.E. Column
Feed Pump

36. P-03 L.E. tolumn
Relux Pump

37. P-D4 Surge Tank
Pump

38. P-05 Sump Pump

39. P-06 L.E. Column
Bottom Pump

43, P-07 H.E. Column
Relux Pump

41. P-08 H.E. Colum

Bottom Fawe

42. P-09 5iCl,
Vaporizer Feed Pump

Therminol

To supply chlorine
gas

Storage Lime

To feed SiCl4 to
storage tank

To supply SiCl4
to preheater

D-01 Reflux
To supply siCl4
to H.E. Column

To pumg Sicly to
emergency tank

To pump SiCl4 to
surge tank

D-02 Refiux
To pump bottom
solution to waste

treatment

To feed SiCl4 to
Vaporizer

TABIE 3, 65-6 {Continued)

2.75' dia. x 3' /T/
133 gal

1 1/2' dia. x 3"/
37.62 gal

12" gdia. x 14'e" T/T/
12,000 gal

30 gpm, 31' head/
centrifugal, 1 1/2 hp

28.9 gph, Ap = 72 psia/
0.5 hp.

51.7 gph, Ap = 23 psia/
0.5 hp.

29.4 gph, Ap = 53 psia/
0.5 hp.

30 gpm, 31' head/
centrifugal, 1 1/2 hp.

29.4 gph, Ap = 53 psia/
0.5 hp.

57.1 gph, Ap = 25 psia/
0.5 hp.

i.3 gph, Ap = 25 psia/

0.5 hp.

15 goh, 31' head/ 1/2 hp

Cs

FRp

cs

Ccs

cs

cs

20

20

20

20

20

20

20

20
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43. P-10 Reactor Con-—
denser Circulating
Pump

44. p-11 Cold Zircuit
Pump (two)

45, P-12 Hot Circuit
FPump

46. P-13 Primary
Scrubber Recircula-
tion Pump

47, P-14 Primary
Scrubber Lower-loop
Recirculating Pump

48. P-15 Primary
Scrubber Upper-loop
Recirculating Pump

49, P-16 Make up Lime
Metering Pump

FILTERS

50. F-0l L.2. Tolumn
Feed Filter

51. F-02 T.E. Column
Reflux Filter

52. F-03 H. E. Column
Feed Filter

53. F-04 H.E. Column

Relfux Filter

To circulate con-
densates

Cold Therminol
circulation

Hot Therminol
circulation

Recirculation for
Scrubber A-01

Circulate solution
for lLower-loocp of
Scrubber A-~02

Circulate solution
for upper-loop of
Scrubber A-02

Lime make up

Remove solids

Remove solids

Remove solids

Remove so0lids

TABLE 3. 5-¢ {Continued)

2.4 gpm, 30' head/1/2 hp

20 gpm, 85' head/centri-

fugal, 2 hp.

62 gpm, 85' head/centri-

fugal, 4 hp.

20 gpm, 125' head/
centrigqugal, 2.5 hp.

100 gpm, 103' head/

centrifugal, 7 1/2 hp.

10C grm, 12' head/
centrifugal, - hp.

0.9 gpm, 25" L=ad/
centrifugal, 1/2 hp.

2¢ gph, Ap = 5 psia/
140 micron

30 gph, Ap = S psia/
140 micron

52 gph, Ap = 5 psia/
140 micron

31 gph, 8p = 5 psia/
140 micron

Graphite

Cs

Drriron

Duriron

Duriron

40

20

20

20

20

20

20
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54.

F-05 Therminol
Cooler Blower
Filter

SPECIALIZED EQUIPMENTS

55.

56.

57.

38.

59,

60.

6L.

62.

63.

64.

£5.

B~-01 Fluidized
Bed Reactor (two)

FN-Ol Furnace {(two)
B-01 Seed addition
Hopper (two)

B-02 Si Product
Hopper {four)

B-03 Zinc Hopper
C-01 Thermiaol
Cooler Blower

C-02 Scrubber Vent
Blower

E-01 Eductor (two)

EC-01 Electrolysis
Cell (six)

PW~-31 Power Supply

VP-01 Zinc
Vaporizer ({(two)

TABLE

To filter the solids

from air

To reduce SiC14 to
Si by Zn

To preheat SiCl,
gas

To feed Si seed to
the reactor

To hold Si product
To hold make up
Zinc

Therminol system
ailr cooler blower

Suck Sill, gas
for a-01 & A-D2

$iCl, scrubbing
{(Scrubber D-05)
To recover 2Zn from

ZncCl 2

To supply power to
electrolysis cell

To pruvide zine
vanor to reactor

1830.2 Btu/hr, 6.5" dia. Graphite Lined /SS

272,966 Btu/hr

6 gal

40 gal

500 acfm fan/electric,
11/2 hp., 12-1/2" wheel

10,000 acfm/elsctric,
50 hp. 31-1/. wheel

3.5-6(Continuned)

210 S8

310 S8

Cs

Cs

PRP

20 gpm, Ap = 47.4 psia/ P.V.C.

Hydraulic ejector,
1-1/2" NPT

5,000 ~6,000 amp cells

545,933 Btu/hr.

104,128.8 Btu/hr
13.5" dia. x 32"

Graphite/5S

Quartz

20

40

40

20

20

20

20
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TABLE 3.,5-86 f(Continued)

For t-.: 1000 MT/yr plant, items 3, 4, 33, 46, 47, 4B, 49, 61, and 62 are used for waste treat-
ment of distillation wastes (light, heavy) and vent gases.

In th- SC MT/vr facility, these items are used for hypochlorite maufacture which is not present
in the 1000 MT/vr plant.

For 1-11, the -reration conditions were changed from 171°F - 32°F to 562°F - 20°F.

Fooowt2 Ve csaretiers conditione Wawe Yoo chnaged from T = BSSOF to 270°F.



PRODUCTION LABOR REQUIREMENTS FOR
BCL PROCESS (Case B)

Labor
Section man~-hr/KG Si (oper/shift)

1. Purification {I) 0.01402 (2)
2. Deposition (I1) 0.01402 (2)
3. Electrolysis (LxI1) 0,02103 (3
4, Waste Treatment (IV) 0.0070% (1)
5, Product Handling (V) 0,00701 (1)

TOTAL 0 06309 (9)

Note
Manpower estimate for production labor requirements based on:

1. Dividing plant into sections
~type of unit operation
~mark off working area

2, Specify work duties reguired in each section

3. Estimate operators required to perform work duties in
egach section
~type of unit operation
~-gize of working area
~degree of automation (batch, semi-continuous, contiruous, etc.)
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3.6

DCS Process (Dichlorosilane)

The chemical engineering analysis activity involves a pre-
liminary process design of a palni to produce dichlorosilane
as a s8ilicon source material by using the technology under
congideration,

The process flowsheet 1Tor the DCF process to produce dichloro-
gilane consisting =meveral major processing opcerations of hydro-
chlorination, condensation, stripping, distiliation and re-
distribution reaction, is shown irn Figure 3.6-1.

Metallurgical grade siticon (M. .1} v hyvdrochlorinated at
the praesence ol hydrogen (H,) and 8ilicon tefrachloride (SiCl,)
in a fluidized bed reactor.” The product strewuan from the hydré-
chlorination ig cooled, A setller i< taer ased to remove metal
impurities. The chlorosilanes - di-hlorosi e (DCSY, trichlo-
rosilane (TCS) and silicon tetrach'Hwvide (TET) are scparated by
geveral distillation units, Aftcr separation, the silicon
tetrachloride is recyeled,

Intermediate in the soveral dicst Ifation units, the TCS is
redigtributed to DCS and TET hw pas.ing throwh a (ixed bed of
catalyst. Afier redistributin  ho or an i fod to appropriate
distillat -on unit for separat oo, an' ¢ 1 Vicarion,  The reaction
equat ions 1o produce DCS arve iheey

38iC1, + 81 + 21, =+ 431ﬂ") (3.06-1)

1 2

- e ~J .y M .
2;“.;11*[(31:3 + S dCLl, + Su (3.6-2)

A proecess desipn wis performed to obton deia Tor a cost
analysis of a plant to produce v " by this new technology.,  The
design was based on a4 palnt to tenduece 7,70 metric tons/yr
of DCS which is sutf{icient to p - oluee 1000 metric ton /yvr of
Silicon without recvele.,

The detniled gta'us sheet "o the procens design package is
shown in Table 3.6-1 and 1s rep =scetative ot the various sub-
items thal make up the netivite., ™ abannrreesd results for
the pretiminary process desi:n oare v sented anoa tabular rormat
1o make i1 easler to Tocate vtorie Af cneeritie Saterest. The
giide lor thoese tables is piven botony

+ Hace Unse dGap 1 tons . Tehiie 3,622
« Reaptiop Chemigiay . T.hle 3.6=3
v Raw Material Requiren ..« , oabie 3,601
» IMtility Reauiroaent:,. ., S . .. Tahle 3,6-5
- Majur Procoss Fauipmenst 0 0 0 L Table 3.6-6
+ Production Lavor Reg ity »aent-. .. Table 3,6-7

<%



The process design provides detailed data for raw mate-
riels, utilities, major process equipment and production labor
requirements which are necessary for polysilicon production,
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TABIE 3.6-1

CHEMICAL ENGINEERING ANALYSES:

PRELIMINARY PROCESS DESI@! ACTIVITIES FOR DCS PRCCESS

Prel. Prccess Design Activity

Specify Base Case Conditions
l. Plant Size

2. Product Specifics

3. Additional Conditions

Define Reaction Chemistry
l. Reactants, Products
2. Eguilibrium

Process Flow Diagram

. Flow Sequence, Unit Operations

. Process Conditions (T, P, etc.)

. Environmental

. Company Interaction
(Technology Exchange)

[T S

Materxial Balance Calculations
1. Raw Materials

2. Products

3. By-Products

Energy Balance Calculations
1. Heating

2. Cooling

3. Additional

Property Data

1. Fhysical

2. ‘Thermodynamic
3. Additional

Status

10.

Prel. Process Design Activity

Equipment Design Cal.-intions

1. 3Storage Vessals

2. Unit Operations Eg-apment

3., .Erocess Data (P, T, rate, etc.)
4. Additional

List of Major Prr_:-ess Equipment
1. size

2. Type
3. Materials of Construction

Major Technical Factoxrs

(Potential Problem Areas)

1. HMaterials Compatibility

2. Process Conditions Limitations
3. Additional

Production Iahor Requirements
1. Process Technology
2. Production Volume

Forward for Economic Analysis

0 Plan
@ In Progress
§ Complete

Status



TABLE 3,8-2

BASE CASE CONDITIONS FOR DCS PROCESS

1.

Plant Size

-Dichlorosilane produced from m.g. silicon and silicon
tetrachloride.

-2,806 lb/hr dichlorosilane (enough to support 1000 metric
tons /year of silicon production)

~-9,780 metric tons/yr of DCS capacity

liyvdrochlorination
Metallurgical grade silicon, hydrogen, and recycle sili-
cwa tetrachloride (TET) usmed to produce trichlorosilane (TCS)
~Coi.per catalyzed
~Fluidized bed
~500°C, B314.7 psia
~Hp /Clo ration about 2.8
-30% conversion of 81014 to "IHC1,,

TCS Redistribution Reaction

~TCS is redistributed to DCS and TE™ through catalytic
reaction

~Catalytic redistributicon of TC8 with amine function ion
exchpugr resin

-Liquid phase B85 psia, 140°¢¥

-Conversion from pure TCS fend is about 11% to DCS

Recyecles
~Unreacted chlorosilanes and hydrogen are separated by
distillation and recycled

Dichlorosilane Purification
~Final purification by distillation
~-Designed to remove trace iupurities (BZHB' gxample)

Opurating Ration
-Approximately 85% utilization (con stream time)
~Approximately 7446 hour/year production

Storage Consideration

~-Feed materianls (several week supply, approx. 1 month)
-"roduct (two shifts storape)

- roce < (seveial hours to 1 shift)
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REACTION CHEMISTRY FOR DCS PROCESS

1. Hydrochlorination Reaction

e
351C1 4t Si + 2H2 “ 4811{013

2. Redistribution Reaction

.
ZSiHCl:3 * SiH2C12 + SiCl 4

3. Waste Treatment (representative - overall)

8qg .
S:LHECl2 + Ca(C)H)2 -2-58102 + CaCl, + 2H,0
‘ ag, .
SiHCls + 1.5Ca(OH)2 ——p 8102 + 1.509.012 + 2H20

84,
81014 + BCI.c.l.(OII)2 — 8102 + 2Ca012 + 2H20

Note:

1. Reaction 1 product contains HZ’ HC1, SiC'14, S:iHClB, Si.Hz(Jl2 (trace),
other trace chlorides

2. Reaction 2 product contains SiClS, SiCJ.,;, SiH2(312, SiH301
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TABLE 3.6-4

RAW MATERIAL REQUIREMENTS TOR DCS PROCESS

Raw Material

M.G, Silicon (Si)

Silicon Tetrachloride
(81014, make~up)

Liquid Hydrogen
Copper Catalyst (Cu)
Hydrate Lime (Ca(OH)z)

Requirements

1b/hr

456.6

2609,.5

289

62.5
G.8
310.0

1b/kg of

DCS

0.348

1,987
0.048
0.005
0.236



TABLE 3.6-~B
UTILITY REQUIREMENTS FOR DCS PROCESS

Total
Utilities/Function Requirements
Electricity
1) Gas Compressions (96bhp) 217 KW
2) Pumping Liquids (98.5 bhp) 223 KW
3) Tilter Drive (1 bhp) 2,3 KW
443 KW

Steam (50 psia, saturated)
1) Column Reboiler

(12.0MM Btu/hr) 3,850 1b/hr
2) Vaporizer

(3.56MM Btu/hr) 12,970 lb/hx

Requirements
par Kg of DCS

16,820 lb/hr
Cooling Water

1) Coolers and Condensers
(21.66MM Btu/hr) 1237 gpm

Process Water

1) Waste Treatment G.59 gpm
Fuel 0il
1) Direct-Fired Heater
(4.71MM Btu/hr) 33.4 gal/hr
2) Incineratjon
(1.5 x 10°MM Btu/hr) 10,6 gal/hr
44.0 gal/hr

290

165 KW-Hr
170 KW-Hr
, 002 KW-Hr
» 337 K¥-HEr

2,93 1b

9.88 1b

12,81 1b

56.51 gal

.301 gal

026 gal

()08 gal

.034 gal
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TABLE 3.6-6

LIST OF MAJOR PROCESS EQUIPMENT
FOR DCS PROCESS

Material of

Equipment Function Duty/Type Size Construction
Reactors
R-01 Hydrochlo- Hydrochlorination 32,2001b/hr 8.54' diam. x 3168S
rination Reactior of m.g. Si & SiCl4 Feed/Fluid. bed 8.75', and 12.25°",
30° cone

R-02 TCS Redis- Conversion of TCS 31,0001b/hr 2' diam. » 36° 31688
tribution Reactor to DCS Feed/Fi.ed Bed, 320 psia

catalyst
R-03 Waste Neutra- Waste Treatment agitated vess=zl 3’ diam. x 20° 31688
lizer ' 14.7 psia
R-04 Waste Com- To incinerate 25 SCFM 3' x 3" x 9 CS/Brick
buster waste vapors Vapor /Combustion 14.7 psia

Distillation Columns

D-01 Crude TCS To remove inert 31,2171b/hr of 24" diam. x 20° CcS
Stripping Column gases feed tzall with 10 sieve

plates
D-02 TCS/STC Dis- To remove STC at 62,208.41b/hr of 5.2' diam. x 68'tall Cs
tillation Column bottom feed with 29 sieve plates
D-03 DCS/TCS Dis- To remove DCS at 34,001.21b/hr of 4.9' diam. x 102'tall Ccs
tillation Column distillates feed with 46 sieve plates
D~04 DCS Distil- To purify DCS 3,009.81b/hr of 1.1" diam. x 70' tall 318883

lation Column feed with 40 sieve plates
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10.

11.

12,

13.

14,

15.

16.

17.

18.

19.

Equipment

Tanks & Bins

B-01 Silicon Sto-
rage Bin with Feed
Lock

T-01 Residue Set-
ting Tank

T-02 Residue With-
draw Tank

T-03 Hydrogen Se-

paration Tank

T-04 Crude TCS
Storage Tank

T-05 TCS Stripper
Reflux Drum

T-06 TCS/STC Dis-
tillation Ref "ix
Drum

T-07 STC Storage
Tank

T-08 DCS/TCS Dis-
tillation Reflux
Drum

T-09 DCS Distil-
lation Reflux Drum

T-10 DCS Storage
Tank

TABLE

Function

To store and feed
m.g. Si to reactor

To separate unre-—
acted solid resi-
dues

To remove unreacted
solid residuss

To separate H, gas
from chlorosilanes

To store crude TCS
Reflux drum for
D-01 column
Reflux drum for
D-02 column

[ stere STC

Reflux drum for

D-03 column

Refiux drum for

D-04 column

To store purified
DCs

3.6-6 (continued)

Duty/Type

1 week storage/Ver-
tical, with Feed
Lock

Vertical

Vertical
Vertical, mesh pad
8 hr. storage,

Horizontal

30 min. storage,
Vertical

i0 min. storage,
Vertical

6 hr. siorage,
Horizontal

i0 min. storage,
Vertical

10 min. storage,

Vertical

8 hr. storage,
Horizontal

Msferial of

Size Construction
7'diam. x 22°', Cs
60°cone
8' diam. x 16", 31688
515 psia
3' diam. x 67, 31638
515 psia
3.75"' diam. x 11.25°',

515 psia CS
12'diam. x 33', cs
100 psia

2' diam. x 3.5°, Cs

20 psia

4.5' diam. x 19°, Cs

55 psia

10.25* diam. x 3.05°", CS

15 psia

4' diam. ® 13°', CS
320 psia

1.5" diam. x 4.25", 316SS
125 psia

6’ diam. x 16.75", 31688

125 psia
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20.

21.

22,

23.

25.

26.

27.

28.

29.

30.

Eguigment

T-11 Flue Gas Se-
paration Tank

T-12 Lime Solu-
tion Preparation
Tank

T-13 Waste Fil-
trate Storage
Tank

TABLE
Function

To separate flue

gas from lime solu-

tion
To prepare lime
solution

To store waste
filtrate

Heaters & Heat Exchangers

H-01 Crude TCS
Condenser

H-N2 H,, Gas Pre-
heater

H-03 sTC Vape:sizer

H-04 Stripper
Condenser

H-05 Stripper
Reboiler

H-06 TCS Condenser

H-07 TCS/STC Re-
boiler

H-08 STC Heat
Exchanger

To condense chlo-
rosilanes

To preheat H, Gas
for chiorination

To vaporize and
superheat STC for
chlorination

Partial condenser
for D-01 column

Stripper reboiler
of D-01 column

To condense TCS

vapor of D-02 column

Reboiler for D-0Q2
TCS/STC Distilla-
tion column

STC Conling and
Heating

3.€~€6 (continued)

Duty/Type Size
Vertical tank with 2 diam. x 5°'
mesh

8 hr. storage, Ver- 5' diam. x 9.5°
tical, open top

4 hr. storage, 5' diam. x 8°
vertical

8.4MM Btu/Hr. Sheli- 1211 ft2,
Tube H.E. 515 psia

500°*C discharge, 2.59MH Btu/hr,

Direct-fired heater 515 psi=a
3.56MM Btu/hr, 573 ftz,
Kettle 515 psia
86,700 Btn/hr Shell- 30 ft2,
tube H.E. 90 psia

0.91MM Btu/hr, 40 rt2, 95 psia

Kettle
7.9MM Btu/hr, Shell- 2,358 ft2, 55 psia
tube H.E.

2

8.25M Btu/hr, 318 it™, 55 psie

Kettle

0.824MM Btu/ar, Lig- 742 ft2, 55 psia
liq. heat exchanger

Material
Construction

c3

31685

CS§8/3168s

316Ss

cs

31635

C3

3168S/CS
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31.

32,

33.

34,

35.

36.

37.

38.

39.

40.

Equipment

H-0S DCS
Condenser

H-10 DCS/TCS
Rebeoiler

H-11 TCS Cooler

H-12 DCS Distil-
lation overhead
condenser

H-13 DCS Distil-
lation Reboiler

H--14 Waste stream
cooler

H-15 STC Super-
heater

H-16 H, Compres-
sor In%ercooler

TABLE
Function

To condense DCS
Vapor from D-03
Column

Reboiler for DCS/
TCS distillation
columsm, D-03

To cool TCS before
redistribution reac-
tion

To condense over-—
head of D-04 column

Reboiler of DCS Dis-

tillation column,D-04

To cool waste stregsm
in waste treatment

To heat 3TC bef re
hydrochlorination

To cool Ez gas bet-
ween compression
stages

Compressors and Pumps

C-01A Hydrogen
Feed Compressor.
First stage

C-01B Hydrogen
Feed compressor,
Second stage

Compression of re-
cycle and make-up

H2 gas

Compression of re-
cycle and make-up

Hz gas

3.6-6 (continued)

Duty /Type

3.2MM Btu/hr Shell-
Tube H.E.

2.74¥ Btu/hr,
Kettle

1.32MM Btu/hr
Shell-Tube H.E.

0.183MM Btu/hr
Shell-Tube H.E.

0.12Md Btu/hr
0.5MM Btu/hr
Shell-Tube H.E.
500°C discharge
temp. Direct-fired

heater

70,000 Btu/hr
Shell-Tube H.E.

187 SCFM/Recip.comp.

187 SCFM/Recip.comp.

Size
328 ftz,
320 psia
2 .
252 It7, 320 psia
2 -
78.6 ft~, 85 psia
2

23.4 ft~, 355 psia

6.8 7t%, 355 psia

125 ftz, 60 psia

2.12MM Btu/hr, 515 psia

2

67.7 ft°, 90 psia

38bhp. discharge
press. 87 psia

41bhp., discharge
press. 3515 psia

Material of
Construction

3163S/CS

31638

316SS/CS

316S8S/CS

316SS/CS

316SS/CS

316SS/CS
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41.

42.

43.

44,

45.

47,

43,

49.

50.

51.

Eguigment

C-D2 Hydrogen
Circulation Com-
pressor

P-01 Feed Tank
Blower

P-02 Settling
Tank Circulation
Pump

P-04 TCS Reflux
Pump

P~-05 STC Feed
Pump

P-06 DCS Reflux
Pump

P-08 DCS Puri-

fication Discharge

Pump
P-09 DCS Pump

P-10 Waste Solu-
tion Pump

P-11 Lime Solu-
tion Circulation
Pump

P-12 Fresh Lime
Solution Pump

TABLE 3_.g-& {continued)

Function Duty /Type

Compression of
recycle H2 gas

2,833 SCFM/centri-

To load silicon to
its storage bin

Pnumatic transport/
centrifugal bhlower

Circulation and to
support ejector

100 gpm centrifugal

Pumping TCS for D-02 58 gpm centrifugal
reflux and feed to
D--03

Pumping STC to Hydro-42.2 gpm centrifugal
chlorination reactor

Pumping DCS for D-03 6.5 gpm centrifugal
reflux and feed to
D-04

To withdraw impuri-
ties from DCS Puri-
fication unit

2.6 gpm centrifugal
To pump pure DCS 290 gpm centrifugal

To feed slurry to
filter

12.5 gpm centrifugal

To circulate lime
solution to neutre-
lizer

12.5 gpm centrifugal

To supply fresh lime 6.5 gpm centrifugal
solution

Size

17bhp., AP=30 psi

939ACFM, 32bhp

37' Head, 1.75bhp

12bhp,
press.

discharge
320 psia

discharge
500 psisa

15bhp,
press.

tbhp, discharge
press. 355 psisa

$ bhp, discharge
press. 355 psia

34 bhp

1.25 bhp

1.25 bhp

0.75 bhp

Material of
Construction

cs

316338

31688

31683

31638

Cast Iron

Cast Irom

Cast Iroam
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52.

53.

o4.

55.

S56.

Equipment

Miscellaneous

F-01 Silicon
Dust Filter

F-02 Waste
Slurry Filter

S5-01 Silicon
Feed Cyclone

E-01 Quench
Contact Ejector

E-02 Flue Gas
Ejector

TABLE 3.6-6

Function

To retain m.g.
silicon dust

To remove wasie
siudge

To feed m.g. sili-
con to storage bin

To withdraw and
cool effluent of
hydrochlorination

To withdraw flue gas
from waste gas com-
bustion

{(continued)

Duty/Type
Gas-Solid/Bag
12.5 gpm rotary
filter

6" w.c.AP

6" w.C.
suction

10" w.c.
suction

Size

20 &2 x sy

2 £t2
940ACFM

100 gpm
134 ACFM

100 gpm
1 SCFMd

Material of
Construction

CS/cloth

CS/cloth

31633

31633



TABLE 3.8~-7
PRODUCTION LABOR REQUIREMENTS FOR DCS8 PROCESS

Labor
Section man-hr /KG DCS  (oper/shift)
1, Hydrochlorination 0,001204 (2)
2, Purification/Re-
distribution 0.00194 (3
3. Waste Treatment 0.000847 (1)
TOTAL 0.003882 (8)

Nota

Manpower estimate for production labor requirements based on

1. Dividing plant into sections
~type ol unit operation
-mark off working area

2, Specify work duties required in earh section

3. Estimate uperators required to perform owrk duties
in each section
~-type of unit operation
~5ize of working aresa
~degree of automation (batch, semi-continuous, ete,)
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ECONOMIC ANALYSES

4,1 8114 Decomposition Procass

The sconomic analysis activity involves a cost analysis
of the procesg under consideration for the production of mili-
con. The cost analysis for ths particular technology is based
on process design results, such ng requirements for raw ma-
terinle and major process equipment necessary to produce the
product, from the chamical enginesring ananlysis activity.
Primary results issuing [from the economic ananlysis include
plant capital investment and product coet which are useful
in ldentification ol those processss showing promise for meaeting
project cozt goals.

The cost analysisz results for producing silicon by the
811, decomposition process arse presented in Table 4,%'-1 in-
cluaing costs for raw materials, labor utilities anu other
items composing the product cost (total cost of producing
#ilicon). The tabulation summarizes all of these itema to
give a total product cost without profit of $44.64 (1975 dollars)
and $62.80 (1980 dollars) per kg. Thisz product cost with-
ocut profit includes dirsct manufacturing cost, indirect manu-
Tacturing cost, plant overheand and general expenses.

The product cost represents all cost associated with pro-
ducing silicon., On top of these costsz a producing company
will includes some profit. The sales price of the product
gilicon will actually be the sum of the product cost and a
profit for the company. The profit is usually measured in
terme of rate of return on the capital investment that the
company spent in going into the polysilicon business. Two
proflitability methods which are commonly used are the return
on original investment (per cent ROI) and discounted cash
flow rate of return (per cent DCT),

The cost and profitability analysis summary for this pro-
cers are presented in Table 4.1-2. The sales price of poly-
gilicon at various rates of return for both profitability
methods (per cent KOI and DCF) is shown in the lower half
of the table. The results indicate a sales price of $71,48

por- kgol silicon (1980 dollars) at 5 per cent DCF return on

investment.

These cosat and profitability results for the SiI, decom-
position process indicate that this new technology ?or pro-
ducing polysilicon doas not show promise for meeting the cost

goal of $14 per kg of silicon material (1980 dolliars) for
gsolar cells,
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The detailed results for the economic analysis are presentaed
in a tabular format to make it eamier to locate c#t items of
gpocific interest, The guide for the tabular format is given

elow:

« Preliminary Economic Analysis Activities,,Table 4.,1-3
* Process Design Inputs......vvevvvrsenase, . inble 4,14
. BRSG CI‘LBG Conditionl................-.....Tablc 4.1""5
» Raw Materinl CoBt......eievevussrasnsres . Table 4,18
e Utility CoBt. i vv v inevanearraasssnsrssse Tabla 4.1=-7
* Major Process Rquipment Co®t......,.ves,..Table 4,1-8
+ Production Lubor CoBt......cvevvavers.s,..Toble 4,1-8
. P].El.nt IDV@Bthnt..........................Tnbl@ 4:1"'10
. TOtRl prOdUCt CO't...................-....Tﬂblﬁ 4|1-11

299



1.

2,

3.

5.

QABLE 4.1-1

BSTIMATION OF PRODUCT COST FOR 8i14

DECOMPOBLTION PROCBES

Cost
$/KRg of silicon
(1975 dollaxs)

Coat
$/Kg of gllicon
(1980 dollars)

Dirsct Manufaoturing Cost (Direct Cost@)....s.
Ray Muterials

Dirsct Cparating Labor

Utilitien

Suparvision and Clerical

Maintanance and Repairs

Oparating Supplies

Laboratory Charge

Indivact Manufactuing Cokt (L'ixed CoBt)siveses
Dapraciation

Local Taxas

Insuranaoe

Plant Overhaad. s s seresnnacsssnseé cvosarannnss
Gnn.raJ- Expan.as..l.....'l.‘ 40Pt raP O RN AR
Administcration

Distribution and Siles
Rasearch and Davalooment

Product Cost Without Proflt.iseessversssnasonss
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23.48 32,87
12.17 17.04
3.17 4,44
3.82 8.15
44,64 62,50



1.
2,
3.

5-

6.

7.

8.

TABLE 4,12
COST AND PROTITABILITY ANALYSIS SUMMARY FOR 8114 DECOMPOSITION PROCESS

Prnaaln....-.................-.--....-......811 Decomposition Procass
Plant Siz.lo'vouuuo|col|o|o|nl!itiouur-cnlcolfo 0 Matrico Tonl/year
Plﬂnt Produot.-.-...-.--.....-..o...........giliaon

Product FOXMisaversansevavacnsnnesssnsasrsasesBilicon Ingot. (de')

Plant Inv'!tmcntCOQl....l!l‘.!.llil.tt!llil'$1°7 600,000 $1ig 85
(1975 dollars) | (1980 doiiars)

Fixed Capita)l § 93,57Mega $131.00 Mega
Working Capital $.14.03Meqa $.19.05 Mega
(15 Total  $107,e0Mega  gisg,es Mega

(1975 doliars) (1980 dollars)

Return on Original Investmant, after taxcs (SROI)

Salas Price Salas Priocae
3/Kg of 8llicon $/Kg of Siligon
{1975 dollars) {1980 dollars)
0‘ ROI.-.-.--.....-- 44-64 62-50
5% ROLisvascnsnnnssns 54,60 76,458
10% ROT.cuavvannacans 64,57 a0.40
15% ROLiveavonssnonns 74,53 104.35
20‘ ROIIOII!lllll‘lIU B4l49 118!30
25% ROTvvurrsvannrans 95.46 132,25
30‘ ROIIO!CIICI...OI 104.42 146-19
40% ROYsoisuseannnsns 124,35 174,09

Discounted Cash Flow Rate of Raturn, after taxes (% DCP)

Sales Price Saleg Price
$/Kg of Silicon $/Kg of Silicon
(1975 dollars) (1980 dollars)
O% DOP'uvversoronnsny 44,64 62,5
5% DCPuvvstvevssnnny 51.05 71.448
10% DCPuevrssnanansne 5R.11 Bl.36
16% DEPsvevarrannvann 55.74 92.04
20% DCFyvvivvanaranes 73.84 103,38
258 DOFyeveearnnnssen B2,34 115.28
0% DCFyreresssvnnana 9l.1l6 127.63
408 DCFevervrucnanr s 109.50 153,31

Based on 10 year project life and 10 year straight
line depreciation.

Tax Rat@ (Fadﬂr!l)--.-n.---.-..'-a.-...-----aoo-....---oan-----46%
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3.

TABLE 4.1-3

ECONOMIC ANALYSES:

PRELIMINARY ECONOMIC ANALYSIS ACTIVITIES FOR gj 3
5i1 4 Decomposition Process

Prel. Process Economic Activity

Process Design Inputs

1. Raw Material Pequirements
2. Utility Requirements

3. Eguipment List

4. Labor Reguirements

Specify Base Case Conditions

1. Base Year for Costs

2. Appropriate Indices for Costs
i. Addicional

Faw Material Costs

1. Base Cost/Ib. of Haterial
2. Material Cost/Kg of Silicon
3. Total Cost/Kg of Silicon

Utility Corts

1. Base Cost for Each Utility
2. Utility Cost/Xg of Silicoun
3. Total Cost/Kg of Silicon

Major Proce$s Equipment Costs
1. Individual Equipment Cost
2. Cost Index Adjustment

Status

Prel. Precess Economic Activity

Production labor Costs

1. Base Cost Per Man Hour
2. Cost/Kg Silicon Per Area
3. Total Cost/Xg Silicen

Estimation of Plant Investment

1. Battery Iimits Direct Costs

2. Other Direct Cos‘s

3. Indiract Cosets

4. Contingency

5. Total Plant Investsent
(Fixed Capital)

Estimation of Total Product Cost
l. Direct Manufacturing Cost

2. Indirect Manufacturing Cost
3. Plant COverhead

4. By=Product Credit

5. General Expenses

6. Total Cost of Prodsnct

0 Plan

@ In Progress
® Complete

S+atus




1.

2,

3,

4.

T”m 4 [ 1"4

PROCESS DESIGN INPUTS PFOR
8114 Dacompogition Process

Raw Material Raquiremsnts
~8ilicon tetrachloride, zinc¢, lime, argon and nitrogen
~see table for "Raw Material) Cost"

ueility
~alectricity, stesms, cooling water and process water
~see table for "Utility Cost"

Equipment List
-4l plus piocas of major process equipment

=process vessels, heat axchangers, reactor, etc.

Labor Requirements
~-production labor for purification, deposition, sta,
~see table for "Producticn Labhor Cost"
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3.

5.

TABLE 4. 1.y
BASE CASE CONDITION FOR siI4 Decomposition Procass

Capital Bguipment

~January 1975 Cost Indax for Capital Equipment Cost
-January 1975 Cost Index Value = 430

Dtilities

~Electrical, Steam, Ccoling wWat.:, Nitrogan

~January 1975 Cost Index (U . Lept. Labor)

~Values determined by literature search and summarized in cost
standardization work

Raw Matarial Cost

~Chamical Marketing Reporte

~January 1975 value

-Raw Material Cost Index £+ !, lu=vrial Chamicals

-1975 Cost Index Valuer = .4 ¢ .wn:lesale Price Index, Producer
Prica Index)

Labor Cost

~Average for Chemical Porro o0 o al and Allied Industries (1975)
~8killed $6.930/M

Update to 1980
~historically cited 1375 deila:  LGA project)
-DOE decision to change te 14d) dellars (JPL, 6/22/79)

~reports to reflect both 190 .1 1vdo dollars (JPL, 6/22/79)
«inflation factor of 1.4 vo wpe vsed (JPL, 6/22/79)

AR



TA-BLE 401-6

RAW MATERIAL COSTS FOR

sit 4 DECOMPOSITION PROCESSE

Reguirement 5/1b of
Raw Material b/Kg of 8ilicon Matarial Cost 5/Kg of Silicon
1., Matallurgical 8i 2.6194 454 1.188
2, Iodine* . 7495 2,59 1,94
3. Todine® 6.746 .20 1,35
TOTAT, COBT 4,48

* SiI, wastes are racovered as iodine for recycle at $ .20/pound. Assuming 10%
losses 'in this step, 10% of total icdine must be purchased at $2.59/pound.
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TABLE 4.1-7

UTILITY COBT FOR
8114 DECOMPOSITINN PROCESE

Requirements in Kw-hr/ Cost $/Kg
Utllity Kg of 8ilicon Cost of Utility of 8ilicun
Electriclity* 218.62 $ .0324/Kw-hr 7.08

* For costing purposes only. Actual utilities would involve cooling watar,
steam, etc,

306



L.

3.
1.

5.

7.

8.

10.
li.
12,
13,
14,
15.
l6.
17.
18.
19.
20.
21.
22.

23.

TABm 4 s 1"8

E2TIMATED COBT OI" MATOR PROCESS REQUIPMENT FOR SiI4 DECOMPOSITION PROCESS

Equipment

Purifiaed 8114

Hold Tank

Liquid Reactor Ovarhesads Btorage

8ilicon Product 8

toragae

Liguid lodine Storage

Bir, Bulk EBtorage

4
Metallurgical 811

icon Storage

Faad Tank for Purlification Column 2

8114 Vaporizer
8ilicon Coolar
Depositlion Conden
Separation Column
Separation Column
Separation Column

Separation Column

Icdine Vaporirzer

ser

Prsheater

0/H Condensar
Calandria

O/H After Cooler

Icdination O/H Condenser

Separation Column
Tet Purification
Tet Purification
Tet Purification
Tet Purification
Tet Purification

Tet Purification

Bottoms After Cooler
Prahaater

Column 1 O/H Condenser
Column 1 Calandxia
Column 2 O/ Condensar
Column 2 Calandria

After Coolerx
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Purchasaed Cost, SM

63.80
%0.50
6.72
4.54
67.19
8,06
6.89
7.87
3.18
525.4
3.48
15.45
12.19
3.09
7.86
50.22
3.48
7.73
15.45
12.39
15,45
12.06

7.73



24.
25,
26,
27.
28.
29,
3o,
3l.
2,
33,
34,
35.
36,
37.
38.
39.
40,

41.

Bquipmant

TARLE 4.1-8 (Continuaed)

Daposition Da-suparheaters (6 units}

Purifiaed S:LI4 Pump

Deposition Comprassor System

1,/84, Liquid Pump

12/3114

Boparation Column O/H Pump

12/8114 Beparation Column Bottoms Pump

Iodine Pump

5114 Pump

Tet Purification
Tet Purification
Tet Purification
Tet Purifiication
Tet Purification

Deposition Units

Column 1 O/H Pump
Column 1 Bottoms Pump
Column 2 Feed Pump
Column 2 O/H Pumyp
Column 2 Bottoms Pump

(6 units)

Todination Reactor

12/3114 Distillation Column

Tat Purification

Tet Purification

Column 1

Column 2

TOTAL PURCHASED COST
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Furchassd Cost, $M

38.68
1.76
12090.0
1.76
1,76
2.15%
2,18
1,76
1.76
2.12
1.28
1,76
2.9
1922.0
10.75
16.50
47.25

24.44

15090,65



TABLE 4 . l"'g

PRODUCTION LABOR COSTS

8iI, DECOMPOBITION PROCESS

8killed
Man-Hra/Kg Silicgon

1 .008395
2 01314

3 .008395
4 ,008385
5 .00584

6 .008395
7 .00584
8. -

9. -
NOTES

Based on labor costs of $6.90

4

Semiskilled
Man-Hrs/Kg Siligcn

.01314

.01314

skilled, $4.90 semiskilled.
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§Kg Bi
08793

. 09067
05793
.05793
.040296
.05793

.040296

. 064386

. 064386

$ .5319/Kg



1,

la.

4a,

5.

TABLE 4.1-10

ESTIMATION OF PLANT INVRETMENT FOR 3114 DECOMPOSITION PROCESE

DIRECT PLANT INVESTHMENT COSTS

1. MHajor Procass Equipment Cost

2. Installaticn of Major Procsss BEguipmant
3, Procass Piping, Installed

4, Instrumentation, Installed

5, HElectrical, Installed

6. DProcess Buildings, Installed

SUBTOTAL FOR DIRECT PLANT INVESTMENT COBTS
(PRIMARILY BATTERY LIMIT FACILITIES)

OTHER DIRECT PLANT INVESTMENT COSTS
1., Utilities, Installed
2. Genaral Service, S:te Developmunt,
Fire Protection, ete,
3. Genaral Buildinys, “fices, Shop=, ete,
4, Raceiving, Shippinu tactlitier

SUBTOTAL IFOR OTHER [IKFECT PLANT INVLSTMENT COSTS

Investment
$1000

15,090.0
6,488.7
11l,166.8
2,867 .1
1,509.0
1,509.0

38,630,4

14,335.5

{PRIMARILY OFFSITF SACILITIES OUTSIDE BATTERY LIMITS)

TOTAL DIRECT PLANT INVESTMENT COST, la + 2a
INDIRECT PLANT INVESTMENT COSTS

l. PEngineeriny, Overhead, ete,

2. Normal Cont. for Floods, Strikes, etc.

TOTAL INDIRECT PLANT INVESTMENT COST

TOTAL DIRECT ARD INDIRECT PLANT INVESTMENT COST,
3+ 4a

OVBRALL CONTINGENCY, % of 5

PIXED CAPITAL INVESTMFNYT FOR PLANT, 5 + 6

N

52,965.9

B,299.5
10,713.9
19,013.4

71,979.3

21,593.8

93,573, {1975 dollars)
x 1.4 inflation

13%,002.3 (1980 dollars)



1,

2,

3.

4.

4a.

5.

6.

ESTIMATION OF TOTAL PRODUCT COST FOR 3114 DECOMPOBITION PROCRSS

Direct Manufacturing Cost (Direct Charges)

1. Raw Materials

2, Direct Opexating Labor
3. Utilitles

4. Supelvision and Clerical
5. Maintenance and Repairs
6, Oparating Supplies

7. Laboratory Charge

Indirect Manaufacturing Cost (Fixed Charges)

1. Depreciation
2, local Taxes
3. Insurance

Plant Overhead

By-Product Cradit

Total Manufacturing Cost, 1 + 2 + 3 + 4

Genaral Expanses

1. Administration

2, Distribution and Sales
3. Rassarch and Development

Total Cost of Product, 4a + 5
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$/KG of 8i

4.48
. 58
7.08
.08
9.36
1.87
.08

9.36
lla?
.94

3.17

- -

38.82

Landll S8 8 ]
. & =
LS W
[ 73 3 ¥

44.64 (1975 dollars)

% 1.4 inflation

62,50 (1980 dollars)



Conventional Tolysilicon Process (Siemen's Technology)

The economic analysis aclivity for the conventional poly-
gilicon process involves r cost analywis for the production
of #1licon via the Sivmen's technology. In the Stemen's tech-
nology, trichlorosilane (TCS) is used as the feed source mate-
rial for semiconductor grade silicon.

Since meveral exixting plants producing semiconductor grade
polysilicon in the United States were constructed in the 1960's,
the cost analysis i{s based on & poly plant constructed in the
1060’38 (1885 or carlier). Opernting costs for the plant are
applicable to the time period of interest (such as 1875 and
1980).

The cost analysis results (or producigy stiteen by the
conventionn!l Siemen's process are presented in Table 4.2-1
including vodts tor raw materinds, labor. utilities and cther
items compoging the product cost (totat cost of producing
Bilicon). The fabulation summarises these ttems to give a
total product cost withont profic of S35 6 v o0 1970
dollnrs) and $19.73 - 8781 (1TORO dol baesy ey K Thi- product
cogt without proflit includes direct manalacturing cost, in-
direct manulncturing cost, plant overhead and pencaal expoen-
Beg, The range for product cost retlects low and hiph elee -
trical corts (1.5-3¢/kw hr for 19706 and 2.1-4.2¢/kw hr for
1980).

Electrical comsts vary with location ditterent costs for
different states and diflersont costs for A 0Terent pogions
in the same state). However, the range (1 500, ke e} and
intermediate value (2.25¢/kw hrY for 1975 are considered re-
presgsentative basced on a recent piant site survey 'isting
Industrial power cost in the USA. With rospect to the inter-
mediate value, the survey indieated the foilowing typieal
electrical cost for industrial power:  Michipan (2038 Arte
zona (2,.27), Mimsouri (2.00 and Texas (1.4,

In Table 4.2-1, the averape product cost withowt protfit is
given as $38.41 (1975 dollars) and $H3.77 (1980 dotlars) per ky
for the conventional polysilicon process.  This nveragge pro-
duct costs corresponds to inteormediate clecoriend oot s
{2.25¢/kw hr Tor 1975 and 3. 15¢/kw hr for 1980).  These costr
results for the conventional polysilicen process indicate hat
this Siemen's technology using trichlorostlane o rrodieing
polysilicon does not show promise for mecting the cost goal
of 814 per kg of silicon material (1980 dollars) tor solar
cells,
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When solalr cells come into more widespread use, the capa~
city of oxisting polysilicou plants will be exceeded nocoes-
sitating n new poly plant or plants., Higher capital invest-
mont costs will be required for new plants to produce poly-
gsilicon by the conventional orocess. The higher capital in-
vestment cost for silicon production in new plants will, of
course, appear in higher product .ost for polysilicon in terms
ol incressed depreciati.n, taxes, insurance, etc. The profit
will also be higher for a reasonable return on investment for
the producing company. Thus, the srles price (product cost
with profit) for polystlicon from new plants will be conside-
rably higher than the present price for polysilicon of semi~
conductor grade produced in exisiing plants.

The detailed resuylts for the economic analysis are pre-
sented in a tabular format to merke it easier to locate cost
items of specilic interst. The guide for the tabular format
i# given below:

« Preliminary Economic Analysim Activities..Tabla 4,
¢« Process Denf;n Inputse............ vesrsena s Table 4.,
» Base Casce Conditions. ......... rersraeasas.Table 4.
+ Raw Material Cost........... rirsaressaass.Table 4,
¢ Utilaty Comt. . .. . iiennaas e sssaessaTable 4.
+ Major "rocess Equipment Cost...,....... v Table 4.,
+ Droduciion labor Cost,.......cvo0u. vaairers.Table 4.
» Plant Investment.......... b e e ..Table 4,
v Total Product Cost...ov e vunen, vercraa.Table 4,
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TABLE 4.2~1
ESTIMATION OF PRODUCT COST FOR CONVENTIONAL POLYSILICON PROCRES
Cost. Coat

$/Kg ci Bilicon $/Kg of Siliqon
(1975 dollars) (1980 dollars)

+«» Direct Manufacturing Cost (Direct Comts)...... 24.94-30.71 24.92-42,99
Raw Materials
Direct Operating Labor
Utilitien
Suparvision and Clerigal
Maintenance and Repalrs
Operating Supplies
Laboratory Charge

2, Indirect Manufactuing Cost (Fixed Cost)..eeevs 1.38 1,93
Depreciation
Local Taxes
Insurance

3, Plant Overhod..iciiverrovnsonnanarrsasssssnns 3.82 5.35

4., GONAral EXPeNSOB.csssvosssvitrorrservssssnraes 5.38 7.54
Administration
Distribution and Sales
Research and Developmant

5. product Co!t Without Profit..l.'..l..lIl..l." 35!52-4ll29 49'73“57'81

6. Average Product Comt Without Profit.....vev.s. 38,41 53.77

Basis: Thoe above results are based on a plant constructaed in the 1960's. (1965)
or aarlier) which is Ffully depraciated. The ranga for product cost with-
out profit relfacts low and high alectrical costs (1.5~3¢/kw., hr for
1975 and 2,1-4,2¢/kw hr for 1980). The average product cost without pro.
fit rafloects intarmadiate electrical costs (2.25¢/kw hr for 197% and 3.15¢/kw
for 1980},
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G[E

ECOROMIC ANALYSES:

Prel. Erocess Economic Activity

Process Design Inputs

1. Raw Material Requirements
2. Utility Requirements

3. Eqgquipment List

4. Labor Regquirements

Specify Base Case Conditions

1. Base Year for Costs

2. Appropriate Indices for Costs
3. Additional

kaw Material Costs

1. Base Cost/Lb, of Material
2. HMaterial Cost/Kg of Silicon
3. Total Cost/Kg of Silicon

Ut1lity Costs

1. Base Cost for Each Utility
2. Utility Cost/Kg of Silicon
3. Total Cost/Kg of Silicon

Major Process Equipment Costs
1. Individual Egquipment Cost
2. Cost Index Adjustment

TABLE 4,2-2

PRELIMINARY BCOROMIC ANALYSIS ACTIVITIES

POR CONVENTIONAL POLYSILICOR PROCESS

Status

Prel. Process Economic Activity

Production lLabor Costs

1., Base Cost Per Man Hour
2. Cost/Kg Silicon Per Area
3. Total Cost/Xg Silican

Estimation of Plant Investmant

1. Battery Liwmits Direct Costs

2. Other Direct Costs

3. Indirect Costs

4. Coatingency

3. Total Plant Investment
(Fixed Capital)

Estimation of Total Product Cost
1. Direct Manufacturing Cost

2. Indirect Manufacturing Cost
3. Plant Owerhead

4. By-Product Credit

5. General Expenses

6. Total Cost of Product

0 Plan
® In Progress
¢ Complete

C-atus
&=



2,

TABLE 4 ] 2-3

PROCESS DESIGN INPUTS FOR
' CONVENTIONAL POLYSTILICON PROCESS

Raw Material Raquirsments

~-M.G. silicon, anhydrous HCL, caustic, hydrogan, silicon tetrachloride (by-product;
~gaa table for '"Raw Materiaml Cost"

Utility
~alactrioal, steam, oooling watex, etaq.
~gee table for "Utility Cost"

Equipment List ’

-63 pleces of major process equipment

-process vessels, heat exchangers, reactor, etec.
-~sge table for "Major Procese Equipment Cost"

Laboxy Requiramants

~-production labor for deposition, vaporization, product handling, etc.
-gea table for "Production Labor Cost”
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5.

TABLE 4,2-4

BASE CASE CONDI'CTIONS FOR
CONVENTIONAL POLYSILICON PROCESS

Capital Equipment
~January 1975 Cost Indax for Capltal Equipment Cost
-January 1975 Cost Indax Value = 430

Utilitiss

~-plectrical, Steam, Cooling Watsr, Nitrogen

~January 1975 Cost Index (U.S. Dapt. Labor)

~Valuas datermined by literatura search and summarized in cost
gtandardleation work

Raw Material Cost

=Chamical Marketing Reporter
~January 1975 valua

~Other sources

Labor Cost

~Average for Chemical Patrolsum, Coal and Allied Industries (1375)
-gkilled $6.90/hr

~Samiakilled $4.30/hx

Update to 1980

~higtorically cited 1975 dollars (LSA project)

-DOr decision to change to . 980 dollars (JPL, 6/22/79)
-raports to reflact bhoth 1977 and 1980 dollars (JPL, 6/22/79)
~inflation factor of 1.4 to ba uszed (JPL, 6/22/79)
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TABLE 4.2-5

RAW MATERIAL COST I'OR
CONVENTIONAL POLYSILICON PROCESS

Raquirement $/1b of cost $/Kg
Raw Material 1b/Kg of Silicon Material of Silioon
1. M.G, Silioon 6.72 (Kg/Kg) 1.0/Kg 6,72
2, Anhydrous HCl 57.96 .10 5,79
3. Hydrogen .B28 .96 719
Caugtic (50% NaOH) 53.29 .(382 2,04
5. sicl, (By Product)  46.12 135 =6.23 (oredit)

TOTAL COST 9.1l (1975 dollars)
x 1.4 inflatica
12.75 (1980 dollars)
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Utilitx
1. DIRlectricity

2., Steam

3. Cooling Water

4. Procvess Water

5. Refrigerant (-AGOF)
6. Refrigerant (34°F)

7. High Temperature
Coolant

8. Nitrogen

NOTES

TABLE 4 . 2“"6
UTILITY COST I"OR CONVENTIONAL

POLYSILICON PROCESS

Requirements/Kg of Silioon

Cost of Utility

89'£i§{§8n

384.6 Xw-Hir
152 Pounds
984.5 Gallons
320.9 Gallons
42,1 M BTU
22,3 M BTU

582 rounds

349 sCr

8 .03/kw-hr
-

5 .08/M Gal.

$ .35/M Gal,

$10.38/MM BTU

$ 3.75/MM BTU

$ 2.7/M Pounds

$ .50/M scr

TOTAL COST

* all steam produced by cooling jacket on polysilicon red reactor.

$

1i.54

.08

.11

.35

1.57

.17

14.26
x l.4

19.96

(L975 dollars)
inflation
{1980 dollaxrs)



1G.
11,
12.
13.
14,
15,
16.
17.
18,
19,
20.
21,
22,
23.
24,
25,
P

27,
8.
29,
30.
31.
32.
3.

PURCHASED COBT OF MAJOR PROCESS EQUIPMENT FOR

CONVENTIONAL POLYSILICON PROCESS

Eg\_:igmnt

(T1)
(12)
(13)
{4}
(T5)
(16)
{17
{r8)
{19}
(T10)
(T11)
(112)
(T13)
{T14)
{T15)
(1)
(H2)
(H3)
(H4}
(H5)
(HG)
(H7)
{H8)
{19)
(H10)}
(111}
(H12)
(H13)
(H14)
{H15}
(H16)
(H17)
(H18)

M.G. 81ligon Btoraga Hopper
Liquid HCl Storage Tank

Crude TCS Hold Tank (3)

Waste Hold Tank

TC8 Reactor OLf Gas Flash Tank
Hydrogen Btorage Tank

Folyslillc n Storaga Space

Tat Storage Tanks (2)

Tat Feed Tanks (2)

TCS Pead Tanks (3)

TC8 Storage Tanks (3)

TET/TCS Pead Tanks (3)

Caustlc Storage Tank

1 Distillation Condenser Flash Tank
Rod Reactor Off Gas Flash Tank
HC1 Vaporizer

TCS Raactor QLf Gas Cooler

TCS Reactor Off Gas Condenser

il Scrubber vapor Heatex

#tl pistillation Column Condenser
#1 Distillation Column Calandria
#2 Distillation Column Ceondenser
2 Distillation Column Calandria
#3 Distillation Column Condenser
#3 Distillation Column Calandria
TCS Vaporizer

Rod Reactor Off Gas Cooler

Rod Reactor Off Gas Condenser

#2 Scrubber Vapor Heater

Liquid Recycle Heater

#4 Distillation Column Condenser
#4 Distillation Column Calandria

Nitrogen Heater
320

Purchasad Coet, $M

4.1
435,96
178.8

14.9

7.2
152.1

10.8

85,2

57.8

42.6
127.8

b4.
L0u.7

.85

7.2
2.5

46.3
.15
14,
9.25
l4.6
11.92
9.1
5.8
l.8
49.4

n7.

L]

5.8
2.3
6.4
3.7
1.3



TABLE 4,2-7 (Continued)

34. (Prl} TC8 Raactor Off Gas Compressor £3.2
35, (p2) Caustic Supply Pump 1.56
ag. (p2) #) Distillation Column Ovarheads Pump 2.64
37, (p4) #1 Distillation Column Calandria Pump 3.83
38, (pP5) TRT/TCER Fead Pump 2.04
39. {pP6) #2 Distillation Column Ovaerhead Pump 2.8
40. {P7) TCE8 Faad Pump 1.8
41. (pB) #2 bistillation Column Celandria Pump 3.8
42. (P9) #3 Distillation Column Ovarhead Pump 2.2
43, (PL0O) Rod Resactor 'TC8 Feed Pump 1.7
44. (Pll) #3 Dpistillation Column Calandria Pump 2.0
48, (pl2) Rod Reactor Off Gas Comprassor PRUI
46. (P13) #4 Distillation Column Overheads Pump 1.87
47, (Pl4) #4 Distillation Column Calandria Pump 1.87
48. (P1l5) TET Feed Pump 1,56
49, (PlA) Waste Treatment Pump .17
50, (Pl7) Crude TCS Fesd Pump 1.9
51. (Pl8) Process Water Fead Pump 3.7
52. (Cl) #l Gas Scrubber 53.2
53. (C2) #2 Gas Scrubber 29,
54. {c3) #1 bpistillation Column 26.1
55. {C4) #2 Distillation Column 27.7
56. {c5) #3 Distillation Column 8.9
57. (C6) #4 Distillation Column 6.7
58. (R1l) TCS Fluidized Bed Reactor 57.2
59, (R2) Polysilicon Rod Reactors {(305) 56. (each)
~0. (Al) Molecular Sieves 16,77
1. (A2) Fines Separato:? 4,8
He.  (A)) Nydrogen Flare 1.
63. (Ad4) Filament Pullers (5) 15, (each)

TOTAL PURCHASED COST $19,307.l4 {1975 dollars)
x 1.4 inflation
$27,030.00 (1980 dollars)
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TABLE 4.2-8

PRODUCTION LABOR COST FOR
CONVENTIONAL POLYSILICON PROCESS

Bkilled Labor Cost
Unit Qperation Man-Hras/Kg 81 3/Kg &l
1, mc8 Production . 0292 . 2014
2, Vaporization .0219 1511
3, Vapor Compression L0219 .15811
4, Vvapor Condensation .0219 1511
5, TC8/TET Saparation . 0146 +1007
6. TC8 Purification .0128 ,0883
7. TET Purification .011 + 0759
8, PFilament Pulliers .0438 .3021
9., Gag Scrubbing .0232 1600
10. Hydrogen Drying L0117 . 0807
(Molecular Sieves)
11. crude TCS Racycle System L0212 L1463
12, Silicon Fines Separation . Q055 .038
13, Materials Handli: g .0329* L1612
14. Polysilicon Production 2672 1,8429
TOTAL COST $3.65 (1975 dollars)
% 1.4 inflation
5.11 (1980 dollars)
*gsemigkilled
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L.

la,

2a,

4.

4a.

TABLE 4.2-9

ESTIMATION QF PLANT INVEBTMENT COBT FOR
CONVENTIONAL POLYSILICON PROCESS

DIRECT PLANT VI S IMENT COSTS

1, Hajor Proucess Paaipisnt, Cont

2. Installation of Major I'rucuss Equipment
3. Process Piping, Installed

4, Instrwrentatien, Installed

5., Electiical, inatalied

6, Process Duilding., Installed

SUBTOTAIL FOR DTRELT PLANT TRVESTMENT COSTS
(PRIMARILY BAT'IPY VIMIT I'ACILITIES)

OTHER DTRECT PLANT INUVEGTMENT COSTS

1. Utilities, 1ot

2, fweneral Servicoa, Site lovelopment,
Fire irotectian, eto,

3, Ganeral Builhorgs, Oftices, Shops, otco.

4, Recelving, Slapping Facilitics

SUBTOTAL Fost 1T E 1 1E T PLANT THVESTMENT CosTs
(PRIMARILY GLFSITU Piv 1LI0IES CUTSIOE BATTERY LIMITS)

TOTAL LLWECT PLAND THVESTMENT COsT, l1a + Za
INDIRECT VLAHT hiv e miinuTr oonTs

L., FEngineoring, cverhead, ote,

2, Hormal coat, tor loods, Strikes, ote,

TOTAL INLIRECT FPLANT TRVESTMENT COST

TOTAL DIRECT AN DRN00w0y PLANT INVESTMENT
COST, 3 + la

QVERALL, CONTINGIT Y, 500010 6 A10%

FIXED CAPITAL TWNUUVSTMENT FOR PLANT, 5 + 6

1980 CE plant cCost Index = 243 (March)
1975 CE Plant Cost Irdex = 182

1965 CE Plant Cost Index
1960 CE Plant Cost Index

]

104
102

323

Invastment (§1000)

1978 Plant 1560's Plant
19,307 11,032
4,699 2,685
8,969 5,125
924 528
1,931 1,103
3,303 1,889
39,133 22,362
9,096 5,198
2,317 1,324
5,104 2,917
4,741 2,709
21,258 12,147
€0, 391 34,509
3,757 2,147
9,076 5,186
12,833 7,333
73,224 41,842
7,322 4,184
8n,546 46,026
Plant Plant
Constructed Constructed

in 1975 In 1960's

(1965 or

Earlier)



TABLE 4,2-10

ESTIMATION OF TOTAL PRODUCT COST FOR CONVENTIONAL POLYSILICON PROCRSS

1. Direct Manufacturing Cost
1. Raw Materials
2. Direct Oparating Labor
3. Utilities
4. Supervision and Clarical
5, Maintenance and Repairs
6. Operating Supplies
7. Laboratory Charga
2. Indirect Manaufacturing Cost
1. Deprnciation
2. local Taxas
3. Insurance
3. Plant Overhead
4. By~Product Credit
4a. Total Manufacturing Cost,
L+ 2+ 3+ 1
5. General Expenses
1. Administration
2. Distribution and Sales
3. Research and Davelopment
6. Total Cost of Product, 4a + 5
Bagis:

PROD g g1
Low High Intarmad.
1.5¢/kw hr 3¢/kw hr 2,28 /kw hr
15,34 18,34 15,34
3.65 3.65 3.658
B.49 14.26 11.37
a1 .55 .85
2,16 2,16 2.16
.43 .43 43
.55 .55 .55
92 + 92 .92
.46 A6 246
3,82 3.82 3.82
(6.23) {6,23) (6, 23)
3n. 14 35,91 33,02
2.15% 2,15 2.15
2.15 2.15 2.15
1.08 1.08 1.08
35,52 41.29
x 1.4 x 1.4
49,73 57.81

high electrical costs (1.5-3¢/kw hr).
mediate electrical cost (2.25¢/kw Lr).
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The above results are based on a plant constructed in 1960's (1965
or earlier) which is fully depreciated.

The range reflects low and
Intermediate reflects inter-

38.41 (1975 dollars)
® 1.4 inflation
53.16 (1980 dollars)



4.3 UCC 8ilane Process Tor Silicon (Union Carbide Corporation)

The economic analysis activity involves a cost analysis
of the process under consideration for the production of sili-
con, The cost analysig for the particular technology is based
on process design results, such as requirements for raw
materials and major process equipment necessary to produce
the product, from the chemical engineering analysis activity.
Primary results issuing from the economic anazlysis include
plant capital investment and product cost which are useful
in identification of thnse processes showing promise for
meeting project cost goals,

The cost analysis results for producing silicon by the
UCC silane process (Union Carbide Corporation) are presented
in Table 4,3-~1 including costs for raw materials, labor,
utilities and other items composing the product cost (total
cost of producing silicon). The tabulation summarizes all
of these items to gilve a total product cost without profit
of $6.90 (1975 dollars) and $9.66 (1880 dollars) per kg.
This product cost without profit includes direct manufactu-
ring cost, indirect manufacturing cost, plant overhead and
general expenses,

The product cosi represents all cost associated with pro-
ducing 1 kg of silicon. On top of these costs a producing
company will include some profit. The sales price of the
product silicon will actually be the sum of the product cost
and a profit for the company. The profit 1is usally measured
in terms of rate of return on the capital investment that
the company spent in going into the polysilicon business.

Two profitability methods which are commonly used are the
return on original investment (per cent ROI) and discounted
cash flow rate of return (per cent DCF).

The cost and profitability analysis summary for this
process are presented in Table 4.3-2, The sales price of
polysilicon at various rates of return for both profitability
methods (per cent ROI and DCF) is shown in the lower half
of the table, The results indicate a sales price of $13 per kg
of silicon (1880 dollars) at 15 per cent DCF return on in-
vestment.,

These cost and profitability results for the UCC silane
process indicate that this new technelogy for producing poly-
silicon shows good promise for meeting the cost goal of $14
per kg of silicon material (1980 dollars) for solar cells.
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The detailed resultis for the economic anslysis are pro-
sontad in @ tabular format to muke it eanmier Lo locate comt

items of
is given

spaciftic intoerest.

" @ B & & B & & &

balow:
Preliminary Ecounomic Ananlysis Activities...Table
Process Design Inputsd.....vivssvserseesrs. . Table
Bagse Cagoe Conditiong. ... vevveverssrssses . TaDle
Raw Matorial CoBt....cvvivvsversssnessases,TRblO
Utility costll.lllblllilillllll.il!'llll'.lTablo
Major Process Equipment Cost......,........Table
Production Labor Cog8t....vvverenvissassess TRBLE
Plant Investment....ovsierrvivitrerssrsesaas,lable
Toterl Product CoBt....vovvirrersssrersssesstRDlE

The economic ananlyeisr provides detalled cost data for
raw materials, utilities, labor and major process equipment
which are necessary for polysilicon production.
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The guide for the tabular format
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TABLE 4:3-1
BSTIMATION OF PRODUCT COBT FOR UCC Silane Procoess
Cont Cont

$/%g of 8ilison $/Kg of 8iliaon
{1975 dollars) (1980 dollars)

1,

3.

4,

Direct Manufacturing Cost (Direct Costs)......
Raw Materials

Diraot Operating lahor

Utilities

Supervision and Clerical

Maintananoe and Repairs

Operating Supplies

Laboratory Charge

Indirect Manufactuing Cost (Fixed CoBt).ssves.
Depraciation

Logal Taxaes

Insuranca

Plant OVBZ.'hQad--a.”-..-.--.-nna----oo--c-n-..
Gﬂnara]. EXPGI'ISGSH.nu...un---..u..oo”a..
Administration

Distribution and Balas
Resgarch and Davalopmant

Product Cost Without Profitessrscovravssnvnsnns
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4.16

1.19

0.68
0.00

5.81

1.67

0.92
1.26

6.90

9!66



1.
2,
3.
4'
5.

6.

7'

8I

TABLE 4, 3-2
COBT AND PROFITABILITY ANALYSIS SUMMARY FOR UCC Silane Procoess

Prou’.‘ulilllllllliDﬁlollttliililllIOOIIOIUIUCC Bilﬂ.n@ Proc@ﬂﬂ
Plant BizZ@...cesseossrsesvsssrsrrsnvasnarssal, 000 Matric Tons/yeaar
Plant PIOductnooo-u-ooo~ooau.nnoloo--n-uoo--Silicon

Product: Form.-.--------------------c-v-n-uLi(lUid Phasae

Plant INVestmant..essnserasssonssvvrrersss 810,570,000 / sl4é800,000

(1975 dollars) (1980 dollars)
Fixed Capital $9.19 Mega $12, 8'Maga
Working Capital $1, 38 Mega { a
(15%) Total $10,57 Maga $14, 8(Mega

(1975 dollars} (1980 dollara)

Raturn on Original Investment, after taxes (\ROI)
Sales Prioe

$/Xg of silioon
(1980 dollars)

8alas Price
8/Kg of silicon
{1975 dollars)

OV ROT..vseessanesss B,.00 9,686
5‘ ROI....OII.I!OII' 7-88 11-02
10% ROT:evuunes viessr  8.88 12,39
15‘ ROI- L I N B B IR BB g|84 13]75
20% ROXeveversaasesns 10,81 15,11
25% ROLeeevasosaanrse 11,70 16.47
30% ROTevenrnns eeeey 12,77 17.84
40% ROL.eeuunenvnese 14,73 20,586

Discounted C.sh Flow Rate of Return, after taxes (% DCF)

Sales Price
$/Kg of Silicon
(1980 dollars)

Salas Price
$/Kg of Silicon
(1975 dollars)

O% DCPevvavsnsensess 8,80 0,68
B% DO euenonanarson 7.83 10.54
108 DY v evinnsnnnses 8,22 11.50
15% DCPuvensossnsrenes 8,97 12.55
20% DCF e vsvnsnssrees 92,77 13.85
25% DCF..vvvevsaseass 10,60 14.82
30% DCFy v vavsnenasess 11,47 16.02
40% DCPuvesnns-asssee 13,27 18.53

Based on 10 year project life and 10 year straight

line depraciation.

Ta.x Rate (Federal)ooooan.-.ooonaannol46%
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62t

PRELIMINARY ECONOMIC AMALYSIS ACTIVITIES FOR

Prel. Process Economic Activity

Process Design Inputs

1. Raw Material Reguirements
2., ttility Requirements

3. Eguipment List

4. Labor Requirements

Speciiy Base Case Conditions

1. Base Year for Costs

2. Appropriate Indices for Costs
3. Additiomal

Raw Material Costs

1. Base Cost/Ib. of Material
2. Material Cost/Kg of Silicon
3. Total Cost/Kg of Silicon

vtility Costs

1. Base Cost for Each Utility
2. Utility Cosit/Kg of Silicon
3. Total Cost/Kg of Silicon

Major Process Equipment Costs
1. Individual Equipment Cost
2. Cost Index Adjustment

Table

4.3-3

ECCROMIC ANALYSES:

Status

o«

Ww

UCC Silane Process

FPrel. Frocess Economic hotivity

Froduction Labor Costs

1. Base Cost Yer Man Hour
2. Cost/Kg Silicon Per Avea
3. Total Cost/Kg Silicon

Estamation of Plant Investment

1. Battery Limits Direct Costs

<. Other Direct Costs

3. Indirect Costs

4, JContingency

5. 7Total Plant Investment
(Fixed Capital}

Estimation of Total Prodct Cost
1. Direct Menufacturing Cost

2. Indirect Manufacturing Cost
3. Plant Overhead

4, By-Product Credit

5. Generali Expenses

£. Total Cost of Product

0 Pilan
€ In Progress
§ Complete

C-atns



1.

3.

TABLE 4,3-4

PROCESS DESIGN INPUTS FOR
UCC BILANE PROCESS

Raw Mataerlial Raquiramants
~M,G, 8ilicon, silicon tatrachloridae, hydrogan, coppaxy catalyst, lime

~saa tabla for "Raw Matarial Cost"

Utilicy
-elactrical, steam, cooling water, etc,
=-gag table for "Utility Cost"

Equipmant List
=93 places of major procass aguipment

~process vassels, heat exchangers, reactor, etc.

Labor Regquiraments
-production labor for purification, vaporization, product handling, atc,
-sae table for "Production Labor Cost'
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BASE CASE CONDITIONS FOR
UCC SILANE RPOCESS

1. capital Equipmant

=January 1975 Cost Index for Capital Equipment Cost
~January 1975 Cost Index Value = 430

2. Utilities

~Elactrical, Steam, ('noling Water, Nitrogen

~January 1975 Cost Index (U. S§. Dept, Labor)

~Values determined by literature gearch and summarized in cost
standardization work

3. Raw Material Cost

-Chemical Marketing Reporter

wganvary 14975 Value

~R.w Materia! Cost Index for Industrial Chemicals

~1975 Cast Index Value = 206,9 (Whalesale Price Index, Producer
Pricea Tndex)

4. TILabor Cost
~Average for chemical potralenam, Coal and Allied * ,Tustries {1975)
-5killed $6.90/hr
~S5emigkilled $4.90/hy
5., Update to 1980
~historically cited 1975 dollars (LSA projiect)
~DOE decision to change Lo 1980 dollars (JPL,G/22/79)

-reports to reflect both 1975 and 1980 dollars (JPL, 8/22/79)
-inflation factor of 1.4 to be used (JPL, 6/22/79)
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RAW MATERIAL CosT FOR UCC SILANE PROCESS

Raw Material

M,G. Silicon (si)

Silicon Tetrachloride
(SiCld, mako=-up)

Liquid Hydrogen (Hz,
make~up)

Coppar Catalyct (Cu)

Hydrate Lime (Ca(DH)z)

magLe 4.3-6

Regquiremsnt

1lb/KG of si

2.60

2.76

0.032

0.051

2.43

8/1b of Cogt 5/KG
Matarial of Si
0.535 1.391
0.135 0.373
1.84 0.059
0.922 C.0a7
0.015 0.036
(33.25/ton)
TOTAL 1.906 (1875 dollars)

X 1.4 inflation
2,668 (1980 dollars)



Utility
1. Rlectricity

2, BSteam

3. Cooling Water
4. Process Watar
5, Rafrigerant

6, rfuel

Nota:

k = kilo = 10°
M = mega = 10

TABLF 4,3-7

UTILITY COST FOR UCC SILANE PROCESS

Requiremant, 'KG
.of silicon

3.050 KW
172,200 1bs,
525.000 gallons

0.0709 gallons
968,000 Btu

27,100.00 Btu
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Cost of
Utility

0.0324 $/KW~HR
1.35 $/klb
0,09 $/kgal
0.40585/kgal
10.50 $/MBtu
1.40 §/MBtu

TOTAL

Cost 8/KG
of 8ilicon

0.0988
0.2325
0.0473
0.0001

0.0102

0.0379

X

0.43 (1975 dollars)
1.4 inflation

0.60 (1980 dollars)



8-9.
10.
1l.
12.
13.
14.
15.
le.
17,

18,

20.
21,
22,

23.

TABLE 4.3-8

PURCHASED COST OF MAJOR PROCESS EQUIPMENT fOR

UCC SILANE PROCESS

Equipment

(D-01)
(D~02)
(D-03)
(b-04)
(R-01)
(R~ )

{R-03)

Crude TCS/STC Stripping Column

TCS/STC Distillation Column
DCS/TCS Distillation Column
Silane Distillation Column

Hydrogenation Reactor

DCS Redistribution Reactor

TCS Redistribution Teactor

(R-04) Sludge Neutralization Reactor

(H-~01)
(H-02)
{H-03)
(H-04}
(H~05)
(4-06)
{(H-07)
(4-08)
(H~-09)

S )
(H~11)
(H-12)
(H-13)

(H-14)

Liquid H2 Vaporizer (Provided by Vendor)

STC Cooler

guench Condenser
Recycle STC Vaporizer
Recycle STC Superheater
Recycle H2 Heater
Stripper Reboiler
Stripper Condenser
TCS/STC Reboiler

™' /8TC Condenser
DCS/TCS Reboiler
DCS/TCS Condenser

DCS Coocler

TCS Cooler

Purchased Cost, $1000

5.8
32.6
Gl.6
50,3
B?.6
19.2
17.3
10.3
26.4
22.6

3.3
35.0
10.8

1.5

1.4

8.6
44.5

8.2
16.2

l.s

)
o]



24.
25,
26,
27.
28.
29,
30.
31.
32.
33,
34.
35.
36.
37.
38.
39.
40.
41,
42,
43,
44,
43.

46.

{H-15)
{H-16)
(H=17)
{H-18)
(H-19)
(H-20)
(C~-01)
(c-02)
(C~-03)
{(C-04)

(C-05)

TABLE 4,3-8 {Continuad)
8ilane Raboller
8ilane Condanser
Silane Vaporizer/Superheater
Pyrolysis Hydrogen Cooler
First Stage H, Intercooler
Second Stage H, Intercooler
Pneumatic Conveying Ian
Racycle H2 Blower

First Stage H2 Compressor

Second Stage H, Compressor

2
Third Stage Hz Compresgsor

(P-01) guench Contactor Pump

(P=03)

Recycle STC Pump

(P~04)TCS Distillate Pump

(P-05)
(P-06)
(T-01)
{T-02)
(T-03)
(T-04)
(T-05)
(T-06)

(T-07)

DCS Distillate Pump

Lime Tank Pump

Crude TCS/STC Storage Tank

STC Storage Tank

Liquid H, Storage (Provided By Vendor)
Waste Settler Tank

Waste Chloride Tank

Quench Condenser Recelver

Recycle H, Receiver

2
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1.3
2.6

2.4

3.6
3.6
1.6
4.7
9.7
9.7
9.7

2.4

27.0

1.8

8.8

7.2



47.

48,

49,

50.

51.

52,

53.

54,

55-56.

57.

58.

59.

60.

61.

62'

63.

64.

b5,

67,

68.

69,

70.

7l1.

(7-08)
{T-09)
(T-10)
(T-11)
(T-13)
{T-14)
{T~15)

(B~-01)

{r-01)
(F~-02)
(#-03)
(F~04)
(5~01)
(s~02)
(5-03)
(u-01)
{0-07)
(Timri 1)
(U=d)
{R~05)
(X=~01}
(B~05)

{X~02)

TABLE 4,3-8 {Continuad)

Stripper Reflux pot

TCS/STC Feflux pot

LCS/TCS Reflux pot

A, B Silane Bhift Tank (two)
Pyrolysis H2 Receivr

Lime Make~up Tank

Sludge Pump Tank

M. G. Silicon Storage Hopper

(B~04) Pyrolysis Dust Bin

Crude TCS/8TC Filter

Waste Hydroxide Filtor
Pyrolysis H2 Filter

M. G. Silicon Unloading Filter
M. ¢, Silicon Unloading Cyclone
Double Shell Blender

M. G. Silicon Loak Hopper
Quench Contactor Ejector

Lime 'fank Agitator

Vent Gas (Combustor

vent. Gas Ejector

siiane Pyrolysis Reactor (six)
Melters (six)

Powder Hoppers {two)

Hydrogen Cooler
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1.2
6.1
11.2
20.6 aa.
7.9

5.7

-l

11
12 2
1.7
0.7
5.0
0,7

1'6

1.3
4¢ .8 aa,
53,0 ea.
19,9 ea.

4.1



72.
73,
74.
75.

76.

(¥-03)
{x~04)
(X=u5)
(x-06)

(X-07)

TABLE  4.3~8  (Continuaed)
Hydrogen Blower
Dust Filter
Star Valve (six)
Convayor

Drum Loader

TOTAL

2.5
0.8
1.2 aa.
8.3

16.6

A ——————

1481,9 (1975 dollaxs)

x 1.4 inflation

2074.7 (1980 dollars)



TABLE 4.3-9

PRODUCTION LABOR CQST FOR UCC BILANE PROCESE

Saction/

Unit Operation

1. Hydrogenation

2, 8ilune

3, Pyrolysis

4, Waste Treatment

5. Hydrogen Compression

Skilled Labor
Man-Hrs/KG of Si

Semiskilled Labor
Man-~Hrs/KG of S1

Cost
$/KG of s8i

0.00745
0.02230
0.02980
0.00745

0.00745

338

0.000745

iy o ek b

——— e i 4 -

T v o

0,0879
0.1539
0.2056
0.0514

0.0514

0.58 (1975 dollars)
% 1.4 intlation
0.77 (1980 dollars)



1.

la.

2a,

ESTIMATION OF PLANT INVESTMENT FOR UCC SILANE PROCESS

TABLE 4.3-10

DIRECT PLANT INVESTMENT COSTS

1.
2.
3.
4,
5‘
G.

Major Process Equipment Cost
Installation of Major Process Equipmant
Process Piping, Installad
Ingtrumentation, Installed

Electrical, Installed

Process Buildings, Installed

SUBTCTAL FOR DIRECT PLANT INVESTMENT COSTS
{PRIMARLILY BATTERY LIMIT FACILITIES)

OTHER DIRECT PLANT INVESTMENT COSTS

L.
2,

3!
4.

SUBTOTAL FOR OTHER DIRECT PLANT INVESTMENT COSTS
(PRIMARILY OFFSITE FACILITIES OUTSIDE BATTERY LIMITS)

Utilities, Installed

Ganaral Sorvices, Site Davelopment,
Fire Protection, etec.

General Buildings, Offices, Shops, atc.
Receiving, Shipping Pacilities

TOTAL DIRECT PLANT INVESTMENT COST, la + 2a

INDIRECT PLANT INVESTMENT COSTS

1,
2.

Engineering, Overhead, etc.

Normal Cont. for Ploods, Strikes, etec.

TOTAL INDIRECT PLANT INVESTMENT COST

TOTAL DIRECT AND INDIRECT PLANT INVESTMENT COST,

3 + 4a

OVERALL CONTINGENCY, % of 5

FIXED CAPITAL INVESTMENT FOR PLANT, 5 4 6
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Invastmant

$1000

1,481.9
637.2
1,096.6
281.6
148.2
148.2

3,793.7

71).3
177.8

207.5
311.2

1,407.08

5,201.5

815.0
1,052.1
1,867.1

7,068.6

2,120.6

9,189.2 {1975 dellars)
x l.4 inflation
12,864.9 {1980 dollars)



2.

TABLE 4.3-11

ESTIMATION OF TOTAL PRUDUCT COBT
POR  UCC SILANE PROCESB

Direct Manufacturing Cost (Direct Charges)
l. Raw Materials

2. Direct Operating Labor

3, Utilities

4. Bupervision and Clerical

5, Maintenance and Rapairs

6. Operating Supplies

7. Laboratory Charge

Indirect Manufacturing Cost (Fixed Charges)
1. Depreciation

2. Local Taxes

3. Insurance

Plant Overhead

By~Product Credit

Total Manufacturing Cost, 1 + 2 4 3 + 4
Geoneral Expenses

1, Administration

2. DiatribuLion and Sales
3, Research and Development

Total Cost of Praduct, da + 5
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$/KG of 81

1.906
0.350
0.427
0,083
¢.919
0.184
0 o83

V.919
0.184
0.092

0 . (’56

6 001

0.360
0.360
n 1ee

"6.903

{1975 dollars)

<_-+4 inflation

O (1{)4—

{1980 dollars)



4.4

BCL Process for 8ilicon - Case A (Battelle Columbus Laboratories)

The economlic analysis activity involves a cost analysis
of the process under consideration for the production of sili-
con. The cost analysis for the particular technology is brsed
on process design results, such as requirements for raw mate-
rials and major process equipment necessary to produce the
product, from the chemical enginaeering analysis activity.
Primary results issuing from the economic analysis include
plant capital investment and prodircet cost which are useful
in identiflication of those processes showing promise for meeting
projact cost goals,.

The cost analysis results for producing =ilicon by the
BCL process-Case A (Battelle Columbus Laboratories) are pre-
sonted in Table 4.4~ including costs for raw materials, labor,
utilities and other items composing the »nroduct cost (total
cost of producing silicon). The tabulation summarizes all
of these iltems to give a total product cost without profit
of $8,83 (19275 dollars) and $12.08 (1980 dollars) per kg. This
product cost without profit includes direct manufacturing
cost, indirect manufacturing cost, plant overhead and general
expenses,

The product cost represents all cost associated with pro-
ducing silicon. On top of these costs a producing company
will inelude some profit. The sales price of the product
gllicon will actually be the sum of the product cost and a
profit for the company. The profit is usually measured in
terms of rate of return on the capital investment that the
company spent in going into the polysilicon business., Two
profitability methods which are commonly used are the return
on original investment (per cent ROI) and discounted cash
flow rate of return (per cent DCF).

The cost and profitability analysis summary for this pro-~
cess are presented in Table 4.4-2, The sales price of poly-
gilicon at various rates of return for both profitability
methods (per cent ROI and DCF) is shown in the lower half of
the table. The results indicate a sales price of $13.28 per ke
of silicon (1980 dollars) at 5 per cent DCF return on invest.
ment after taxes.

The detailed results for the economic analysis are presented
in a tabular format to make it easier to locate cost items
of specific interest. The guide for the tabular format is
given below:
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Preliminary Economic Analysie Activitiesz..Table
Process Doesigh Inpute........:covvvrsrrve,Table
Baso Cage Condition®..,..... vivoreresrasaTable
Raw Material Cost......vvivvvurieesssries.Table
Utility co'tlll'lII!!D'II.ll..lvll.lOIlI.ITabla
Major Process Equipment Cost......v.v..,..Table
Production Labor CoBt.,.....veevvivrveiee. . Table
Plant Investment......vovvvesevssrenessrTabloe
Total Product Cogt.... . vcvitevssrirersssa,Table

| |

1
ol ™

1

2 i B o
ol i e B
]
HPOo@-JGOa o

- ®» ® = 2 ® & & =

These cost and profitability results for the BCL process-
Cage A indicrte that this new technology for producing poly-
gilicon shows promise for meeting the cost goal of %14 per kg
of silicon material (1980 dollars) for solar cells.
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2.

5.

TAPLE 4 . 4"'1

ESTIMATION OF PRODUCT COST FOR BCL PROCESS - CASE A

pPireoct Manufacturing Cost {Direct Costs)......
Raw Materials

Direct Operating Labor

Utilitias

Supervision and Clerical

Maintenance and Repairs

Operating Supplies

Laboratory Charge

Indirect Manufactuing Cost (Fixed Cost)esvein.s
Depreciation

Local Taxes

Insurance

Plant Overh@ﬂdcoc-o--.....--o.oco---noo---.a-o
Ganera}- Expensaslllilli'll.l"'!.ll'l.llfl"lb
Administration

Distributionh and Sales
Regearch and Revelcopment

Product Cost Without Profit.ssessvecersnanssas
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Cost
$/Kg of Silicon
{1975 dollars)

Cost
$/Kg of Silicon
{1680 dollars)

5.21 7.29
1.562 2,27
0.68 0.95
1.12 1.57
8.63 12.08



7.

8.

TABLE 4.4.2

COST AND PROFPITABILLTY ANALYSIS BUMMARY POR BCL PROCESS-CASE A

PrOCQIH.-..---..--o-.o.-...---.--n....-.a--.BCL Proce“._cane
Plant Size....... ...... vt ssanrsnreruasssas. 1,000 Metric Tbnl?ynar
Plant Pmduct.-a--. ------- -n-q.-l.--annlv---csilicon
P;.:Oduct Pomo--;:-lnu----u-o-.--uu--.o-o--.--silicon Grﬂnl/llﬂﬂ
Pmt Investment. .eostsvossosseven.ses """514.-340 000 $2 0.0
(1975 doliars) (?686 453 axs)
Fixed Capital $12.47Maga $17.45 Maga

Working Capital $ 1.87Mega $ 2,62 Mega
(15%) Total $T4 TdMaga $20.07 Maga
{1975 dollars) (1980 dollaxs)

Return on Original Investment, aftar taxes (\ROI)

Bales Prica Saleg Price
8/Kg of 8ilicon $/Kg of Silicun
(197% dollars) {1980 dollaras)

0% ROX.. .... ceer e 8.63 12.08

8% ROL. .. eoncnevecs a gy 1 93

108 ROZ.u. . venans se. 1i.28 15,8«

15% ROE..ven cneevuus 12,6l 17 65

20% ROL.evncerarcs nes 13,04 19.51

25% ROT... o v.uues P 15.27 21.37

30% ROI...... err i an 16,59 PR

408 ROT. . uuvvrvvonnn 19.25 26 9y

Digecounted Cash Flow Rate of Return, after taxes (% DOF)

Saleg Price Saier Pr. o
8/Kg of Silicon 8/Kg of 5i.icoa
(1975 do’lars} (1980 doile: ed
O DOF.s venwa: o -ane H. 63 1.0 05
5 DCF. . ... siunen .48 15 28
10% DCP. . eve o weas 10.42 ig T
158 NCF .. wemen oo 11,44 1 C.
209 DCP.y v vvv s mmras 12.%52 1o
r2<Y T 13.65 w11
308 PCE. ... e e AR T
0% DOF. oy v i e et Yy

pased on 10 year project life and lv e straight
line depreciation,

Tax Rate (Federal)..,..... . neea e
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TABLE 4.4-4

PROCESE DESIGN INPUYS FOR
BCL PROCESS ~ Casa A

Raw Material Requiraments
-§ilicon tetrachloride, zine, lime, argon and nitrogan
-goa table for "Raw Matarial Cost"

utility
~alactricity, stesm, cooling water and procass water
~-san table for "Utility Cost"

Bauipment List
82 plus pieces of major process equipment
~process vessels, heat exchangera, rsactor, etc.

Labor Requirements
~production labor for purification, deposition, electrolysis, etc,
~gee table for "Production Labor Cost"



TABLY 4.4-%
BASE CASF CONDITION FOR BCL FROCESS-CABRE A

1. capital Equipment

~January 1974 Cost Index for Capital Equipment Coast
=January 1975 Cost Tndex Value = 430

2. Utilities

~Electrical, steam, Cooling Water, Nitrogen

~Januvary 1974 Cost Tmlex {U, =, Dept. Labor)

-Values determined by literature search and summarized in cost
standardization work

3, Raw Material Cont

~Chemical Marketing Reportaer

~January 1975 valne

=Raw Material! coest Index oo Industyial Chemicals

=197% Cast Index alae cov 0 twholesale Prive Index, Producer
Price Tndex)

4. Labor cost

~Average tor Chemical Petroleum, coal and Allied Industries (1975)
“~5killod Su.9n by

5., tpdate to Jase
=laatoricaiyy vited 975 doellars (LSA project)
=DOE decision to change o v deflars (JIPL, 0/22/79)

~reports to o reflect botls P2y and 1950 dollars (JPL, 6/22/79)
=inflation factor of 10t be o used GIPL, /22 /779)
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Note:

1.

Ta-ble 4 * 4-6

RAW MATERIAL COST FOR BClL. PROCESS~CASE A

Requirement
Raw Material 1b/KG of 58§
Silicon Tetrachloride 15.68
(8iCly)
Zinc (Zm) 0,54
Hydrate Lime 2.85
(Ca(DH)z)
Argon {Ar) 3.1 8CF
Nitrogen (N3) 7.6 SCF
Chlorine (Cl,) ~10,46

$/1b of
Material

0,135

0.38

0.015%

0.0l6/8CF

0,003/8CF
Sub Total

0.0332
TOTAL

Cost $/KG
of 5i

2.117

0.205

0.041

0.050

0,023
2.418

-0, 347

2.091 (1975 dollars)
% 1.4 inflation

2,927 (1980 dollars)

This number is the result of by-product rate minus reactor chlorination rate,

i.e., 11.12 -~ 0,60 1lb. of Cl,/KG 5i.
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Utility
l. Elactricity
2. SBteal.
3. Cooling Water
4. Process Water
5, Refrigerant
Note:

k = kilo = 10?
M = mega = 10®

Tablas 4.4~7
UTILITY COST FOR BCL PROCESS-CASE A

Requirement/KG Cost of

of 28ilicon Utility
30.92 kw-hr 0.0324 $/kw-hr
9.67 pounds 1,35 8/klb
317.88 Gallons 0.09 $/kgal
24.20 Gallons 0.405 §/kgal
2,38 MBtu 10.50 §/MBtu

TOTAL

349

Cost 3/KG
of 8ilicon

1.0018
0.0131
0.0034

0.0098

0.0250

1.0531 (1975 dollars)
x 1.4 inflation

1.4743 (1980 dollars)



TABLE 454"8

ESTIMATED COST OF MAJOR PROCESS EQUIPMENT FOR BCL PROCESS -CABE A

Equipment Purchased Cost, $1,000
1. (D-01) Light Fnd Distillation Column 5%.68
2. (D=-02) Heavy End Distillation Column 55.6
3. ({(A-0l) rrimary siCly Vent Scrubber 0.8
4. (A-02) Final $iCl, Vent Scrubber 11.1
%, (H-01) L. E. Column Feed Heatar 7.8
6. {H-02) L. E. Column Raboiler 2.2
7. (H-03) L. E. Column Condenser 2.3
8. (H-04) H. E. Column Feed Heater 7.8
9. (H-05) H. E. Column Reboiler 2.4
1l0. (H-D6) H. E. Column Condenser 2.3
11, ({H~07) 5iCly Vent Condenser 11.8
12. (H-0R) S5iCly Vaporizer 6.7
13, (H~09} Reactor Condensers (2) 190.3
14. (H-.0) Reactor ZnCl, Strippers (2) 27.9
15, (H-11} 8iClg Condenser 20,5
16.  (H-12) Cell 2Zn la Stripper 10.9
17. (H-13) Therminel Ceoler (Cold Circuit) 3.8
18. (H=-14) Therminol Cooler (Hot Circuit) 9.1
19, (H-15} start-up Heater 9.6
20. {H-16) silicon Product Coolers (2) 7.7
20a. (H~17) Chlorination Cooler 15.9
20b. (H~1B) Cell Gas Cooler 18.7
21. ({7T-01) S5iCl, Storage Tank 33.6
22, {7T-02) B5iCl, Emergency Storage Tank 33.6
23, (T-03} L. E. Column Reflux Drum 6.7
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24,
a5,
26,
27,
28,
9.
30.
il.
32,
33.
4.
a5,
6.
37.
aa.
39.
40,
4).
42.
43,
44.
45,
46.
47,
48,

49,

(T-04)
{T«08)
(7-06)
(T-07)
(T-08)
(T-09)
(T=-10)
{r-11)
(r-12)
(T-13)
{p-01)
{(P=-02})
(P-03)
(F-041
(P-05)
(P~06)
(P~07)
(P~08)
{P~09)
(P-10)
(P-11)
(P-12)
{P~13)
(P=14)
(P-15)

{P~16)

TABLE 4.4-8 (Cont fnuwgd)
Burge Tank
Sump Tank
H., E. Column Raflux Drum
Pure §iCly SBtorags Tank
Electrolysis ead Tank
Molten Zinc Btorage Tank
Therminol Head Tank
Therminol Drain Down Tank
Chlorine Supply Tank
Lime Sclution Storaga Tank
Purification Feed Pump
L. E. Column Feed Pump
L. E. Column Reflux Pump
Surge Tank Pump
Sump Pump
L. E. Column Bottom Pump
0. E, Column Reflux Pump
H. E, Column Bottom Pump
5iCly vaporizer Feed Pump
Reactor Condenser Circulation Pumps (2)
Cvold Circuit Pump
Hot Civcuilt Pump
Primary Scrubber Recirculation Pump
Primary Scrubber Lower-loop Recirculation Pump
Primary Scrubber Upper-loop Recirculation Pump

Lime Solution Metering Pump

351

19.0
19.0
6.7
28.8
46.0
86.9
3.8
8.3
2.4
6.8
3.7
8.4
8.4
2.8
3.7
12.0
8.4
10.9
4.8
14.4
6.7

13.9

1.4
1.5

1.4



50.
51,
83.
53.

54.

58.
59.
60.
6l.
62.
63.
64,

G5.

TABLE 4.4"’8

{P~01) L. E. Column Feed Filter
{F~02) L. E. Column Reflux Filter
{F=03) H. E. Column Feed Filter

(F-04) H. E. Column iteflux ¥ilter

{FP=05) Therminol Cooler Rlower Filter

(R-01) Fludized Bed Reactors (2)
{(FN-01) Furnaces (.!)

(B~01} Seed Addition Hoppers (2)
(B~02) Si Product Hoppers {4}
{B-03) Zinc Hopper

{C~01) Therminel Coaler Rlowey
{C=02) Scrubber Vent Blower
{(E~01) Eductors (2)

{EC-01) Electrolysis Cells (6)
(PW-01) Tower Supply and Bus

(VP~=01) Zinu Vaporizers {2)

(Continued)

4434
1 Q5,4

_ 1480
TOTAL 21]-‘?7-/ (s
X l_.vd__ir‘:l "

1,048, 1 (]

A



Buction
1. Purification
2, Depomition
3. Electrolysis
4. Waste Treatmant

5, Product Handling

TABLE 4,4-9

PRODUCTION LABOR COBT FOR BCL PROCESS-CASE A

Labor
Man-Hr/Kg 8i

0.01402
0,01402
0.02103
0.00701

0.00701

Note; Cogts are 1975 Dollars

353

Labor Cost

$/Man-Hr

6.90
6.90
6.90
6.90
6,90

TOTAL

Cost
$/Kg 8i

0.0968
0.0968
0.1451

0.0484

0,.0484

0.4355 {1975 dollars)
x 1.4 inflation

0.6097 (1980 dollars)



la.

2a.

TABLE 4.,4-10

ESTIMATION OF PLANT INVESTMENT FOR BCL PROCESS=CASE A

DIRFECT PLANT INVESTMENT COSTS

1. Major Procens Equipment Cost

2, Installatiom ot Major Procesds Equipment
3. Process Piping, Installed

4, Instrumentation, lnstalled

5. Electrical, Inutalled

6, Process Busldings, Installed

SUBTOTAL FOR DIRECT

PLANT INVESTMEN?

LOLTe

(PRIMARILY RATVTERY LIMUT FACIULICLEY)

OTHER DIRECT PLANT

1,
2!

i,
4,

SUBTOTAL T'0:R OTHER DIRECT PLANT INVESTMENT COSTS
(PRIMARILY OFFSITE FACILITIES OUTSIDE BATTERY LIMITS)
TOTAL DIRECT

INDIRECT PLANT

INVESTMENT
Installed

e
Utilities,
General Service, Si1te bDevelopmeng,
Fire 'rotection, ote,

General Bulldings, 2t fieos, Chops, eto,
Recoiving, shipping Facilities

FLANT INVEATMENT COST, la + Za

THVESTMENT COSTS

1, FEnglnecring, overhoad, ot

2. Normal Jcont, tor Floods, Strikes, etoe.

TOTAI INDIKEC™T PLANT THVESTMENT OS5

TOTAL DTHECT AND THDIRFCT PLAKNT INVESTMENT COAT,
1+ 4a

OVER™ LD CoNTINGENCY, » 0t 5

RV UTMENT FOR OTLANT, 5 + 6

154

Investment
$)000

P Wy B
Yie.q
l,hll.r«
413%.4
Ji7.8
2170.8
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1.

TABLE 4,4-11

ESTIMATION O TOTAL PRODUCT COS8T FOR BCL PROCESS-~ ‘ABE A

Direct Manufacturing Cost (Direct Chargas)

1. Raw Materials

2. Direct Cperating Labor
3, Utilitiesn

4, Supervianion and Clerical
5. Maintenance and Repairs
6. Operating Supplies

7. Laboratory Charge

Indivect Manaufacturina Cast (Fixed Chargax)

1, Depreciation
2. Lo:cal Taxes
1. Insurance

Plant Overhead

By-Product (redit

Total Manufacturing Cost, 1 + 2 + 3 + 4

General Expenses

1. Administration

2. Distribution and Sales
3. Research and Dovelopment

Total Cost of Product, d4a + 5

358

$/KG ~f si

2,091
0,436
1.053
0.065
1,247
0.249
0,065

1.247
0.249
0,125

0.675

7.501

0.450
0.450

0,225

8.626 (197% dollar:)
x 1.4 inflation

12,076 (1980 do iz



4.8

BCL Procoess for Silicon - Cagae B (Battelle Columbus Laboratories)

The esconomic analysis activity involves a cost analysis of
the procoss under consideration for the production of silicon.
The cost analysis for the particular technolongy 1s based on
process design results, such ag requirements for raw materials
and major process equipment necessary to produce the product,
from the chemical engineering analysis activity. Primary
results issuing from the economic analysis include plant capital
investment and product cost which are useful in ldentification
of ghose processes showing promise for meeting project cost
goals,

The cost analysis results for producing iilicon by the
BCL nrocess ~ Casec B (Battelle Columtus Laboratories) are
presented in Tanle 4,3-1 including costs for raw materials,
labor, utilities and other items composing the preoduct cost
(total cost of producing silicon). The tabulation summarizes
all of these items to glve a total product cost without pro-
rit of $7.91 (1978 dollars) and $11,07 (1980 dollars) per kg.
This product cost without profit ineludes direct manufacturing
cost, indirect manufacturing cost, plant overhead and general
expenses,

The product cost represents all cost associate® with pro-
ducing silicon. On top of these costs a producing company
will include some profit., The sales price of the product si-
licon will actually be the sum of the product cost and a pro~
fit for the company. The profit is usually measured in terms
of rate of ret' 'n on the capital investment that the company
spent in going into the polysilicon business. Two profita-
bility methods which are commonly used are the return on orig-
inal - -estment {(per cent ROI) and discounted cash flow rate
of return (per cent DCF).

The cost and profitability analysis summary for this process
are presented in Table 4.5-2., The 8ales prico of polysilicon
at various rates of return for both profitability methods (per
cent ROI and DCF) 1s shown in the lower half of the table,

The results indicate a sales price of $13.14 per kg of silicon
(1980 dollars) at 10 per cent DCF return on investment,

Thesie cost and profitability results for the BCL process-
Case B indicate that this new technolopy for producing poly-
silicon shows promise for meeting the cost gnal of $14 per kg
of silicon material (1980 dollars) for solar cells.

356



The detalled results for the economic analysis are presented
in & itabular format to make 1t easier to locate cost items of

gpecifi: i1nterst,

below:®

» B e ® » B @« & =

The guide for the tabular format is given

Preliminary Economic Analysis Activities..Table
Process Design Inputs.. .o evivennneen

Bage Case Conditions,

Utility Cost......

LI 2 I BN O O N R

Raw Material CoBt..........

LI R I R N TN BAY BN B DN BN ]

LN N A I I ]

LI L A

L O I A

Major Process Equipment Comt..........
Production Labor Cost.......

Plant Investment., ..o v s s

Total Product Cost...,
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TABLE 4.5-1
EBTIMATION OF PRODUCT COST FOR BCL PROCESS - CASE B
Coat Cost

8/Kg of 8ilicon 8/Kqg of 8ilicon
(1975 dollars) (1940 doliars)

Cirect Manufacturing Cost (Direct Cost®)...... 4.94 B,
Raw Matarials

Diract tparating "abor

Utilities

Suparvision and Clurical

Maintenance and Rapairs

Operating Bupplies

Laboratory Charyae

Indiract Manufactuing Cost (Fixed Cost).,..... 1.32 1. 8¢
Depraci&tion

Local Texes

Insurance
pPlant Ovarhead..... hEe ke e aieaess ir1 JHI
Gﬂnerﬁl Expensa’l-lllllln!—Il'.t‘l!l'lll"l'll 1'\ ‘-'i‘l

Administration
Distribution and Sales
Research and Dovelopment

Product Cogt Without Profit.issasrervoasvssnre 7o Vs



1.
2.
3.

5,

G.

7!

H.

TABLE 4.4-2
COST AND PROFITABILITY ANALYSIS SUMMARY FOR BCL PROCESS- CASE B

PrOCaBE. . seseranssensscscsesserarsse ..nsrsBUL Process - (Caue B

Plant BiZze........conevuvssosroasss-sras-as41,000 Motric Tons/vaaz

Plant Product,... caraess8ilicon

Product FOIrM. . .o vsrenasrtseracenescaess-ssssBilicon Granules

Plant INVeBtmANt ., covssvssssnre-srrsaarnsaess$11,790,000 /516,500,000
{1975 dollaxs) (1980 dollars’

LR B AL BB B A B A A

Fixed Capital $10.25Mega $14 . YhMega

Working Capital $ 1.54Naga § 2, ihMege
(15%) Tatal $11.79Maga Slu S50Meaga

(1975 dollars) {1980 &cl:ars’
Raturn on Original Investment, after taxes (%ROI)

Salas Prive
$/Kg of silicor

Salas Price
$/Kg of &ilicon

(1975 dollars) =~ (1980 doliars!

0% ROT........ . ... LR Ph.oed
BY ROL.wvuren. vovns. v [Ty
10% BOL.wnurenre cacnn SUSUY 14 11
16% RO, . .nunevnre [T 1h. b
208 ROL. o cvvev-nnnna Le.on P

25% ROL. .. it vae. v R Ll
JOR ROT. .. ve wrsnnn 14 6 RITE!
A0% ROI.. .. v cnuvnes Fho6d RERAL

Digcounted Cash Flow Rate of Return, after taxes (% DCFy

Sales Price Salss Price
$/Kqg of Silicon $/Kg ot Jil-*:on
(1975 dollars) ii:ﬁﬂ Y 2

08 DCF. . PR s L
% e T .ae L 10,05
\0S DCF. .. .. vine VoA 11 14
158 DCPY s v ivnannnes 10,7 14, 34
0% DCF.. . . IR RTINS
25 OCF. .. .. e b L2004 e ah
30 DCF . .. ah waeen ESAE WSURREY
ADR DCF ... venn . s Phald Sl

Based on 10 year project 1lifs and 10 yaar straight
line depraciation.

Tax Rate

Tader o 1)

3649
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TABLE 4.5-3

ECONOeIC ANALYSES:
SOZITMINARY ETOMWOGMIC ANALYSIS ATTIVITIES FOP BUL PROCESS-CASE B

Srel. IrLTess ETOL. LIT.wLny tatus Prel. Frozesz Ezonsmic A.zivicy c-atus

Frscess DeSIgGR ingu™s | ~. Freductioh Lancr Cesits
i, Raw Material. Fezuirererts ] 1. Base Zost Per Man Hour
I, Unility Requir=ments ] . Tost/Kg Silicon Per Area
e
E

r

. Zguipmernt Lis% . Tmval Zost/Kg Silicon
4. LatGY REgulrerenis
- £s ination of Flant Invesiment ]
Loecify pBase Zase Torniltiar s ] pas attery Limits Direct Costs ]
. =aae T=ar for i3 ? . .Ther Cirect Costs L
- Apprcpriate Iriizss foo _LioE g = ndivezt Tosts ¢
2idicioral L 4., Tuat_ngency $
3 T--al Flant InvestEent
~ a=zr.al Tost ] T .x .4 Zapital)
- Zase Lost b, of Seterzal ]
imext =l gt Koo 8 il 8 i: a4 ..n 28 Total Froduct Cost L J
Total Le ¥g oo Zilscoon L] ~. o Manufacturing Cost e
-&iir:on Manufacturing Cost ]
TTi.l vy Lusts ? 3. T.an~ wernead ]
L z=2e L8t Ior ka Lolalrn, 4 3. < =% sduct Credit ]
< S 4 “ELAYG DO ] ’ e a. IXpenses 3
3. ~a. .:="'¥g ¢  .ilcon ? T¢cza. Zest of Product s

Major srucess Equipre-t Cost
1. I dividual Equipment Cost
2. 7Zust Inde:x Adjustment
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2,

Tmm 4. 5“4

PROCESS DESIGN INPUTE FOR
BCL. PROCHS8E ~ (As® B

Raw Material Requirements
~8ilicon tetrachloride, zinc, lime, argon and nitrogen
-gog table for "Raw Material Cost"

utility
~elactricity, ataam, cooling water and procass water
-508@ table for "Utillity Cost"

Equipment List
-70 plus pieces of major procass equipment
~process vensels, heat axchangers, reactor, etc.

Lajhor Requiraments
~production labor four purification, deposition, electrolysis, etc,
~gas table for "Production Labor Cost”
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TABLE 4,5-5
BASE CASE CONRITION FOR BCL PROCESS- CARSE B

1, Capital Equipment

~January 1975 Cost Index {or Capital Equipment Cost
~January 1975 CoslL Index Value = 430

d. Uilities

~Blectrical, Steam, Cooling Water, Nitrogen

-January 1975 Cost Index (U. S, Dapt. Labor)

~Values determined by literature search and gummarizad in cost
standardization work

i. lRaw Material Cost

~Chemical Marketing Reporter

-January 1975 Value

-Raw Material Cogi Index for industrial Chemicals

=1975 Cost Index Value = 206,9 (Wholesale Price Index, Producer
Price Index;

4. lLabor Cost

~Average for Chemical Petroloum, Coal and Allied Industries (1975)
~3killed $6.90/hry

h, Update ta 19H0
-historically cited 1975 dellars (LSA project)
-DOE decision to change to 1980 dollars (JPL, 6/22/79)

-reports to reflect both 1975 and 1980 dollars (JPL, 6/22/79)
-inflation factor of 1.4 to be used {JPL, 6/22/79)
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Table 4,5-6

RAW MATERIAL COST TFOR BCL PRUCESS-CASE B

Requirement $/1b of Cost $/KG
Raw Material 1b/KG of Si Materaial of 81
1. sSilicon Tetrachloride 15.68 0,135 2.117
(8114}
2. Zinc {/n) 0.54 0, 14 0.20%
i, flydrate lLime RENTLN N.01% 0,043
(Ca(OH) 4}
4. Argon {Ar) 1,1 sCF V. 01b/RCE 0.0%0
. Nitrogen (Np) 7.6 8 OO 3/8CF 0.023
Sub Total J.418
o, <hlorine (Flp) -10. 40! 0,032 -U.liz
TOTAL 2,091 {1975 dollars)

_%_1.4 inflatien
2.927 (1980 doljars)

Note s

o this number s the result of by=-product rate minus reactor chlorination rate,
1oew, 11,12 = cuse 1, of Cla/Ke Si,
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Utility
Electricity

Steaam
Cooling Water
Process Water

Refrigerant

Tabhled.B5~7
UTILITY CO8T FOR BCL PROCESS~CASE B

Reagquirement/KG

of Billicon

30,92 KW-HR
9,67 pounds
37.88 Gallons

24.20 Gallons

Cost of
Utility

0.0324 $/Kw-HR
1.35 8/Mlb
0,09 $/Mgal

0.405 §/Mgal

2.38 MBtu 10,50 §$/MMBtu

TOTAL

364

Cost $/KG
of Silicon

l1.0018
0.0131
0.0034

0.0098

0,0250

1.0531 {1975 dollars)
% 1.4 inflation
1.4743 (1980 dollars)




TABLE 4.5%-8

ESTIMATED COST OF MAJOR PROCESS EQUIPMENT FOR BCL PROCESB-CASE B

Equipment Purchased Cost, $1,000
1. (D-0l) lLight End Distillation Celumn 55.6
2, (D=-02) Heavy End Dist{llation Column 55.6
3.  (A-01) Primavry SiClyg Vent Sc.ubber 0.8
4. {(A-00) Final Sicly Vent Scrubber 11.1
5. (H~01) L, E, Culumn Feed Heater 7.8
6. {H~-02) L. F. ."lumn Reboiler 2,2
7. (H-us) L. ¥, Column Condenser 2.3
8. (H=04) M. ¥, Column Feed Huater 7.8
9, (H-05) H. F. Jolumn Reboiler 2.4
10. (H-06) H. 3. column Condenser 2.3
1. (H-01D S1oy Vent! Condenser 1l.8
12, (H-08) 510,y Vaporizer 6.7
13, (H-09) weactor Condensers (2) 144.2
14, (H=10Y Reator “aCly Strippers (2) 21.1
15. (H-11) sivls Condenser 20.5
16,  (H-11) Jell Yncl. stripper 10.9
17,  (H-13%) hermiaol Cooler (Cold Circuit) 3.8
18.  (H-11) Therminel dooler (Hot Cireoult) 9.1
19, (H=1%) Stait -up Heater 9.6
20, (ti-lw) giliocon Product coolers (2) 5.8
20a. (M-17 Hlorinat ion Jooler 15.9
20b. (H-18) ¢l s Cooler 18.7
21. {T-01) ritla Sterage Tank 33.6
22, (T-000 81Uty Tmeraency Storage Tank 33.6
23, (T-0% 1. % column Reflux Drum 6.7
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4.

25.

26,

27,

28.

29,

30.

31.

32.

33.

34.

35.

36.

37.

38.

39,

40,

41,

42.

43.

44.

45.

46,

47,

48,

49,

(T-04)
(T-05)
(T-06)
{1-07)
(T--08)
(T-09)
{T~10)
(T-11})
(T-12)
(T-13)
(p-~01)
(P-02)
(P-03)
(P-04)
{P-05)}
(P~06)
(P-07)
{P-08)
(P=-09)
(P-10)
(p-11)
(P-12)
{P=13)
(P-14}
(p-15)

(P-16)

TARLE 4.5-F

Surge Tank

fSump Tank

H. E. Column Reflux Drun
Pure SiCl, Storage Tank
Electrolysix Feed Tank
Molten Zinc Storaqe Tank
Therminol Head Tank
Therminal Drain Down Tank
Chlorine Supply Tank

Lime Solution Storage Tank
Purificatjion Faed Pump

L. E. Column Feed Pump

L. E. Column Reflux Prmur
Surge Tank Pump

Sump Pump

L. E. Column Bottom Pump
H. E. Col.mn Reflux Pump
H. E. Column Pottom Pump

SiCly Vaporizer Feed Pump

{Continuad)

Reactor Condenser Circulatio: Pumps (2)

eld Circuit Pump

Hot Circuit Pump

Primary Surubber Recirculation Pump

Primary Scrubber Lower-loep Recirculation Pump
Primary Scrubber Upper-loop Recirculation Pump

Lime Solution Metering Pump

19,0
19,0
6.7
8.8
46.0
86.9
3.9
5.3
2.4
6.8
3.7
8.4
8.4
9.8
3.7
12.0
8.4
10.9
4.8
10.9
6.7
13.9
0.9

1.4

1.4



50.

51.

52,

53.

54.

8%,

56.

57.

58.

59.

60,

61.

62.

63,

64.

65.

TABLE 4,5-8 {Continuad)

(r-0l) L., B, Column Fead Filter
(F=02) L. E, Column Reflux PFilter
(r-03) H., B. Column Fesd Filtax
(P-04) H. E. Column Keflux Filter
(F~03) Therminel Cooler Blowaer Filter
{R-01) ¥ludized Bad Raeactors
{rN=-01) Puroaces

(B~01) seed Addition Hoppars
{(B~02) 81 Pruauct Hoppaers (4)
(B-03) Zine Hoppor

(C=01) Therminol Quoler Blower
(C-02) Scrubbar Vent Blower

{E-01) Eductove (2)

(EC-01) Eleacttolysi=s Culls (2)
(PW-01) Power Supply and Bus

{(VP-0l) Zinc vVaporizers

367

0.9
0.9
0.9
0.9
0.7

149.4
268.5

7.3
14.4
2.4

4.8

286,5
105.9
109,1

TOTAL 1,790,7 (197t dollars)
X 1.4 inflation

2,507.,0 (1980 dollars)



TAB” 4.5-9

PRODUCTION LABOT COST FPOR BCL PROCERSE~-CARR B

Labor Labor Cost Coat
Saction Man=Hr /Kg 81 _$/bat-Hr $/Kg 81
1. bpurificatinn 0.01402 6,90 0.0968
2. Deponition 0.01402 6. 90 0.0968
3. Electrolysis 0,02103 5.90 0.145)
4. Wamte Treatment 0.0070% 6,90 0.0404
5. Product Handling ¢.00701 6.90 0.0484
TOTAL 0.4355 (1975 dollars)

x 1.4 inflation
0.6097 (1980 dollars)

Note: Costs are 1975 pollars
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1.

1&.

TABLE 41' 5"10

ESTIMATION OF PLANT INVRSTMENT FOR

BCL PROCIES8-CASE B

Investment

$1000
DIRECT PLANT INVESTMENT COSTS
1. Major Proceas Equipment Cost 1,790.7
2, Installation of Major Process Equipmaent 770.0
3. Process Piping, lnstalled 1,325.1
4, Instrumentation, Installad 340.2
5, Electrical, Installed 179.1
6. Process Buildings, Installed 179.1
SUBTOTAL FOR DIRECT PLANT INVESTMENT COSTE 4,544.2
(PRIMARILY UVATTERY LIMIT FACILITIES)
OTHFR DIRFCT PIANT INVESTMENT CQSTS
1., Utilities, Installed B59.5
2, General Service, Site Development, 214.9

Fire Protection, etc.

3, General Buildings, Offices, Shops, etc, 250.7
4, Receiving, Shipping Facilities 376.1
SUBTOTAL FuR OTHER DIRFCT PLANT INVESTMENT COSTS 1,701.2
(PRIMARILY OFFS1UTE FACILITIES OUTSIDE BATTERY LIMITS)
TOTAL DIKECT PLANT INVESTMENT COST, la + 2a 6,285.4
INDIRECT FLANT INVESTMENT COSTS
1. Fngineering, Overhead, etc, 984.9
2. Normal Cont. for Floods, Strikes, atc, 1,271.4
TOTAT, INDIRECT I'LANT INVESTMENT COST 2,256.3
TOTAL DIRECT AND INDIRECT PLANT INVESTMENT COST, g,54L.6
3 + 4a
OVERALL CONTTINuUENCY, % of & 1,708.3

FIXED CAT'ITAL INVESTMENT FOR PLANT,

5+ 6
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10,250.0 (1975 dollars)
¥ 1.4 inflation

14,350.0 (1980 dollars)



1.

4a.

BOTTIATION OF TOTAL PE

Dirsot Manufacturing Cost (Direst Chargas)

1.
2,
3,
4,
B,
&,
7

Haw Materiala

Direct Operating Labox
Utilicies

supervision and Clarical
Maintenance and Repalras

Opsrating suppliss
akozatory Charge

Indizect Manatfacturing Cost (Pixed Charges)

1.
2,
3.

Depreciation
locel Taxes
Insurance

Plant Overhsad

By-Product Credit

Total Manufacturing Cost, 1 + 2 + 3 + 4

Ganarzl Bxpanses

1.
4.
3.

Administration
Distribution and Sales
Husatrch and Development

Total Cost of Product, 4a + B

370

QDUCT QOBT POR BCL FROCHEE - CARl %

2,001
0,438
1.083
1,038
0.308
0,065

1.028
0,208
0.103

0.&08

ot g

r.e8l

0.413
0.413
0,208

7.813 (1975 dollars)
Ly 4 inflaltion
I%.07§ {1980 dollars)



4.8

DC8 Process (Dichlorosilans)

The sconomic analys.s activity involves 2 nost annlyesis of
the DCB process - Came A to produce dichloromilane which is
involved in the Hemloek &swmlcronductor Corporetion program forT
polyslilicon.

he cost analysis for che particulsr tecnaology 18 basad
on process design resulte, such as requiremente {0r raw mate-
risls and major proceas equipment necessury to produce the
product from the chemical sngineering anslysis agtivity.
Primary resulta issuing from the economic mnplysis includs
niant cepital investment mnd product coat which are useful
in the anealysis of polysilicon production from dichlorosilane.

The cost analysis result for the DCS process (Case A) ars
presented in Teble 4.6-1 including costs for raw meterials,
labor, ucilities and oither items composing the product cost
(tota: cost of producing silicon)., The tabulation summsrizes
nll of these items to give & total product cost without profit of
$1.78 per kgof DCS (1980 dollars). This product cost without
profit includes direct manufacturing cosi{, indirect menufactu-
ring cost, plant overhead and general cxpenaes,

The product cost rrouresents all cost assniated with pro-
ducing 1 kg of PCS. On top of these couts a pr.uecing company
will include some profit. The sales price of the product silicon
will actualiv be the sum of the product cost and a profit for
the company. The profit is usually measured in terms of rate
of return on the capital investment that the company spent in
going into the DCS bus‘ness, Two profitability methods which
are commonly used are the returnr on original investment (per
cent ROTI) and discounted ceash {low rate of return (per cent
DCF).

The cost and profitebility analysis summary for this process
ares presented in Table 4.6- The sales price of dichlorosilane
at various rates of return for both profitabllity methods (Der
cent ROI and DCF)} is shown in the lower half of the table. The
results indicate a sales price of $1.47 per kg (1980 dollars)
at 15 per cent DCF rate of return on investment,

These cost and profitabillty res.lts for the DCS process will
help the analysis of polysilicon production from dichlorosilane,

Tne detelled results for the economi "nalyeis are wresented

in a tabular format to maxe it easier to locate cost items of
specilic interest. The guide :2+» the tabular format is given
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below:

Praliminary Beonomic Analysis Activities.,.Table 4,8-8
Process Design Inputs....vovevvvvivirnavsyTable 4,64
Bage Case Conditions.......vvvevvuvivns. . Table 4.6-8
RELW' M&’Bﬂrinl cbstopuiiiaitii--.g-...ggguuitTbeieﬂieﬁﬁ
U’(Zili'ﬁiy G-@B‘kottid-di.ogpii--o_-g!!Q'niiitvnimblgg’i@’s?v
Major Process Dgulpment Cost,,..sivvev.v....Table 4.6-8
Production Labor Cost..........civvverss.. ,Table 4,69
Plant Investment......vivvivvivivevvisrees . .Table 4,6-10
Total Produat Cost, ... .vvvvivvrvarvnirs..Table 4.6-11

- . e e ® ow * W w

The scouomic annlysis provides detailed cost data for raw
materials, utilities, labor and major proscess equipment whiah
ase necessary for polysilicon produstion.
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TABLE 4,8-]

BETIMATION OF PRODUCT COST YOR DUS

Diract Manufagturing Cost (Direct Costs)......
Ray Materials

Diveot Operating Labox

Utilities

Suparvision and Clerigal

Maintenanae and Repairs

Cperating Supplies

Laboratory Charge

Indiregt Manufiactuing Cost (Flixed Cost)...ve...
Papreciation

Logal Taxas

Insuranca

Plhnt Ovuhﬁad--vo.--.ccc--...oa--.--..ou-g---

Ganaral BRPENBRB..s s irvsoasarsnireessrvessisss
AMministration

Distribution and Salea

Resaarch and PDevalopment

Product Cost Without Profit.ssrecastevireoesss
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PROCERS
Cost Cost
§/kg of DCB $/Xg of DCB
(1975 dollaxs) {1980 dollars)
0.6%38 0.9709
0.0738 0.1029
0.0355 0.0497
0.1205 0.1687
0.9230 1.2922



2,
3,
4,
5!

7-

QOST AND PROFITABILITY ANALYSLS SUMMARY FOR BCS PROCESE

PXYOGAGE. e s ssinsiteisonsisnssvastessisnsisss DOB GaxE

Plant siagg‘.ic09l.'l_I_0'!!IQ!!Iiill.!"!!!"!Q'g'(?a mﬁtﬁ!}iﬂ mn,ﬁfyﬂar
Pland Pr@ﬁ_uah;......u--,o,--.u---.--u----u- diahlm‘ilﬂllﬂ
PLOAUOY FOXMesorsrosvrisnsrsnsssrssressrnses Jimuid

thImummm”““n."”uu“”“.““m36xm / %%
{1975 dollars) (1980 dollara)

Fixed Capital §.53 ega 7.74 Maga
Working Capital 0.83 Mega 1,18 Mega
(15%) Total ¢, 38 Mega 8.90 Mega

(19756 dollars) (1980 dollars)

Raturn on Original Investment, after taxas (MROI)

8ales Pyiloa Sales Price
$/Kg of NES $/Xg of pog
{1975 dollars) (1980 dollars)
O%M ROL,.ovaeronnnons ¢,92 1.39
5% ROT..sisvannzenrea 0.98 . 1,38
10% ROTs.vevnornnnnns 1,04 1.48
15% ROZivvvoevsnnnnss 1.0 1.85
20% ROT,osvnnnvannnss 1.1¢ 1.63
25% BOTeavnnncoanssan 1.32 1.71
308 ROK.vusnersvnnsnn 1.28 1.80
40% ROL.vvvieenacans 1.40 1.97

Discountad Casli Flow Rate of Return, after taxes (Vv DCF)

Sales Prioce Sales Price
$/Kg of DCS $/Kg of npea
(1975 dollaxs) (1930 dollaxrs)
0% DOFusvesusevonns 0.92 1.29
5% DOF,yeereavenssans 0.96 1.38
10% DCFuuvsvavvsosnans 1.00 1.41
158 DCP.vvensavncnnss 1.058 1.49
20% DCFuvvrnnvreacnns 1.0 1.584
258 DCPF'yvvvsnrncnonsns 1.18 1.81
30% DOF . vvrsrsennsnnenns 1.20 1.G9
40% DEP.uieesrranrson l.32 1.84

Based on 10 year project life and 10 year straight
line depreciation,
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TABIE 4_5-3

ECOMOMIC MMALYSES:

PRELIMINARY ECONOMIC ANALYSIS ACTIVITIES FOR DCS PROCESS

Prel. Frocess Ecu.omic Activity

Process Design Inputs

1. Raw Material Requiremerts
2, Ltility Requiremants

. Sqguipment List

4, Labur Reyuirements

cecify Base Care .Jondotians
. Base Year for Costs

. Appropriate 1. dices Zor Zosts
Addatic- 2l

to N )

7aw Mararial Cosis

1. Base Cost/lt of Material
. Mavariai Cost,¥g of 31_icon
. Toral Cosc/K3 <f Zi__c=n

THLlity Costs

i. sase Cost for Each Uti.ity
. Utliity Cost,*; of Sil.con
3. DIortal -lcst/Kg of Silicon

Ma ,cr rrocess Equipment Tcsis
i. Individual Equipsent Tost
2. Cost Index Adjustment

o e R " N » 6§ N e

L

L N -

Status

Prel, Frocess Economic A tiwicy

Productian Labor Costs

1. Base Cost Per Man Boux
2. Cost/Kg Silicom Per Axea
3. Total Cost/Kg Cilicom

Esmimation of Plaat Investmemt

i. Battexy Limits Giyect Corts

Z. Dther Direct Costs

3. Indirect Costs

4. Zontingency

€ I'stal Plemnt Inwestment
{Timad Capital)

Zic_mation of Total Product Costé
1. Zirect Manufacturing Cost

2. Indirect Mmmufacituring Cost
i. Plant Owerhead

. B-Product Credit

» General Expenses

- Total Cost of Product

[V

Q4 Plan
§ In Progress
& Compleie

c-atus

L I

®

L



1.

3.

TABLE 4, §~4

PROCRSE DBEIAN INPUTS FOR DCS PROCEES

Raw Matarial Regquiramants
~8ilicon tetrashloride, #ina, lime, argon and nitrogen
~sa8 table for "Raw Matarial Cost"

Utility
-glectricity, stoam. cooling water and procass watar
~se0 table for "Uti ity Cost'

Byuipmant List
-process vessals, haat aexchangers, rsactors, aba,
~-seqa table for "Major Process Bgulpmant Cost"

Labor Reguiramints

~production labor for purification, deposition, slectrolysis, etc.
-sae table for "Produstion Labor Cost"
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1.

5.

TABLE 4.6-3
BASE CASF CONDITION FOR DCB PROCRSS

Capital Bguipment

~January 1978 Cost Index for Capital Equipment Cost
~Japuary 1875 Cost Indax Value = 430

Utilities

~Rleotrigal, Steam, Cooling Watar, Nitrogen

~January 1978 Cost Index (U. $. Dept, Labor)

~Values dstarmined by literature search and summarized in cost
standardization work

Raw Matsrial Cost

-Chamical Marketing Reporter

~January 197% Valus

~Raw Matarial Cost Index for Industrial Chemicals

~1978 Cost Indax Value = 206.9 (Wholesale Price Index, Producer
Price Indax)

Labor Cost

-Avurage for Chmmical Patroleum, Coal and Allied Industries (1978)
~8killed 56,90/hr

Update to 1980
~historically cited 197% dollars (L8A project)
-DOE decision to change to 1980 dollars (JPL, 6/22/79)

~reports to reflect both 1975 and 1980 dollars (JPL, 6/22/79)
-inflation factor of 1.4 to be used (JPL, 6/22/79)
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8.

RAW MATHRIAL COST FOR DOS PROCHSS

Raw Material

M.G, 8ilicon (81)

8ilioon Tetrachloride
(81Cl,, maka-up)

Ligquid Hydrogen
Copper Catalyst (Cu)

Hydrata Limas
(Ca(OH) ,)

Raguiramart

lb/ka of 0GS

0.348
1.987

0.048
0.005

0.236

378

§/1b of
méerial

0.535
0,135

1.84
0.922
0.015

TOTAL

cost $/kg

of DES

0.l1862

0.2682

0.0883
0,0046
Q,0036
0.5509 (1978 dollars)

x 1.4 inflation
0.7713 (1980 dollars)



1,

5.

gtility
Electricity
gteam
Cooling watar
Process water

Fual 01l

TABL

367

UrILITY COBT FOR OB PROCESE

Requiremant/kg

of DCB
0.337 XKW HR

12.81 1b
§6.5) gal
0.30) gal

0.00473 MM Biu

378

Cost of

Utility
0.03248 /kw he
1.388/M1b
0.098/M gal
0.4088/M gal

1,408/MM Btu
TOTAL

cont 8/Ry
oL De8

0.01092
0.01730
0.00509
0.00012

0.040058 (1978 dollars)
1.4 inflation
0.03607 (1380 dollars)



TABLE 4,8-8

PURCHASED COST OF MAJOR PROCHSS NQUIPMENT
POR DCS PROCESS

10.

11,

12,

13.

14,

15.

Purchased
guipment Cost, $1000
R-01 Hydroshlorination 81,9
Reactor
R-02 TCS Redistribution 14,0
Reaotor
R~03 Wagt Neutralizey 16.7
R~04 Waste Combustor 8.0
D-01 Crude TCS 5,40
Stripping Column
P-03 TCH/8TC 40,41
Dist1llation Column
D-03 DCS/TCS 94,43
Distillation Column
D-04 DCS 41,22
Digtillation Column
B-01 8ilicon Storage 18.0
Bin with Fesd Lock
T~01 Residue Settling 55.8
Tank
T-02 Residus Withdraw 4.0
Tank
T-03 Hydrogen Separation 7.9
Tank
T-04 Crude TCS Storage 7.6
Tank
T-08 TCS Stripper 0.8
Reflux Drum
T-06 TCS/STC Distillation 4.5

Reflux Drum



TABLE 4.6-8 (ocntinued)
18, T<07 8TC B3torage Tank 13.8

17, 7T-08 DCB/TCH Distillation 6.9
Reflug Drum

18, T-00 DC8 Distillation 1.2
Reflux Drum

19, T-10 DC8 Btornge Tank (3) 23.9 ea,

20, T-11 Plue Ges Sepavation 0.8
Tank

21, T-12 Lime Solution Pre- 0.9
paration Tank

23. T-13 Woate Filtrate 0.0

8torage Tank
23, H=-0! Crude TCS Condenser 38.7

34, H-02 H, Gas Preheater 27.2
28, H-03 BTC Vaporizer 84.5
26, H-04 Stripper Condenser <.0
27. H-06 Stripper Reboiler 3.8
28, H-08 TCS Condenser B3.4
29, H-07 TCS/STC Reboiler 17.7
30, H~08 STC Heat Exchanger 23.4
31. H~0P DC8 Condenser 13.4
32, H<10 DCS/TCS Reboiler 14.7
33. H-11 TC8 Cooler 7.2
34, H-12 DCS Distlillation 1.8
Overhead Condenser
38, H-13 DCS Distillation 0.8
36. H-14 Wast~ Straam Cooler 6.1
37, H 18 8TC Superheanter 28.17
38. H-16 H, Compressor 3.6
Interc%oler



39,

40,

41,

42,

43.

44.
48,
46.
47,

48,
49 .
B0,

B1.

52.
63,
64,
66 .
BG.

TABLE 4,6-8 (sontinued)

C-01A Hydrogen Feed
Compresgor, Pirst-stage

C~01B Hydrogan Feed
Compresgsor, Seaond-stage

C~02 Hydrogen Circulation
Compressor

P-01

P~-02

Fead Tank Blower

Settling Tank

Ciroulation Pump

P-04
P-08
P-08
P-08

TC8 Rellux Pump
STC Teed Pump

DCS Reflux Pump
DCS Purification

Discharge Pump

P-09
P-10
P-11

DCS Pump
Waste Solution Pump
Limse Solution

Circulation Pump

P~12
Pump

r-01
Wil
5-01
B-01
E-02

Praesh Lime Solution

Silicon Dust Filter
Waste Slurry Filter
8ilicon Feed Cyclone
Quench Contact Eject

Flue Gas Ejector

86,0
26.0
16.4
8.0
2.4

2.7
2.7
1.0
0.3

0!4

1.6
6.0
1.4
or 1.3

1.3

891.6 (1876 dollars)
x 1.4 inflation
172482 (1980 dollars)
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TABLE 4,89
PRODUCTION LABOR COBT POR DG8 PROCDSS

Cost §/Kg
E8gEiol i/ _ -k -]
Bydrashlorination 0,001394 8.%0 0.008029
purifteation/Rodistyibuting 0. 001941 8.90 0.013392
Wastae Traatmant 0.000847 6.90

0.00448
0.02679 (1978 dollars)

0.03751 {1980 dollars)
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1,

la,

TABLE 4,80
BYTIMATION OF PLANT INVRBTMEMNT POR Do PROCEES

DIRECT PLANT INVERTMENT COSTB

Ly
2U
3

4.
8,
8,

Majdor Process Bguipment Cost
Installiation of Hajor Process Egulpwant
vzoosss Plping, Installed
fnstrumantation, Instulled

Liactrieal, lnstallud

Progass Bulldings, Installad

BURTOTAL FOR DIRECT PLANT INVESTMENT COBTS
(PRIMARILY BATIERY LIMI%® PACILITIER)

OTHER DIRLCT PLANT INVESTMENT QOSTS

1,
2,

3,
4.

Utilitias, Installad

Genoral BServices, 8ite Lavelopmant,
Pire Protection, ote,

Ganeral Bulldings, Qfficas, #hops, nte.
Ragaiving, Shipping raclilities

BUBTOLAL FOR OTHER DIRECT PLANT IHNVEETMENT COSTS

(PRIMARILY OFFSITE FACILITIEE OUTBIDE BATTERY LIMITS)

TUTAL LIRECT BLANT INVESTMENT COBT, la + 2a

INUIRECT PLANT INVESTHENT COSTS

1,

2,

Enginasring, Overhsad, ate.
Normal Cont. for Floods, Strihkes, ete,

TOTAL INDTRECT PLANT INVESTHENT COST

TOTAL DIRECT AND INDIRECT PLANT INVESTMENT
custT, 3 + 4da

OVERALL CONTINGENCY, % O 5

FIZED CAPITAL INVEETMENT FOR PLANT, 5 + &

WORKING CAPITAL INVESTMENT FPOR PLANT, % OF &

TOTAL PLANT INVESTMENT, 7 + 8

384

Invaxtmant

81000

89).08
383.4
659.8
189.4
89.2
89.2

2,282.5

428.0
l07.0

124,8
187.2

847.0

3,129.5%

450.4
633.0

1,123.4

4,252.9

1,275,9

5,528.8 (1975 doila
X 1.4 irflation
7,.740.3 (1980 dollm:



BFPIMATION OF TOTAL PRODUGT COBT POR DCE PROGHER

1,

3.

an,

TABLE 4.8=1]

pDirest Manufaeturing Coat (Dixect Chupgrs)

1. Raw Watorisls - from peel. dseign

2. Direet Operating Labor - fred nral. desig¢n
3, Upilitims - from prel., design

4, 8Guparvision and Clexieal

3, Maintenanes and Repaire

6. Opsrating Suppliaes

7. lLaboratery Charge

8., Flatents and Royaltlaw

Indirect Manufagturing Cost {Pixed Chardes)
1. Depreciation

3. Local Taxss

3. Insurance

Plant Overhead

By~Pproduet Cradlit - from prel. daéiqn
Total Manufacturing Cost, 1 4+ 2 + 3 & §
Canaral Expangas

1. Admlnistration

2. Distribution and Sales

3. Rasearch and Davelopmeat

Total Cost of Product, 4a + &

0.0563
0.0113
0.0057

0.03858

0.8026

0.0482
0.0482
0.0241

0.98230 (1975 dollars)
x 1.4 inflation
1.2922 (1980 dollars)



B, BSUMMARY - CONCLUSIONS

The following summary-conclusions auroe mad: ns s rosult of
analyses conducted for new techhclogies and processsa being
doveloped for the production of lower cost silicon for solar
grllm:

1. Analyses of process syatem properiies are important
for chemicnl materinle involved in the savel'nl processss
under consideration for semiconductor sud soclar cell grade
silicon production. MNajor physical, thermodynamic and
tranaport preoperty data are reported for ths following
gilicon sourcs and processing chemical mutoericls

Silane

S8ilicon Tetrachloride
Trichlorosilene
Dichloromilane
Silicon Tetralluoride
Silicon

* = 9 = " =

The property date are reported fcr critical temperature,
critiecnl pressure, criticel volume, vapor pressure, heat
of vaporization, heat capeciiy, density, surlface tension,
viscosily, thermal conductivity, heat of formation and
Gibb's free energy of formption. The reported property
data are presenied as ¢ function of temperatury to per-
mit rapid usage in resesarch, development and producilon
engineering.

2, Chemical engineec ... analyses involving the prelimi-
nary process dswig. of a plant (1000MT/yr capacity) to
produce silicon via the techulogy under consideration were
accomplished lor the following processes:

UCC Silane Process for Silicon

BCL Process for Silicon -~ Case A

BCL Process for Silicon - Case B

Convent:onal Polysllicon Procees (Siemen's Technology)
8114 Decomposition Process

DCS "Process (Dichlorosilane)

- - L] * - -

Me Jor metivities in the chemical engineering analyses
inclnded buse case conditions, reaction chemistry, pro-
cess flowsheet, material balavce, energy balance, property
data, equipment design, major cquipment 1list, production

labor aud Lorward for cconemic anslyaeis,  The procesem
design package provided dotai ed dota for raw materials,
utilities, major process cquipment and production labor
requirements noecessary for po'vsilicon production in each
process.,
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3. Boonomic nunlyasss wore ncromplishoed for the following
procensss under consideration for the produstion of =2ill-
oon:

UCC 8ilnne Proceas for 8iliecon

ECL Prncoas Inr 8{l1tcon - Caosms A

BCL Process lor 8ilicon - Came #

Conventionsl Pulysillicon Process (Biemens Tesohnology)
3114 Dscompoaition Proceas

DA Process (Dichlorosilane)

[ TR R

Primary netivitieas in the ecop~mie gnalyase involved pro-
coxn dosaign inputs, bame came conditiens, raw msterial
comts utility costu, mnjor precers ~quipment costes and
production labotr comts 1in the »=xiimation ot plant invest-
ment and total product cost

4. The coml annlysis 1vsults J‘or producing milicon by

the UCC ailune procesa (Uninn Carhide Corporation) are

presented including coats for r1uw mat - riais, labor, utili-
tiem and other iters composing the product cost (total

rost of producing milicon) The rosut'n indicete o total
roduct anst without profl. of e go §1975 dollara) and
.88 (1BRD dollurs) per kg. TFor profiteblility analysis,
the resulta indicaies a sales price ol 813 per kg of milicon
(1980 dollars) at 15 per cent DCF (discoun%ed caah flow)

rate of return on inveatment,

Thesa cost and prolitability results fTor the UCC silane
proceas {ndicate that this new technology Tor producing
polyailicon shows good promise Tor meeting the cozit goal
of $14 per kg ol sillcon v erial (1880 dollara) for
golar cells,

8. The cost annlysis results lor producing slilicon by

the BCL process - Case A (Battelle Columbus Laboratories)
are preaented including coste lor raw materials, labor,
utilities and other items compoaing the produet cost

(totnl coel of producing silicon). The result=z indicate

o total product cost without prolit of $8.83 (1875 dollars)
and $12.08 (19880 dollars) per kg. The profitability
analysis results disclose a wrler price of $13.28 per kg of
silicon (1880 dollars) at H pitr rent DCF (discounted

cash {low) rate of return on inventment after taxes,

These cost and profitalbility veamaultr for the BCL pro-
cex8 - Cnne & indicate that this new technology for pro-
ducing polyeilicon shows pr-mise tor meoting the coast goal
of 34 per kg of gilicon materinl (1880 dollare) for
golar cslle, In Ceme A, the process involves {wo depo-
gition reactors and six electrolysis cmlls.

8. The cort analysis reswu’+s far producing sRilicon by
the BCL process - Case B \Buttelle Columbus Laboratories)
are presented including ceste Por raw materials, labor,
at1litier Aand other items compousing the product cosat
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(total cost of producing silicon). The results give &
total Evnduct cost without pro?it of $7.81 (1378 dollars)
and $11.07 (1880 dollurs) per kg. Tor p ?g1¥3h11gt ,

the anelysis indicatos u salos price of % 2.3i4 par ﬁm ol
gilfcon (1980 dollare) at 10 pedr cont DCP (dissounised
cagh flow) rate ol return on investment.

Theze comrt snd profitabllity resultits for the BCL pro-
cos2 - Cneo B indicate that this new tsshnology for
producing pelysilicon zhowe promiss for meeting the cost
goal ol 514 por kg ol =ilicon material (1880 dollars) lox
solar cells, In Came B, the procams contains ons depo~
gltion reactor and two elactrolysis cells.

7. PFPor the conventional polysilicon procoess, the coat
annlysia iz besed on ¢ poly plant constructed in the
1260'z (19688 or earlier) aince sevaral exisiing plants
producing semiconductor grade polysilicon in the United
States were constructed in the 18680's. The oporsting
coats for the plant are applicable to the time periecd
ol interest (such ez 1978 sad 1080),

The cost anslymis resulis for producing silicon by the
conventional Siemens procesa onre presented including
cogis for raw meteriale, labor, utilities and other items
composing the product cost (totsl cost of producing silicon).
The results . ‘scloee tolal product coat without profit
of B35.53 - 41.29 (1975 dollarsa) and $48.73 - 87.81 (1980
dollara) per kg. The ranges for produclt cost rellscts low
and high electrical costs (1.8-3¢/kw hr for 1875 and 2.1~
4.2¢/kw hr for 1880).

The average product cost without profit is estimated
at $38.41 (1875 dollars) and $853.77 (1880 dollars) per kg
for the conventional polysilicon proceea. This average
product cogis correaponds to intermediate electrical
coste (2.38¢/kw hr for 19783 and 3.18¢/kw hr for 1830).
These costs results lfor the conventional polysilicon
process indicate that thie Siemens Lechhology using tri-
chloroeilens for producing polysilicon does not show
promise for meeting the cost goal of $14 per kg of sili-
con material (1980 dollers) for solar cells,

8. The cost analysis resuits lor producing 2ilicon by
the SiI, decomposition process arc presented including
costs Igr rav materials, leabor, utilities nnd other items
vompusing the product coat (total coet of producing sili-
con%. The resulils give a t-stal product cost without profit
of %44 64 (1875 dollars) and $62.50 (1880 dollars) per kg.
The profitavility pocptee 301 4t~ a =sales price of £71.48
per kg of gRilicon (19:0 dolis=~; at & per conft DCF (dis-
caounted cash flow) rate of return on investment,
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Thegs cost and profitability resultz for the Sil, de-
composition process indieate that thisz noew tochiolofy Llow
produsing polyailicon doss not siov promiss lor mesting LLe
gost goal of %14 por kg of ailiceon materinl (1980 dollavse)
for solnr coells,

. Using a hot-wirs technique, expsrimsnial gas phazo
themmal couduntivity values werse determined betwsosn 4B°C
and 880¢C lor milicon source mnferials such ag zilane

and halopenated silanes., The aoscuracy of the valuss wers
shown to ba 8% by determining values for avgon and hydro-
gon, compounds whome Lhermel conduectivity valuoes have bsen
proviously determined.

10, Bxporimental gas phaze viecosity valusa wers detor-
mined for the halogenntsd silwnoe; dichlorosilane, I
chlorosilane and tetralluoromslliana. The valuss wors
determined in the temperature rauge 40°C to 300°C using

8 trangpiration method. Nitrogen, a compound lor which
vigcosity valuse ars kitown, was ussd to calibrate {he
apparatus, The calibration studies szhowad that the values
obtained wers accurate to i3% throughout the tempevature
range.

11, B8tudies were conducted to develop al efficlent method
for the generation of BiF, Irom hexafluorosilicic acid,

2 readily available by-praduct of the phosphate fertilizer
Induatry. This lneluded investigatlon ol such peransters
ne conditions Tor precipitation of 8iT', precursors (Na381F6
and Ba8al' ), temperature lor thermal dgcompoaition ol

the salits, heating time required and optimum flow rates.
Preacipitation of the selte, Nr 8i:F_  or BaBiF_, with NaCl,
NalF, BaCl,., or Bal. followed b§ thBrmal decotiposition

at temperfitures nbave B00°C proved to be nn olflicient
method for the generation o!f BiFd.
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Al, ADDITIONAL CIIMMICAL RNGINBBRING ANALYSIS
AL.1l 8ilsno Process - Cuso A

The chemical enginesring analysis astivity of Silane Pro-
sess - Cass A (Dagulsy Process Stovags) involvez n proliminary
procoess degipgh of a plant to produst silane for ailison,

The Silane Proossz- Coae A involves several procossing
opsratione of hydrogenntion, distillation, redistribution
ronotion, siripping and sbsorpiion. The procoss Ilowshest
iz shown in Pigure Al.l-:, This flovshest wag vecsived from
Uunion Carbide.

A summation of the snlisut featur.e of Came A is shown

below:

CABE A
Proc@'a. 3N 20 T N T TAE TEINE NN NN TR RN DN BN NN N N Y NEY NN TN YR NN BN NN DAY BN N N BN BN TN RN B ) 1811&4“? (Unian cal‘bidﬂ)
lnln)n't Bisml LI BN AT B DAY RN N I RN I N N N DK DY T D T S N R BE TN TN RN TR BN UNE R N I N ] 512?0 Mf.[?/YGﬂ.r QT gilmlm
Procoese Flowshesl, .. .vvvvrinivarvsrinrirareennQriginal recsived fLrom

Upnion Carbide
Process Chemist{ry and Rguilibriuwm.........,,. . Froe Usion Carbide
Internediate Product Storags Considervations..,Regular
Major Procoese Bguipment......i.vivrrenrsneas 78 pisose of process
eguipment

The detniled status sheet is shown in Table Al,l-l, and
is roepresentative of tha veriouz subitemz that make up the
preliminary design sctivity. The vesults from the preliminary
process deszign are pressnited in & tabular format =imilar to
previous design resulis for alternnte processss to producs
gilicon, Note that in this procsss results are per pound of
gsilane versus othaer processes repreésented as per kilogram of
gilicon. The silane plant size asswnes & 90% conversion of
gilane to silicon.

The guide to the tables for Crnse A ia given below:

Base Case Conditions....... vesrarassaase s Table AL, i-2
Reaction Chemistry..... . oivvivrviniivnerveeToble A1,1-3
Raw Material Reguirement...... trrreessaseTable AL, 1-4
Utility Requirementa........... ettt Table Al,1-B
Major Proceas BEquipment.....................Table Al,1-6
Production Labor Requiremsnts...............Table Al.1-7
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CASE A

Pral. Process Pesigu Activilty Status Prel. Process Wesign Activity

Specify Base Case Copditioas
i. Plant Size

2. Product Specifics

3. &additional Conditions

2. ®eit  Baud.poent
3. Process m CP, ?, rate, ebc., b
4. additiomal

ity
E

pefine Reactionm Chemistry

1. Beactants, Products e 8. List of Major Process P
2. EBEguilibriem L 1. sSize
Frocess Flow Diagram ]
1. Flow Sequence, Ueit Operations e
2. Process Conditions (T, P, etc.) L Ba.
3. Enviroomental [
4. Company Interaction L
{Technology Exchange)
Material Balance Calcelations ]
1. Raw Materxials o 9.
2. Prodncts e
3. By-Prodncts L
Energy Balasce Calcmlations e 9.
1. Heating L]
2. Cooling 0
3. ARditional ¢
Property bData e g Plan
1. Physical ¢ % In Progress
2. Thermodynamic b & Complete
3. &additional ®




1.

2,

3.

6,

TABLE Ad.Lled
ITTIONS POR SILANE PROGHES —~ CAEB A

BASE CASH COND

Plant 8lze , 7

= Allow for 10% lossas of silana in produsbicn of silison
- 1270 matria tons/vear of silans

- Solar call grads silioon

Hydxoganation Raagtion
~ Metallurgical grade silison, hydrogen, o produsae trishloxosilana (xa8)
nake~up bydregen chlozids ussd and rasycls silicon tetraghloride (05T)
~ Coppar entalyssd
Fluidised bed
gs0°c, 80 para
~ 15.8% conversion of 8iCly (Unieon Cazbide f£lowshest:)
TC8 Redistrilbution Rsastion
~ TC8 from hydrogenation produces dichlorosilana (1HC8)
- Catalytic rodistributiannof TCE with tertiary amine ion exshange resin.
=- Liguid phase 30 ¥81Q, 80 C.
- Conversion a funotion of inlet concentration per rigurs IIA=2
(Union carbide equilibrium)
~- Conversion from pure TCS fasd ls sbout 10% to DC8 (axampls)
DCE Redistribution Rsaction
DC8 produgas 8iH, (silans)
Catalytio redisgribution of DC8 with tertiary amine ion exchange xesin,
- Qas phasa 60-8070C
Canvarsion a funotion of inlat concentration per Pigure IIA,)
{tUnion Carbide equilibrium)
-~ Conversion from pure DCE fasd 1s about 14% to 8ilane (exmmpla)
Ragyolas
-~ Unraacted shlorosilanss separated by distillation and xreayalad

I

H

1

1

1

g8ilane Purification o
~ Chlorasilanes rasmoved by absorption in ~407C gicCl, (Tet)
- Trage contaminants removed by carbon adsorption

Operating Ratio
~ Approximately 90% utilization
~ Approximately 7880 hour/vear production

Storage Considerations

~ Feed materials (two weak supply)
- Product (two waek supply)

- Procass (saveral days)
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TARLS AL.l=d

L. rogannbion Banoh. o
3 micl, & 81+ 2, - 4 ABimcly
2,
3. o al '_ iih\.lg Lengh
3 sig,c), DABLRLIBLIOD apyney o iy
273 g T ORAEY
Note

1. Reaotion 1 Produoct gontaing Hz’ 81014, Siﬂcla, siﬂzcl2 (trace) ,
okhsr trace cnlorides

2, Reaction 2 Product containa SiHClB, 81014, SLMQClz, siﬂacl

3. Reagtion 3 Product contains SiHQClz, Siucla, siclq, Siﬂscl, -S:i.H4
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1.
a.
3.
1.

TADLE Al.l=d
RAW MAGBRIAL REQUIREMBNTS FOR SILANE DROGESS ~ CASE A

Anhydaxopus HCL 1,239

Hydrogen +362
Caugtio (%0%) 2.448
M. 6. 8ilicon 1.1l
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A

TABLE Al.L-3

UrILITY REQUIREMBNTS FOR SILANE PROCHES

1, Rlaotristy
L. All pump and oompressny _
motors {34) {.288)
2, #:rpm 350 Dsia 190,34 lha
1. #1 nistillagion Column DPreshsater (6.98)
3. #1 Distilleiion Column Reboilex (81..18)
3. #2 PMistillation Column meboiley (91.7%)
4. #2 Radistribution Rasctor Prohsatsr (3.0)
8, #3 Distille~ion Colum Prehsster (3.63)
6. #3 Distili..lon Column Rebollsy {3.39)
7. #4 Distilleciun Column Rebollsy ( .4
8, Wests Mrrotzunt ( .11)
3. Cooltug hower (10-1320°P) 168.12 gallons
1. #1 viscillation Column Condanssy (148.12)
2. 82 pDistillation Colunn Condanser {32.09)
4. DProcsss Water (90°F) 8.22 gallons
1. vests Treatment {B.23)
8, Refvigsrant (23°F) 27.1  BTO
1. #4 pistillation Column Pesd Tank 127.1)
6. Refrigsrant (3°F) 7.1 BTV
1. #3 Distillation Column Ovarhead
Reosiver {(79.1)
7. Rafrigerant (=7°P) 26.4 BTU
}. #4 pisgtillation Column Overhand
Reacaivar {36.4)
8. Refrigerant (-20°F) 2303.2 BED

CAER A

1. #3 Distillation Column Condenser (2088.0 )
2, #4 Distillation Celumn Condansar {248.2)

3e6



2.

10.

11,

1z,

13,

CABE A

TABLE Al.1-5

Refrigerant (-30°p)

(Continued)

1. TCS8 Rasactor Nacycla Gas Condenser (30788,0)

Refrigerant {-40°P)

1. 42 Redistribution Reastor Con-
danaate Racaiver

2. S8ilane Product Htorsye

Rafrigerant (=50°P)

1, #2 Redistribution Reactor Gas
Candansor

2. Froduct Ellane Condenzsyr

3., Absmorbent Cooler

High Temparature Heat “xchange . tuid

l, TCB Reactor Jlacyc!- Gas Hauter

2. HCl vaporizer

3. Tat Japorizer

4, He.. Nitrogen to Regherale ..par.
Adsorbers

%, 'TCS Reactor

Nitrogan
l. Regenerate Charcoal Adsorhers

307

(192.2)
{88.4)
(2986.0)
(137.9)
(379.3)

{6.%91 x 103)
(4,466 x 109)
(2.464 x 10%)
{70.95)

(1,491 x 109)

(5.54)

30788.0 BTU

280.8 BTU

3303.2 BTU

3,324 x 104 BTU

.54 gcr



86¢

4.

9.

(1)

{T2)

(E3}

(T5)

(7)

reg)

(T9)

Iype

M.G. Bilfom
Storage Hopper

Hydsogen Storage
Tank

Recycle TRY
Storage

TCS Reactoxr OFfE-
Bas Plash Pevk

TCS/TRY Storage

£l pistillatirm
Aconmelabor

#1 Bedistribuotion
Reactor Feed Tank

£l Redistribution
Reactor Product
an

CASE A

TABLE Bi.1-£

LIST OF MAJOR PROCESS

BOGIPMENT FOR SITANR PROCESS -- CASE A

Raw Materizl Storage
Ram Material Sborage

Raw Material Stovage

FPor P05 BReactor Peed

Phase Beparation

Colomn #1

Baflmx feed; colemm
Comtrol

Hold—up wwd feed
Reactor

Hold~up and feed
#2 Distillation
Codumn

baty

—

2 weelks storage

8 howurs backmp foar

2 weaks shorage

2 days storage

2 Days bold-ep

2 days bold~up

2 days hold-up




88¢

10.

11.

12,

13.

14.

15.

16.

17.

18.

19.

20.

{1710}

(T11)

(T12)

(713}

{T14)

{(T15)

(T16)

(T17)

{T18)

(T19)

{T20)

#2 Distillation
Column Condensate
Accumulator

#2 Redistribution
Reactor Feed Tank

#z Redistribution
Reactor Product
Tank

#3 bistillation
Column Condensate
Accumuulator

#3 Distillation
Colurn Condensate
Tank

#4 Distillation
Column Faed Tank
$#4 Distillation
Colur.t Condensate
Accumulator

#4 Distillation
Column Condensate
Tank

Waste Tank

Absorber Feed
Tank

Silane Storage

TABLE Al.1-6

Reflux feed; colusn
Control

Hold-up and feed
keactor

Hold-up and feed
#3 Distillation Column

Reflux feed; phase
Separation; columm
control

Hold-up and recycle
feed to #2 Redistribu-
tion Reactor

Surge between absorber
and distillation

Reflux feed; column

control

Bold-up and recycle
to #2 Redistribution
Reactor

Collect waste for
Treatment and disposal

Feed TET to absorber

Pinal Product storage

CASE A

(continued)
20 mim:tes hold-up

2 days hold-up

2 days hold-up
6.8 x 10% BYU/hr

20 minutes hold-up

2 days hold-up
9.63 x 103 BTU/hr

20 minutes hold-up

1d-up

2 days
9.4 x BTU/hr

. 10
2 week storage

2 days storage

1 week storage
3.14 x 104 BTUO/Br

746 gallons
&5 PSIAa

1.891 x 101 galloms
65 PSIA

3.46 x 10% galloms
-40°P, 60 PSIA

194 gallioms
5°F, 60 PSIA

1.7 x 10? galloms
60 PsIia, 5°F

4.68 x 103 gallons
60 PSIA

1o gallons

50 PSIA,-7°F

2.55 x 10° galiuns
50 PSIA, -71°F

1.378 x 10" gallons
65 PSIA

2.44 x 103 gallons
50 PSIA

1.522 x 10% galloms
-40°F, 250 PSIA



0ob

21.

22.

23.

24.

25.

25,

27.

28.

29.

30.

31.

32.

33.

{P21) Caustic Storace

(1)

{#2)

(H3)

(H4)

(H5})

{86)

(E7)

(H8)

{(E9)

(H10)

{H11)

(H12)

TCS Reactor

Recycle Gas Heater

HCl1 Vaporizer

TET V&, orizer

TCS Reacior Re-

cycle Condenser

£1 Distillation
Column Preheater

£1 Distillation
Column Condenser

#1 Distillation
Column Reboiler

#2 pDistillation
Column Condenser

£2 Distillation
Column Reboiler

£#2 Redistribution

Reactor Pesed
Vaporizer

£2 Redistribution

Reactor Product
Condenser

#3 Distillation
Coluwn Preheater

CASE A

TABLE Al.1-6

Raw Material Stcrage

Heat Recycle gas and
Hydrogen to 550°C

Heat Reactant to
550°C

Heat Reactant to
550°C

Phase separation;
Racycle hydrogen

Preheat distillation
feed to bubble point

Provide Reflux to
Colusm

Provide wvapor to
Coliman

Provide Reflux
to column

Provide Vapor
to Column

Vaporize Reactants
for Reactor

Condense Vapor for
hold-up storage

Vaporize and pre=heat
feed to columan

{(continued)

2 weeks storage
2.342 x 10° Bro/hr
1.587 x 10° BTU/hr
8.755 x 108 BTU/ar
1.094 x 107 BTU/hr
2.044 x 10° BTU/hr
1.296 x 107 BTU/hr
2,382 x 167 BYU/hr
1.96 x 10% BTU/Br
2.693 x 107 B¥U/hr

8.81 x 10° BTU/hr

1.06 x 1c® BTU/hr

1.06 x 10° BTO/hr

2.304 x 10% gallons

752 £t2
65 PSIA

34 £:2
65 PSIA

2381 ft2
65 PSIA

1882 ft2
65 PSIA

164 ft2
250 PSIA

3189 ft2
65 PsSIA

2818 ft2
250 PSIA

956 Ft2
&5 PSIA

2514 ft2
250 PsSIa

78 £t
250 PsIA

Cs/s8

Cs/S8



10¥

34.

35.

6.

7.

38.

39.

40.

4].

42.

43.

44.

(H13)

(H14)

(H15}

(H186)

(H17)

(H18)

(419)

(P2)

{P3)

(P4)

#3 Distillation
Column Condenser

#3 Distillation
Column Reboiler

Silane Condenser

#4 Distillation
Column Condenser

#4 Distillation
Column Reboiler

Absorber Pre-
coolexr

Nitrogen Heater

TCS Reactor Off
Gas Recycle Com—
pressor

#1 Distillation
Column Feed Pump

#1 Distillation
Column Overheads
Pump

#1 Distillation
Column Bottoms
Pump

CASE A

TABLE al1.1-6 {continued)

Provide Column Reflux
{(Partial Condenser)

Provide Vapor to
Column

Condenser Final Pro-
duct for storage

Provide Reflux

Provide Vapor to
Colonn

Cocol TET for absorp-—
tion column

Heat Nitrogen to re-
generate Charcoal
Adsorbers

Circulate Recycle
Gas to Reactor

Feed Column

Provide Reflux and
remove overhead
product

R=move Bottoms
bPreduct to TET storage
tank

7.312 x 10° BYU/hr
9.64 x 10° B¥U/hr
4.9 x 10% sTU/hr
8.71 x 104 BTU/hr
1.2 x 10° BTU/hr
1.35 x 10° BTU/hr

2.52 x 104 BTOU/Rr

1.36 x 10° SCFM

136.5 gpm

244 gpm

69 gpm

593 ft2
60 PSIA

g4 £t2
250 PSIA

53 £t2
250 PSIA

84 ££2
50 PSIA

13 f£t2
250 PSIA

35 £t2
60 PSIA

14.1 ££2

26.5 Borsepower
75 PSIA Discharge

106 PSI: 14.5 BHP

92.3 PSI; 22.5 pHP

106 PSI; 7.3 BEP

CS/SS

Cs/S8

cs/ss

Cs/ss

s>
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45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

*

(P5)

{P6)

(r7)

(P8)

{P9)

(P10)

(P11)

(P12)

(P13}

(P14)

{P15)

Process Water
FPeed Pump

Caustic Feed
Pump

#1 Redistribu-
tion Reactor
Feed Pump

$£2 pistillation
Column Feed Pump

#2 Distillation
Column Overheads
Pump

$#2 Distillation
Column Bottoms
Pump

#2 Redistribution
Reactor FPeed Pump

#3 pDistillation
Column Feed Pump

#3 Distillation
Column Overhead
Pump

#3 Distillation
Column Bottoms
Pump

24 Distillation

Feed Pump

TABLE Al.1l-6

Feed Process Water
to Waste Treatment

Feed Raw Material
to waste treatment

Feed TCS5 to Reactor

Peed TC5/DCS still

Provide Reflux and
Remove Overhead Product

Remove Bottoms Product
to TCS/TET storage tank

Feed DCS to Reactor

Feed Silane Still

Provide Reflux; Remove
Overhead Product

Remove Bottoms Pro—
duct to TCS/TET Tank

Feed TET Stripper

CASE 2

{continued)

48.6 gpm

1 gpm

79 gpm

76.6 gpm

37.3 gpm

66.7 gpm

13.4 gpm

12 gpm

9.7 grm

5.2 gom

1.6 gpm

Includes incremental higher cost for specizl purity reguirements.

B2.5 PSi; 4 BHP
118 pSI; % BEP

106 PSI; 8.4 BEP

92.3 PSI; 7.1 BHP

92.3 PSI; 3.4 BHP

106.3 PSI; 7.1 BPH

130 PSI; 1.7 BHP
87.3 Psi; 1 BHP

g7.3 PSI, 1 BEP

106.3 PsI; % BEP

77.3 pPSi,; ¥ BEP

CS*



gov

56.

57.

58.

59.

€0.

6l.

62.

64.

65.

{P16)

(P17}

{Prls)

(P19}

(P20)

(P21)

{p22)

{(r23)

{P24)

{c1)

44 Distillation
Column Overhead

Pump

£4 Distillation
Column Bottoms
Pump

24 Distillation
Condensate Re-
cycle Pump

Silane Product
Compressor

Waste Feed Pump

TCS Reactor Peed
Pump

#3 Distillation
Condensate Re-

cycle Pump

Waste Collection
Pump

Ahsorber Feed
Pump

#1 Distillation
Column

CASE A

TABLE a7.1-6

Frovide Reflux,
Remove QOverhead
Product

Remove Bottoms
Product to Absorber
Peed Tank

Recycle Condensate
back to #2 Redistri-
bution Reactor

Liquefy Silane for
Storage

Distillation Hastes
to Waste Treatment

Peed TET to Reactor
Recycle Condensate
back to #2 Redistribu-

tion rsactor

Distillation Wastes to
Waste Tank

Feed Cold TET to
Absorption Column

Separate TET from
TCS

(continued)
1 gpa 77.3 PSI; X BEP
1 gpa 91.3 PSI; k BEP
1 gpm 106.3 PSI; ¥ BHP
66 SCFH 250 PSIA Discharge

6.5 HP

1 gpm 76.3 PSI; XBEP
69 gpm 92.3 PSI; 6.4 BEP
5.9 gpm 92.3 P5I; ¥ BEP
1 gpom B7.3 psi; ¥ BHP
1 gpam 87.3 PSI; % BEP
95,220 1b/hr 7.5& f£f. diameter
of feed 100 £t. tall, 50 trays

co*



pO¥

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

(c2)

(C3)

(c4)

{C5)

(cs)

(r1)

(R2)

(R3)

(1)

{A2)

{a3)

£2 Distillation
Column

#3 Distillation
Column

£4 pistillation
Column

Silane Absorber

Charcoal Adsorber

TCS Fluidized
Bed Reactor

£1 Redistribu-
tion Reactor

#2 Redistribu-
tion Reactor

Fines Separator

Waste Treatment

Bydrogen Flare

CASE A

TABLE Al.1-6

Separate TCS from
DCS

Separate Silane from
other Chlorosilanes

Strip TET for use
in absorber

Absorb Chlorosilane
from Silane

Activated Carbon Adsor-

btion of Silane to re-

move Trace Chlorosilane

Produces TCS from
TET HM.G.Silicon, and
Hp

Redistribute TCS to
nes

Redistribute DCS to
Silane

Remove Silicon Fines
carried over with TCS
Reactor Off—gas

Discharge innocuous

effluent

Dispose of Hydrogen
from Waste Treatment

(continued)

48, 321 1b/hr
of fead

7344 1b/hr
of feed

1007.7 1b/hr
of feed

819.3 1b/hr
of wvapor feed

366 lb/hr of
vapor feed

10.6 ft. Diameter
136 ft. tall, 68 trays

2.01 £t. Diameter
29 ft. tall, 29 trays

1.04 ft. Diameter
28.5 £t. tall, 35 trays

0.823 ft. Diameter
12 £t. tall, 16 trays

1 ft. Diameter
7 £ft. tall {(2), 623 1bs
of carbon

6.26 ft. in diameter
26.5 ft. tall, 481 tubes

1", 16' long
2' Diameter by 15 ft. tall
1042 1bs catalyst

2.34"' Diameter by 35 ft.tall
1667.2 Ibs catalyst

Standard design
30" Diameter

1 ooluman for absorptioa

+ 1 heat exchanger to vapor-
ize feed

30 fr. stack
6" Diamater



CABE A
Tmm Al » 1"‘7

PRODUCTTION LABOR REQUIREBMENTS PFOR
8ILANE PROCRESS-CASE A

8killed Labor,Man Hours

S8aniskillaed Labor

Unit Operation Type Par Day Por 1b.Silana Per Day Pox lb.Silane
1. TC8 Production B 65 + 0085
2. Hydrogen Recycla c 18 0023
3. Raw Mataerial Vaporization ¢ 80 .0065
4., 'TC8 Condensation c 30 . 0085
5. 'I'C3/TET Separation c 62 .0081
6. #1 Redistribution c 49 , 0064
Reactor
7. DCB/TCS Ssparation C 52 0068
8. #2 Redistibuiton c 32 .,0042
Reactor
9, Silane Dietillation c 32 .0042
10. Silane Abgorption c 28 .0036
1l. Silana Purification A 36 .0047
{adsorption)
12, S&ilane compresaion B 23 .003
13, Silans Condensation . B 23 .003
14. Materials Handling A 48 .0063
15. Waste ‘freatmant B GO .0078
16. Silicon Mines Separation A 15 .002
TOTAL ;;;. 0776 48 73363
NOTES ; T
1. A Batch trovess «f Multiple Small Units
B Average Prouvess
c Automated Process
2. Man hours/day Unit from Figure 4~6, Peters and Timmaerhaus (7).

400



A1.2 8ilane Process - Case B

The ckemical engineering anslysis of the S8ilane Process -
Cage B (Minimum Process 8torage) involves a preliminary pro-
cess design of o plant to produce silane for silicon.

The Silane Process - Case B involves several processing
operations of hydrogenntion distillation, rediastribution,
distillation, redistribution reaction, stripping and absorp-
tion. The flowsheet roceived [Irom Union Carbide, upon which
the design is bueed, is shown in Figure A1.2-1.

A summation ol the important leatures ol CASE B is pre-
Bented in the following table:

CABE B
Proceds.. ... oo es s e veaereeeaB3ilane (Untron Carbide)
Plant Size.....covvviinvnn var et iaar s es-+1270 MT/yeur ol Silane
Process TFlow Sheet,..... e vesrsesrrerss. .Originnl Received from
Union Carbide
Procegs Chemistry & Equilibrium............... From Union Carbide
Intermediate Product Storage Considerations,..Minimum
Major Process Equipment....... .o nene, v .. 58 pleces of Process
Equipment

The resulis from the preliminary process design (CASE R)
are summarized in a tabular format parallel to those repre-
senting Case A, There tables are represented by the following
guide to enable the reader to quickly locate items of Interost.

Bage Case Conditton®. .o vineennn s Table A1.2-2
Roeaction Chemistiry........ h e e e Table Al.,2-3
Raw Material Requirement....... v....Table Al1.2-41
Utility Requirements. .. .ooovvny-. ... Tuble Al1.2-5
Major Process Equipment. veessa.s.Table Al,.2-G
Production lLabhor Hoqulromunts. ..... .Table A1.2-7

408
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TABLE Ai.2-1

CASE B

CHEMYCRI. ENGINEERING ANALYSES:

PRELIMINARY PROCESS DESIGN ACTIVITIES FOR SILANE PROCESS ~CASE B

Prel, Process Design Activaty

Specify Base Case Conditions

1.
2.
3.

Plant Size
Product Specifics
Additional Conditions

Define PReaction Chemistry

1.
2.

Reactants, Products
Equilibrium

Process Flow Diagram

1.
3.
4,

Flow Sequence, Unit Operations
Process Conditions (T, P, etc.}
Environmental

Company Interaction
(Technology Exchange)

Material Balance Calculations

1.
2,
3.

Raw Materials
Products
By-Products

Energy Balance Calculations

1.
2.
3.

Heating
Cooling
Additional

Property Data

1.
2.
3.

Physical
Thermodynamic
Additional

Ba.

10.

Prel. Process Design Activity

Equipment Design Calculations

1. Storage Vessels

2., Uanit Operations Bguipment

3. Process bData (P, T, rate, etc.)
4. Additional

List of Major Process Bguipeent
1, size

2. Type
3. HMaterials of Comstruction

Major Technical Pactors

(Potential Problem Areas)

1. Materials Compatibility

2. Process Conditions Limitations
3. Additiomal

Production Labor Reaquirements
1. Process Technology
2. Production Volwmme

Forward for Economic Analysis

0 Plan
@ In Progress
® Complete

Status



1.

2.

CASE B

TABm hl . 2"’2
DASE CASE CONDITIONS I"OR BSILANI PROCEEE~CASR B

Plant Bixe

= pllow for 10% losses of silane in production of siliocon
- 1270 matric tons/year of silane

- Bolar cell grads silicon

llydrogenation Reaction
~ Matallurgical grada silloon, hydrogan, to produce txichlorosilane (TCS)
make~up hydrogan chloride ussd and reoycla silicon tetrachloxide (TET)
- Coppar catalyszed
- Muidized bed
- 850°C, S0 PSIG
- 15,8% conversion of 8iCly {(Union Carbide flowshaat)
TC8 Redistribution Reaction
- I'C8 from hydrogenation produces dichlorosilane (DCE)
~« Catalytic radistributionoof TC8 with tertiary amine ion exchange rasin,
~ Liquid phase 50 PBIG, 80 C.
- Conversion a function of inlet concentration per Figura IIA-2
(Union Carbide aquilibrium)
- Conversion from pure TC8 fead is about 10% to DCS (example)
DC8 Radistribution Reaction
~ DCS produces 8ill, (silana)
- Catalytic r-dilgribution of BC8 with tertiary amine ion axchange resin.
-« Gas phasa 60-80°C
~ Conversion a function of inlet concentration per Pigure IIA4.)}
(Union Carbide aqguilibrium)
- Conversion from pure DCS faoed ir about 1l4% to S8ilane (axampla)
Recyclas
- Unreacted chlorosilanas separated by distillation and recycled

Silane Purificatien o
= Chlorosilanes removed by absorption in -407C SiCl, (Tet)
- Trace contaminants ramovad by carbon adsorption

Oparating Ratio
- Approximately 90% utilization
-~ hpproximately 7880 hour/year production

Storage Considerations

- Feed materials {two waaek supply)
- Product (two week supply)

- Process {(several days)

408



CARE B

TABLE Al.2-3

REACTION CHEMISTRY FOR BILANB PROCESS - CASE B

1. Hydrogenation Reaction

3 B.’LC].4 + 8L 4 2H, 2 484NCL

2

+ 8icl

a liHCl3 b 81H2C1

2 4

3. Dbighlorosilane Redistribution Raaction

Distillation . : ‘
3 8imcl, ) 281HCL, + Sil,

Note

1, Raaction 1 Product contatns Hz, Sicl4, SiHClB, SiH2c12 {trace),
othar tracs chlorides

2. Reactlon 2 Product contains SiHcla, SiClq, 8iH 012' SiHSCl

2

3. Raaction 3 Product contains SiH,ClZ, SiHcla, Siclq, SiHacl, siH4

410



CAgE B

TABLE Al.2-4

RAW MATERIAL REQUIREMENTS FOR SILANE PROCESS-CASE B

Requirement
Raw Matarial 1b/1b of Silane
1, Anhydrous HCl 1,239
2. Hydrogan 362
3. Caustic (50%) 2.448
4, M.G. 8ilicon 1.11

411



2.

casE B

TABLE Al,3-5

UTILITY REQUIREMENTS PFOR BILAME PROCESS - CASE B

Utility/Function

Blactricity
1. All pump and Compressor
Motors (16)

Staam 250 Paia

1. #1 Distillation Column Prehaatar

2, #1 Distillation Column Reboller

3. #2 Distillation Column Rsboller

4., #2 Redistribution Reacotyr Prehaater
8, #3 Distillation Column Raeboilar

6. #4 Distillation Column Reboiler

7. Waste Treatment

Cooling Water (10-120°r)
1, #1 pistillation Column Condenser
2. #2 DRistillation Column Condensaer

Process Water (90°F)
1. Wasie Traatment

Refrigerant (~20°F)
1. #3 Distillation Column Condenser
2. #4 pistillation Column Condensar

Refrigerant (-30°F)
1. TCS Reactor Recycle Gag Condansar

Refrigerant (~40°F)
1. Silane Product Storage

Refrigerant (-50°F)
1. Product Silane Condenser
2. Absorbent Cooler

High Tenmperature Heat Exchange Pluid

1. TS Reactor Recycle Gas Heater

2. HCY Vaporizer

3. Tet Vaporlzer

4. Heat Nitrogen to Reganerate Char.
Adsorbers

5. TCS Reactor

412

Raquirements/lb of 8ilane Produgt

+212 KW-HR
«212)

186.72 los

(6.96)
{(81.18)
(91.77)
(3.0)

{3,29)
{0.41)
{0.11)

168.12 gallons
(146.12)
{22.09)

8.22 gallons
(8.22)

2303.2 BTU
{2058.0)
(245.2)

36788.0 BTU
(30788.0)

25,26 BTU
{25.26)

517.2 BTU
(137.9)
(379.3)

3,324 x 104 BTU
(6.591 x 10°)
{(4.46 x 102)
(2.464 x 109

(70.95)
{1.491 x 103



GCASE B

TABLE Al.2-5 {Continuad)

Utility/Funation Requiraments/lb of 8ilans Product
10, Nitrogen 5.8%4 acr
1. Regaenarate Charaoal Adsorbars (5.54)

413



(T1)

(T2)

(T3)

(T4)

(T5}

(T6)

(T7)

(T8}

(T9)

Type

M.G. Silicon
Storage Bopper

Hydrogen Storage
Tank

Ligquid HC1
Storage Tank

Recycle TET
Storage

TCS Reactor Off-
Gas Flash Tank

TC3,/TET Storage

#1 Distillation
Column Condensate
Accumulator

#2 Distillation
Column Condensate
Accumulator

£#3 Distillation
Column Condensate
Accumulator

CASE B

TABLE al.2-6

LIST OF MAJOR PROCESS
EQUIPMENT FOR SILANE PROCESS — CASE B

FPunction

Raw material Storage

Raw Material Storage

Raw Material Storage

For TCS REactor Peed

Phase Separation

Feed Distillation
Colum £1

Reflux feed; column
Control

Refiux feed; columm
Control

Reflux feed; phase
Separation; column
control

Duty

2 weeks storage

8 hours backup for
pipeline failure

2 weeks storage

1 day storage

1 day hold-up

20 minutes hold-up

20 minutes hold-up

20 minutes hold-up

Materials
Size of Constroction
1.363 x 10% galloes Cs
9.161 x 10% galloms cs
250 ESIA (spherical)
1.612 x 104 galloms Mickel Steel
250 PSIA, -50°F
{spberical)
9.922 x 10 galloms cs
65 PSIA
1 ft. diameter by 4 ft. Cs
long, 65 PSIA, O°F
65 PSIA
1.966 x 10° cs
65 PSIA
4.88 x 10° galloas cs
65 PSIA
746 gallons SS
65 PSIA
194 gailoms 55

5°F. 60 PSIa



10.

11.

12.

13.

14.

STV

16.

17.

18.

i9.

20.

(T10})

(T11)

(T12)

(T13)

{H1)

{H2)

(H3)

(04}

(H5)

(16)

(H7)

#4 Distillation
Column Condensate
Tank

Waste Tank

Silane Storage

Caustic Storage

TCS Reactor
Recycle Gas Heater

HCl Vaporizer
TET Vaporizer
TCS Teactor Re-

cycle Condenser

#1 Distillation
Column Preheater

#1 Distilllation
Column Condenser

#1 distillation
Column Reboiler

Reflux feed; colwmm
control

Collect waste for
Treatment and disposal

Final Product Storage

Raw Material Storage

Heat Recycle gas and
Hydrogen to 550°C

Heat Reactant to
550°C

Heat Reactant to
550°C

Phase seraration;
Recycle hydrogen

Preheat distillation
feed to bubble point

Provide Reflux to
Columm

Provide vapor to
Column

CASE B

TABLE al1.2-6

20 minutes hold-up

2 week storage
2 days storage
8.97 x 103 BTU/Hr
2 weeks storage

2.342 x 105 BTU/hr
1.587 x 10° BTU/hr
8.755 x 10% BTU/hr
1.094 x 107 BTU/hr
2.044 x 105 BTU/hr
1.296 x 107 BTU/hr

2.382 x 107 BTU/hr

{Continued)

18 gallons
50 pPsia, -7°F

1.378 x 10%galions
65 PSIA

4.349 x 103 gallons
-40°F, 250 PSIA

2.304 x 10% gallons

752 £t2
65 PSIA

34 FPt2
65 PSIA

2381 f£t2
65 PSIA

1882 £t2
65 PSIA

164 fr2
250 PSIA

3189 f£t2
65 PSIA

2818 £t2
250 psia

Cs/Ss



22.

23.

24.

28.

29.

30.

31.

{H8)

(H9)

(H1G)

(H11)

{H12)

{(H13)

(H14)

{H15)

{(H#16)

(H17)

{P1}

§2 Distillation
Column Condenser

#2 Distillation
Column Reboiler

#2 Redistribution
Reactor Feed
Vaporizerxr

#3 Distillation
Column Condenser

#3 Distillaticn
Column eboiler

S5ilane Condenser
#4 Distillation
Column Condenser

#4 Distillation
Column Reboiler

Absorber Pre-
cooler

Nitrogen Heater

TCS Reactor OffF
Gas Recycle Com—
pressor

Provide Reflux
to columm

Provide Vapor
to column

Vaporize Reactants
for Reactor

Provide Column Reflux

{Partial Condenser)

Provide Vapor to
Column

Condense . Pinal Pro-
duct for storage

Provide Reflux

Provide Vapor to
Column

Cool TET for absorp-—
tion column

Heat Nitrogen to re-
generate Charcoal
Adsorbers

Circulate Recycle
Gas to Reactor

CASE B

TABLE al.2-6 (Continuned)

1.96 x 10° BTU/hr
2.653 x 10’ BTU/hr

8.81 x 10% BTG/hr

7.312 x 10° BYU/hr
9.64 x 10° BTU/hr
4.9 x 104 BTU/hr
8.71 x 10% BTU/hr
1.2 x 103 BTU/hr
1.35 x 103 BTU/hr

2.52 x 10% BTU/hr

1.36 x 103 SCFM

956 ££2
65 PSTA

2514 £t2
250 PSIA

78 ££2
250 PSIA
593 £t2

60 PS5IA

g4 £t2
250 PSIA

53 ft2
250 PSIA

84 £t2
50 PSIA

13 ££2
250 PSIA

35 £r2
60 PSIA

14.1 £t2

26.5 Borsepower
75 PSIA Discharge

CS/SS

CS/SS

Cs/s8

Cs/8S8

Cs/58

CS/58

CS/5S

Cs/ss



32.

33,

34.

35.

as.

39.

40.

*

(r2)

{(P3)

(P4)

(P5)

(P6)

(77)

(P8)

(P9)

(P10)

#] Distillation
Column Feed Pump

#1 Distillation
Column Overheads

Pump

#1 Distillation
Column Bottoms

Pump

Process Water
Feed Pump

Caustic Peed

#2 Distillation
Column Overheads
Pump

#2 Distaillation
Column Bottoms
Pump

#3 Distillation
Column Overhead
Pump

#3 Distillation
Column Bottoms
Pump

-

Feed Column

Provide Reflux and

remove overhead
product

Remove Bottoms

Product to TET storage

tank

Peed Process Water
to Waste Treatment

Feed Raw Material

Provide Reflux and

CASE B

TABLE Al.2-6

136.5 gpm

244 gpm

69 gpm

48.6 gpm

1 grm

37.3 gpm

Remove Overhead Product

Remove Bottoms Product

66.7 gpm

to TCS/TET storage tank

Provide Reflux; Remove

Overhead Product

Remove Bottoms Pro-
duct to TCS/TET Tank

9.7 gpm

5-2 gpm

.Continued)

Includes incremental higher cost for special purity requirements.

106 PSi; 14.5 BIP

92.3 P8I; 22.5

106 PsSi, 7.3 BEP

B82.5 PSI; 4 BHP

118 PSI; 1/4 BEP

92.3 PSI; 3.4 BPH

106.3 PSI; 7.1 BPH

87.3 PSI; 1 BHP

106.3 PSI; 1/2 BHP

CSx



8L

il vF11)

42, {P12)

1" 213)
4. pl4)
45. (P15)
1% P1R}
7. Ty
e, (c2)
49. '73)
50, (C4)
5i. CS)

* Includes

#4 Distillacion
Columar: Overhead
Pump
£#4 Distillation
Column Bottoms
Pumy

Silane Product
Tompre<cor

Waste Fead Pump

TCS Peactor Reed

#1 Di-+illation
Column

#2 Distillation
Column

#3 Distillation
Column

#4 Distillation
Column

S51ia:.e Absorber

TABLE Al.2-6

Provide Reflux,
Remove Overhead
Product

Remove Bottoms
Product to Ahsorber
Feed Tank

Liquefy Silane for
Storage

Distillation Wastes
to ¥Waste Treatment

Feed TET to Reactor
Distillation Wastes to
Waste Tank

Separate TET from
TCs

Separate TCS from
bDCs

Separate Silane from
other Chlorosilanes

Strip TET for use
in absorber

Absorb Chlcrosilane
from Silane

CaSE B_

{Continuved)

1 gpm

%

66 SCPM

1 gpm

69 gpa

1 gpa

94,220 1b/

= F
O T

48,321 1bh/hr
of feed

7344 1b/hr
of feed

1007.7 1lb/hr
of feed

819.3 ib/hr
of vapor feed

incremental higher cost for special purity requirements.

77.3 PSi; 1/4 BEP

91.3 PSI; 1/4 BHP

250 PSIA bischarge
6.5 BP

76.3 PSI; 1/4 BHP

92.3 PSI; 6.4 BEHP

87.3 PSI; i/4 BuP

7.56 £t. digmeter

10C ft. tall, 50 tr /s

10.6 ft. Diameter
136 ft. tall, 68 trays

2.01 £t. Diameter
29 ft. tall, 29 trays

1.04 £t. Diameter
28.5 £t. tall, 38 trays

0.823 ft. Diameter
12 ft. tall, 16 trays



61r

52.

53.

54.

55.

56.

57.

58.

(Ces

(R1)

(rR3)

{al)

(aZ)

{A3)

Charcoal hdsorber

TCS Fluidized
Bed Reactor

#1 Redistribu-
tion Reactocr (2)

#2 Redistribu-
tion Teactor (2}

Fines Separator

Waste Treatment

Hydrogen Flare

Activated Carboa Adsorb-
tior. of Silane to remowve vapor feed

Trace Chlorosilane

roduces TCS from
TET,M.G. Silicon, and
Hp

Redistribute TCS to
DCs

Redistribute . to
Silane

Remove Silicon Fines
carried over with TS
Reactor Off—gas

Discharge inno:ruous

efflvent

Dispose of Hydrogen
from Waste Treatment

TABLE a1.2-6 (Continued)

366 1b/hr of

1 ft. Diameter
7 ££. tall (2), 623 lbs
of carbon

6.26 ft. in Dizamester
26.5 ft. tall, 481 tuvbes
1%, 158" long

2' piameter by 15 f£t. tall
10£2 1be catalyst

2.34' piameter by 35 ft.
tall 1667.2 ibs catalyst

Standard desion
30" Diameter

1 colem for adsorptiom

+ 1 heat exchanger to vapor-

ize feed

30 £+. stack
6" Diameter



CRRE B
TABLE Al.2-7
PRODUCTION LABOR REQUIREMENTEZ FOR
SILANR PROCRF8S ~ CABE B

gkilled Labor, Man iHours

Unit Operation Type Por Day Per lb, Silane
1. TC8 Production B -1 , 0085
2, Hydrogen Racycle c 18 .0023
3. Raw Material vaporixation c 50 . 0085
4, TCS Condensation c 50 L0065
5. TCB/TET Separation C 62 ,00B1
6. #1 Redistribution ¢ 49 . 0064
Rsactor
7. DCS/TCS Separation ¢ k2 . 0068
B. #2 Redistribution c 32 .0042
Reactor
9., BSilane Dirtillation C 32 .0042
10, 8Silane Absorption C 28 .00306
11. silane Purification n 36 .Q047
{adsorption)
12, 8ilane compression B 23 ,003
13, silane Condensation B 23 .003
14. Materials Handling A 48% LO0R3*
15, Waste Treatment B 60 .0078
16, Silicon Fines Separation A 15 , 002
TOLAY 495 0776
NOTNe: o
1. A Batch Process of Miltiple Small Units
B Average Process
¢ Automated Process
2. Man b oegra day et freswe 1gqgqure 4et, Petor, ood rimmerhaus (7).,
kegemi gy

420



Al.3 8ilane Procoess - Case C

Initin]l results for the Silane Process (Cagea A and B) were
marginel and indicated process roevisions wero warranted.

Based on these initial findinga, Union Carbide engineering,
regearch development personnel revised their {lowsheet for
a more optimum arrangement of major process equipment, raw
material requirements and operating conditious., A joinc meeting
with Union Carbide and Lamar was conducted in late January
(1978) for initimrl review of the revised flowsheet anc poten-
tinl lower plant capitrl inveatmenlt and lower product cost
for silane production.

In the revised silane process, the silicon tetrachloride
is hydrogenated in a fluidized bed of silicon which ig cata-
lyzed by copper. The hydrogenation reaction is conducted at
a higher pressure Lhan originally proposed to ihcrease the
yield of derireable trichlorogilane. The gas leaving the fluid-
izad bed remctor is cooled and condensed to recover the liquid
chlororilanes, The hyrdrogen is recycled.

The condensed liquid chlorosilanes are separated by dis-
tillation. The inerts (dissolved gases) are removed in Lhe
initial distillation column. The remaining distillation c¢col-
umng separate the liquid chlorosilanes into primarily s.licon
tetrachloride, trichlorogilane, dichloroei{lane and silane.

The silicon tetrachloride Is recycled back Lo the hydrogena-
tion reactor. The trichlorosilane and dichlorosilane are

gent to the redistribution reactors for rearrangement of chlo-
rine/hydrogen bonds Lo s8ilicon., The Tinal redistribution
roactor produclt is sent to the silance distillation column.

The silane i8 removed from this digtillation and sent to sili-
con production,

Chemical engineering analysis results for the Silane Pro-

cess - Case C (Revised Process) are glven in Section 3.3- UCC
Silane Process lor Silicon (Unfon Carbide Corporation).
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A2, ADDITIONAL ECONOMIC ANALYSBIS

A2.1 Silane Process - Case A

The economic ananlysis activity for the Bilane Procoess
-Case A (Regular Process Storage) involvea n cost analysis
to produce silane for silicon. Primary results issuing from
the economic analyziz include plant capital investment and
product cost which are useful in Ildentilication of thome pro-
cesges showing promise for meeting project cost goals,

The cost analysis results for producing =ilane by the 8Si-
lane Process - Case A are prosented in Table A2.1-1 including
costg lor raw materials, labor, utllities and other items com-
posing the product cost (total cost of producing silircon).

The tabulation summnrizes all of theze ltems to give a total
product cost without profit of $8.55 (1875 dollars) and $7.77
(1980 dotlars) per 1b of milane. This product cost without
profit includes direct manufacturing cost, indirect manulac-
turing cosat, plant overhead and general expenses. These re-
sults, when expreesed in terms of silicon contained in the

gilane, correspond to $13.904 (1978 dollars) and 319,53
(1980 dollaru) per kg of s8ilicon.

This cost results for the Silane Process - Cuse A indicate
that this new technology for producing silane for silicon is
marginal. Revisions are warranted for meeting the cosgt goal
of $14 per kg of rilicon material (1980 dollars) for solar
cells,

The detailed results for the economic analysis are presented
in a tabulnr format to make it sasier Lo locale coat {tems of
gspecific interest. The guide for the tabular format is given

below:
Preliminary LEconomic Analysis Activities..Table A2.1-2
Procers Design Inputs. ..o cvvie v cn v Table A2.1-3
Bagse Case Conditions.......vv.v.vs..ve... Table A2,1-4
Raw Materinl Coat.. vt rvvnnerrnnnn vesaa.Table AZ2.1-5
Utility Cost...... e e e e e Tuble A2.1-8
Major Process Equipment Comst.... ..... ...Table A2.1-7
Production Labor Cost...... e e e e Table A2.1-8
Plant Investmentl. . ..o rvnne. vrnne v on. Table A2.1-9
Total Product Cost..... . Table AZ,1-10
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1.

2,

4,

5,

TABLE A2.1-]

BETIMATION OF PRODUCT COBT FOR BILANE PROCESS - CABR A

Direct Manufacturing Cost (Direot Comts)......
Raw Matarials

Direct Oparating Labor

Utilities

Suparvision and Clerical

Maintenance and Repairs

Oparating Bupplias

Laboratory Charge

Indirect Manufactuing Cost (PFixed Cost).......
Dapraciation

Local Taxes

Insurance

plnnt ovcrlioadl.il.OIlll‘I"ll'lt'.lll!.‘l.ill
Gﬂnﬂral Expan.o'iil.l.ll.Q!‘ltlrlllllllltilil'
Administration

Distribution and 8alas
Rossarch and Developmaent

Product Cost Without Profitescvenssvsosensnnss
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Cost Cost
$/1b of Bilane $/1lb of Bilans
(1975 dollars) (1980 dollars)

3.0 4,68
0.89 1.25%
0. 60 .84
0.72 1.01
5.58 7.7



4

CASE A

ECOMOMIC ANALYSES:

SRELIMINAFY ECONOMIC ANALYSIS ACTIVITIES POGR SILANME PROCESS
CASE A

Frel. Frocess Zconomi: Astivity

Process Design Inputs

1. Raw Material Requirements
Z£. Ttility REequUiremEn.s

3. Eawipment oist

4, Libor Requirements

Zrecify Base (Cas= Conditions
1. Base Year for Costs

2. BAprropriata Indice: for Costs

3. Add.tiona.

Raw Material osts
1. Base Cout,ib. of Material

Z. Material Cosc/ ib o’ Silane
3. Total ~ozt/1b »7f S:lane

Utility Costs

. Base Ccst for Eazrm ‘Jtility
. tilitv Cost/lk f Silane
. Total Zosc/lb of Silane

a WY e

Major Process Equipment Costs
1. Indivi.sal Equpment Cost
2. Cost Index Adjustment

o s &9 . 5 o

Prel. Process Economic Activity

Production Labor Oosts

1. Base Cost Per Man Hour
2. Cost/1h Silane Per Area
2. Total Cost/1b Silame

Estimation of Plant Investment

1. Battery Limits Direct Costs

2. Other Direct Costs

3. Indirect Costs

4. Contingency

5. Total Plant Investment
(Fixed Capital)

Estimati.n of Total Product Cost
1. Direct KMemufacturing Cost

2. Indirect Manufactuoring Cost
3. Plant Owerhead

4. By-Product Credit

5. Ceneral Expenses

6. Total Cost of Product

0 Plan

& In Progress
9 Comolete
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TABLR A2.1-3

PROCBSS DESION INPULS POR
SILANE PROCBES - CASE A

Raw Matarial Reguirements
~-M.G. 8iligon, anhydrous HCl, caumtic, hydrogan.
~sas table for "Raw Material Cost"

Utility
-alectrical, steam, cooling wataxr, ata.
~goa table for "Utility Cost"

Bguipment List

=76 piaces of major procsss aquipment

-process vassals, heat axchangsers, reactox, ato.
-sa0 table for "Major Process Equipment Cost"

Labor Requiraments
-production labor for purification, vaporization, produot handling, eto.
-gsaa table for "Production Labor Coat"
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CASYE A

TABLE A2,1-4

BASE CASE CONDITIONS FOR
SILANE PROCHSS-CASE M

Capital Bquipment

~January 197% Cost Index for Capltal Bquipment Cost
-January 1974 Cost Index Value = 430

Utititing

«Rlaotri~al, Steam, Cnoling Water, Nitroden

«Janvary 1975 Conl Index (U.». Dupt. Laboi;

~Values determinad by literature search and summarisged in cost
gtandardization work

Paw Mataerial Coant

~Chemical Marketing Reportuor
~January 1975 vValue
~0Othar Sou.-ces

Labor Cust

=hveraga for chemieal Tarralesum, Con' and All+vad Indugtvier (19785)
=5lrilled $6.90/hr
~femigki'led $4.90/hr

Update to 1980
hirterically cite 1975 dollars (LSA project)
il dacipion to crange to 1980 Aollars (JPL, ©/22/79)

-v purte to reflect both 1975 anu 1980 dollars (JpL, 6/22/79)
-inf aticn factor of L.4 to be usad (JPL, 6/22/19)
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CASE A
TABLE AZ2.1-3

RAW MATERIAL COST FOR SILANE PROCESS ~ CASE A

Requirament $/1b of Cost £/1b
Raw_Material lb/1b of Silana Material off gilane
l., HCL 1,239 .10 .12
2. Hydrogen .362 .96 ,358
3. Caustic (50%) 2.448 .0382 .09
4. M.G. Silicon 1.1l +454 . 50

1.06 (1975 dollar.)
x 1.4 inflation
1.48 (1980 dollars)

427



TABLE Ad.l-o

UTILITY COBT I'OR SILANE PROCLSE ~-CASE A

Raquiremant/1lbh Coab of Cost $/1h

Otilicy .oy 8ilane Utiltity of gilana
1. rleetrliety .253 Rw=Hr $.03/KW hr .0076
2. Steam 190.34 Ik 1.28/M )b L2379
3 tauling Vatern 168.17 gull na ™M1 gal L0134
4. Process water 8.22 gallons .35/M gal L0029
5. Roefrigerant (23°F) 27 1 RTU a7 /MM e . 0001
6. Refrigevant (5"F) 79.1 #TU IS o B . 0005
7. Refrigevant (-7°F) 26,4 BTU 7.50/MM BTU . (002
8. Refrigerant (~20°F) 2.3 M BTI! K., 70/MM BTU . 0200
a Rafrigerant ( 1°F) 30 3 ¥ BTl o), MM R L2an?
17. wefrigerant (-40°F) 59 pr L0, o0 /MM BT ., 0039
11. Refrigerant (-50"F) 3.5 MBYU V1.4, MM BT, . 0400
17, High Tamperalurs Heat 3.324 x ¢t B .0 MM BYU .099

% h .nge Mluid
13, Miutrcegan 5.04 8Cv LU M SUR _s0028

,724 (1975 dollars)
% 1.4 inflation
1.01 (1930 dollars)
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10,
11.
12.
13.
14.
15,
16.
17.
18.
1¢9.
20.
21.
22.
23.
24.

25,

(T1)
(T2)
(1T3)
(T4)
(T5)
(T6)
(17)
(T8)
(T9)
(T10)
(T11)
{(T12)
(T13)
(T14)
{T15)
{T16)
(T17)
(T18)
(T19)
(T20)
(T21)
(H1)
(H2}
(H3)

(H4)

CABR A

TABLE AZ,1-7

PURCHASED COBT O MAJOR PROCESS RQUIPMENT POR

SILANE PROCESS "CASE A

mggimmunt

M.G. 8ilicon Storage Hopper

Hydrogan Btorage Tank

Liquid HCl Storags Tank

Recycle TET Storage

TCS Reactor Off-Gas Flash Tank

TC8/TRET Btorage

#tl
#l

#l

#2

#3

#3

#4

#4

#4

Digtillation Column Condensate Accumlatoxr
Redisiribution Raactor Fasd Tank
Redistribution Reactor Product Tank
Distillation Column Condensate Accumulatox
Redistribution Reactor Faed Tank
Redistribution Reactor Product Tank
Distillatlion Column Condensate Accumulator
Pistillation Column Condensate Tank
Distillation Column Feed Tank

Distillation Colwmn Condensate Accumulator

Distillation Column Condensate Tank

Waste Tank

Absorber Feed Tank

S5ilane Storage

Caustic Storage

TCS Reactor Recycle Gas Heater

HCl Vaporizar

TET Vaporizer

TCS Reactor Recycle Condenser

Purchasad Cost, 31000

12,08
179.12
95.27
14,4
0.71
214.4
8.51
241.99
24B.0
7.37
76.03
221.17
2.76
147.44
53.45
2.76
4.1
17.01
16.59
255.9
92.15
8.12
1.15
18.48

g.e8



a6,
27.
8.
9.
30.
31.
32.
33.

34.

a6,
37.
38,
39,
40.
41.
42,
43.
a4.
45,
46.
47.
48.
49,
50.
51.

52,

(H3)
{(116)
(17)
(H8)
(19}
(H10)
(H11)
(H12)
{1113)
(H14)
{115)
(H16)
(H17)
(H18)
(H19)
(Pl)
(P2)
(r3)
(p4)
(P5)
(P6)
{r7)
(PB)
{17
(P10)
(P11)

(P12)

CASE A

TABLE p2.1-7 (continuaed)

#1 Distillation Column Prahsater
#1 Distillation Column Condansoxr
kL Divtillation Column Reboller
#2 Dimtillation Column Condenser

$2 Distillation Column Rehoilaer

fi2 Redistribution Reactor PFaed vaporiszaer

2 Redistribution Reactor Produclt condenser

#3 Distillation Column Praheatsr

#3 Distillation Column Condenser

#3 Distillation Column Reboiler
8ilane Condenser

#4 Distillation Column Condenser

#4 Distillation Column Reboiler
Absorber Pre-cooleyr

Nitrogen Heater

TCS Reactor Off-gas Recycle Compressor
#l Distillation Column Feed Pump

#1 Distillation Column Overheads Pump
#1 Distillation Colum Bottoms Pump
Procesr Water Feed Pump

Caustic emed Pump

#1 Redistribution Reactor Fead Pump
#2 Distillation Column Feed Pump

2 Digtillation tvolumn Overheads Pump
#2 Digtiltlation Column Bottoms Pump
#2 Kedistribution Reactor Feed Punp

#3 pDistillation Column Feed Pump

430

3.24
21.4
23,7
21.08
21.16

3.67

8.62

2.86
14,95

3,88

2,29

3.48

1.33

1.79

.92
35.1

5.03

6.04

3.59

2,87

1.28

4.02

3.59

2.5%

3.59

2.09

1.77



CARF A

TABLE a2,1-7 {(continued)

83, (P13) #3 nistillation Column Qvarhsads Pump 1.77
84, (P14) #3 Distillation Column Bottoms Pump 1.47
58, (P15]) #4 Distillation Column Fasd Pump 1.23
56, (P16) #4 Distillation Column COverheads Punyp 1.23
87. (P17} #4 Distillation Column Bottoms Pump 1.23
58, (Pl8) #4 Distillation Condensate Recycls Pump 1.23
59, (’19) Silane Product Comprassor 17.5%
G0. {(P20) Waste Feed Pump .62
61, (P21) TCS Reactor Feed Pump 3.31
62, (P22) #J3 Diu lation Condensate Recyclae Pump 1.47
63. (P23} Waste Collection Pump .62
64, (P24) Absorber Feed Pump 1.23
65, (Cly #1 Digtillation Column 100.66
GG, (C2) #2 Diatillation Column 21i4.08
67. (C3} #3 pistillation Column 40.19
68. (Cc4) #4 pistillation Column 21.14
59, (c5) Silane Absorber 15.00
70, (¢6) Charcoal Adsorber 18.0
71, (R1) TCS Fluidized Biud Reactor 155,06
72. (R2} &1 Redistyribution Reactor 13.26
73. (R3) #2 wedistribution Reactor 33.14
74, (Al) Tines Separator 2.0
75. (A2] Wasto Treatment 18.72
76. (MW} Hydrogen Flare 0.10

TOTAL PURCHASED EQUIPMENT COST $3079.31 (1975 dollars)
x 1.4 inflation
4,311.03 (1980 dollars)
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CASE A

TABLE 32.1-8

PRODUCTION LABOR COST FOR EILANR PROCBEBE - CASE A

Unit Operation

1. TCS Production
2. Hydrogen Recycle
3. Raw Material Vaporization
4. TCS Condensation
5, TCS/TET Separation
6. #1 Mediatribution Reactor
7. DCS/ICS Separation
8. #2 Redigtributinn Reactor
9. Silane Distillation
10. Silane Absorption
11. Silane Purification(Adsorption)
12. Silane Compresagion
13. Silane Condensation
14. Materials Handling
15. Waste Trratment
16, sSilicon Fines Separation
NOTES

Skilled Labox
Man-Hrs/1lb g£ilane

.0085%

0033

. 0065

.0065

0064

.0068

0042

L0042

0036

0047

.002

.003

LLOGAR

uu7a

02

Cosgt
$/1lb of Silane

, 05865
.01587
. 04485
. 04485
05589
.044l1n
04692
. 02894
. 02898
. 02484
.03243
L0207

L0207

.03087
. 05382
L0138

$.5663 (1975 dollary)

x 1.4 infletion
<7928 (1980 dolliar:)

Based on labor costs of $6.90 skilled, $4.90 semiskilled.

* Semiskilled Labor
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ESTIMATION OF PLANT INVESTMBNT FOR 8ILANE PROCRESS - CASE A

X,

la.

2,

da,

3.

DIRECT PLANT INVESTMENT COSTS

1. Major Procvss Equipmnt Cost

2, Installation of Major Process Dguipment
3, Vrocess Pipiny, Installed

4, Instrunmentation, Installed

5., Elactrical, Iinstalled

&, Pyroosss Puildings, Installed

SUBTOTAL FOR DIRLCT PLANT INVESTMENT COSTS
(PRIMARILY BATTERY LIMIT I'ACILITIES)

OTHER LIRECT PLANT INVESTMENT COSTS

l. Utilicies, Installed

2. General Services, Sito Developmant,
Flre Protection, etc.

3. General Buildings, Offices, Shopa, otc,

4. PReceiving, Shipping Facilities

SUNTOTAL FOR OTHER DLIECT PLANT INVESTMUNT COnTs
(PRIMARILY OFFZITE FACILITIES OUTSIDE BATTERY LIMITS)

TOTAL DIRECT PLANT INVESTMENT COST, la + la
INDIRECT PLANT INVESTMENT (OSTS

1, Engineering, vverhead, otc,

2, Normal Cont, for Floods, Strikes, etc.
TOTAL INDIRECT PLANT INVESTMENT COST

TOTAL DIRECT AND INDIRECT PLANT INVESTMENT
CosT, 3 + da

OVERALL CONTINGENCY

PIXED CAPITAL INVESTMENT FOR PLANT, 5 + 6

433

Investment
£1000

$3079,31
1324.10
227a8,.49
585.07
307.93
307.93

7883.03

1478.07
369.52

431.10
646,66

29285, 35

10808. 38

1693.62
2186, 31

3879.91

14588, 31

4406.49

19094.80
X 1.4
26732.72

(1975 dollars)

inflation

(1980 dollara)



1,

.

CASE A

TABLE A2.1-10

ESTIMATION OF TOTAL PRODUCT COST FPOR SIIANE PROCESS~ CASE A

Diract Manfacturing Cost (Direct Cliarges)

1, Raw Matariala~ from prel. design

2, Direct Operating Labor- from prel.

daslgn
3, Utilitles-from prel, design
4, Supervision and Clerical,
5. Maintenance and Repairs,

6. OQOperating Supplies,

7. Laboratory Charge,

8. Patants and Royaltiaes,
cogts

Indiract Manufacturing Coat (Fixed Charges)

1. Depreclatlon
2. Local Taxes
3, Insurance
4, Intaerast

Plant Ovaerhead

By-Product Credit- from prel. design

Total Manufacturing Cost, 1 + 2 + 3 + &

GCenaral Expenses

1. Administration,

2. Dlatributien and Sales,
cost

3. Research and Development,
cost

Total Coat of Product, 4a + 5
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$/1p of silane

1.06
5663

.724
.085
.6B82

136
,0835

.

682
.136
,068

—

.595

4,819

.289
. 289

»145

5.55 {1975 dollaxg)
x 1.4 inflation
7.77 {1980 dollars)



A2.2 Bilane Process - Case B

The economic¢ analysis setivity for the 8ilane Proceas
~Cage B (Minimum Process Storage) involves n cost analysis
to produce silane for gilicon. Primary resultr issulng from
the economic analysie include plant capital investment and
product cost which are uaeful Iln identification ol those pro=-
-agues showing promise for meeting project cost gonls.

The cort anulysis results for producing silane by the Si-
lane Process - Case B are presented in Table AZ.2-1 4‘ncluding
costs lor raw meterials, labor, utilities and other items com-
poging the product cost (total cost of producing silicon).

The tabulation summarizes all of these items to give & total
product cost without prolit of $4,.58 (19875 dollars) and $6.41
(1880 dollars) per 1b of silane, These results, when ox-
presgsed in terms of silicon contained in the silane., corres-

pond to $11.53 (1875 dollars) and $16.12 (1880 dollars) per kg
af gilicon.

These cost resulis for the Silane Process-Case B indicete
that this now technology for producing silane for silicon is
marginal. Revistions are warranted for meeting the cost goal
of $14 per kg uf silicon materinl (1980 dollars) for solar
cells,

The detailed results for the economic analysils are presented
in a tabular format to make it easier to locate cost items of
gpecific interest. The guide for the tabular format is given

below:
Preliminary Economic Analysis Activities. . Table A2 2-2
Process Desipgn Inputs......... e e e e Table A2,2-3
Base Cuase Conditions., . ... .. i i i it e s v v Tanle AZ2,.2-4
Haw Marervigl Cost.. ... e e e e e Table A2.2-5
Utidtty Comt, . i e i i s it v eann s ans Table A2.2-6
Major Process Equipment. ... ..oevev.n. eis..Table A2.2-7
Production Labor Cost, . ........... cevrva..Table A2.2-8
Plant Investment . ... .. i et s s ..Table A2,2.9
Total Product Cost .. e n i i it in s cn s s enu Table A2,2-10
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TABLE A2.2-1
BETIMATION OF PRODUCT COSY FOR BILANE PROCESS -~ CABE B
Cosat Cost

8/1b of Bilane $/1b of 8ilane
{1975 dollars) {1980 dollaxrs)

Direct Manufacturing Cost (Diract CostE)...... 2.95 4.13
Raw Mnterials

Diract Opsrating Laboyr

Utilities

Suparvision and Clarical

Maintenance and Rapairs

Operating SBupplies

Laboratory Charge

Indirect Manufactuing Cost (Fixed Cost)....... 0.52 0.73
Dapreciation

Local Taxes

Insurance

Plant Ovarh'aduco--'rvucn--ttt-roo-ao--no-uot- 051 0-71

GRNAYA) EXpBNBOB. .. tsenrrrssracsoeroentsarans ¢.60 0.84
Administration

Distribution and Sales

Ragaarch and Deavelopment

Product Cost Without Profit.veeverarrrssrssans 4.58 6.4}
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LEV

Lal

Fr-l. Frocess Economic Activity

Process Design Inputs

1. Faw Mater)al Reguirrenents
2. Utility Feguirements

: Equipment .5t

4, Labor Fequirements

Specify base Case Conditions

l. Base Year for Zosts

2. Appropriate Irdices for Costs
3. Addatiomal

“aw Material Tosts

1. Base Cost/Ib. of Material
{. Material Cost/1lb of Silane
3. Total Cost,/1lb of silanpe

Ttility Costs

. Base Cost for Each Ctaility
. Utility Cost,/1lb of Silane
. Total Cost/1b of Silane

w bo e

Major Process Equipment Costs
1. Individual Egquipwent Cost
2. Cost Index Adjustoent

case B

TABLE A2.2-2

ECCHROMIC ANALYSES:
PRELIMINARY ECONOMIC ANALYSIS ACTIVITES FPOR SILAME PROCESS - CASE B ({UNIOK CARBIDE)

Status

.- » ® e L I BN ] - e e - .® »oe

Prel. Process Ecoromic Actiwvity

Production _abor Costs

1, BDbase Cost Fer Man Hour
2. Cost/lb Silane Per Area
3. Total Toust/1b Silane

Estimation of Plant Investmant

1. ttery Limits Direct Costs

2. Other Direct Costs

J. iIndirect Costs

4. Contingency

5. Total Plant Investment
{Fixed Capital)

Estamation of Total Product Cost
1. Direct Manufacturing lost

2, Indirect Manufacturing Cost
3. Plant Carhead

4. By-Product Credit

5. General Expenses

6. Total Cost of Product

0 Plan
@ 1In Progress
8 Cosplete

Statwos



CASE B

PROCESS DESIGN INPUTE FOR
SILANE PROCESS -~ CASE B

Rav Matexial Requirements
~M.G. 8iliecon, anhydrous HCl, caustic, hydrogen
-sauo table for "Raw Mataerial Cost"

Utility
-alectrical, steam, cooling watar, eto.
-sae table for "Utility Cost"

Bguipment List
-58 pleces of major process aquipment
“procesr veasels, heat sxchangers, reactor, etc.

~sa¢ tabla for "Major Procesm Fguipment Cozt™

Labor Requiraments
=production labor for purification, vaporizetion, product handling, atc,

~zas table {or “Production Labor Cost"
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CAER B

TABLE A2,2-~4

BASE CASE CONDITIONS FOR
SILANE PROCESS - CASE B

Capital RBquipment

~January 197% Cost Index for Capital IDguipment Cost
~January 1975 Cost Index Valua = 430

Utilities

~Elactrical, 8team, Cooling Watar, Nitrogen

~January 1975 Cost Index (U.8, Dept. Labor)

-~Values determinad by literature search and summarizaed in cost
atandardization work

Raw Material Cost

-Chemical Marketing Raporter
~January 1975 valua
-0Othar Sources

Labor Cost

~Avarage for Chamical Patroleum, Coal and Allied Industries {1975)
-5killed $6.90/hr

~Samiskilled $4.90/hr

Updata to 1980

~historically cited 1975 dollars (LSA projact)

~-DPOE decision to changs to 1980 dollars (JPL, 6/22/79)
~raports to reflact both 1975 and 1980 dollars (JPL, 6/22/79)
~inflation factor of 1.4 to ba usad {JPL, 6/22/79)
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Raw Matorial

HCL
Hydrogen
Caustic (50%)

M,G. Bilicon

RAW MATERIAL COST POR SILANE

CABE B

TABLZ p2,2-%

Requirement
1b/1b of Silane

1.

239

. 362

2.448

1.

11

440

PROCEBE-CABRE B

$/1b of

_Material
.10
.96
.0382

454

Cost 8/lb
of Bilane
.12
.35
.09

.50

1.06 (1975 dollars)
X 1.4 inflation

1.48 (1980 dollars)



Utility

1. DNBlactricty

2, BSteam

3, Cooling Water

4. Process Water

5, Refrigerant (=-20°f)
6. Refrigerant (-30°m
7. Refrigerant (-40°F)
8. Refrigerant (-50°F)
9. High Temperature Huat

Exchange IFFluid

10. Nitrogen

CASE B

TABLE A2.2-5

UTILITY COST IPOR BILANKE PROCES8 -CASHE B

4141

Recuiremant/1lb cost of
of 8ilana utility
+212 KW-Hr +03/kw hr
186.72 lbs 1.25/M 1h
168.12 gallons .08/M gal
8.22 gallons .35/M gal
2.3 M BTU 8.70/MM BTU
30.8 M BTU 9.60/MM BTU
25.3 BTU lo.50/MM BTU
517.2 BTU 11.42/MM BTU
33,24 M BTU 3.0/MM BTU
5.54 scr +50/M SCF

cost 8/1b

of Bilane

. 0064

. 2334

. 0134

0029

.0200

. 2957

. 0003

. 0059

. 0997

. 0028

L6805 (1975 dollars)

x 1.4 inflaticen

.9527 (1980 dollars)



10.
11.
l2.
13.
14,
i5.
16.
17.
18.
19.
20,

11,

CASE B
TABLE A2.2~7

PURCHASRED COBT OF MAJOR PROCEZS EQUIPMENT FOR
SILANE PROCISS - CASE B

Equipment

{Tl} M.G. 8ilicon Storagas Hopper

(T2) Hydrogen Storage Tank

(73) Liquid HCl Storage Tank

(T4) Recycle TET Storage

(T5) 7TC8 Reactor Off-Gas Flash Tank

(T6) TCB/TET Storagse

(T7) {1 pistillation Columnh Condensate Accumulator
{78} #2 Distillation Column Condensate Accumulator
(T9) #3 Distillation Column Condensata Accumulator
(T10) #4 Distillation Column Condensate Accumulator
(T1l) Waste Tank

(1712) Silane Storage

{T13) Caustic Storage

(HY)
(H2)
(H3)
(H4)
(H5)
{16}
(H7)

(H8)

TCE8 Reactor Recycle Gas Heater
HC1 Vaporizer

TET Vaporizer

TCS Reactor Recycle Condenser

1 pistillation Column Preheatar
#1 Distillation Column Condensexr
#1 pistillation Column Reboile:

{2 Distillation Column Condenser

442

Purchasad Cost, £1000

12.05

179.2

95.27

125,55

.71

214.4

B.51

7.37

2.76

2.76

17.01

82.09

92.15

8.12

1.15

18.48

38.98

3.24

22.4

23.7

21.08



22.

a3,

24,

25,

26.

27,

28,

29,

30.

3l.

32,

323,

34,

5.

36,

37.

a8,

39,

40.

41.

42.

43,

44.

(H9)
(H10)
(H1l)
{112)
{113)
(114)
(115)
(H16)
(H17)
(P1)
(P2)
(r3)
(P4)
(p5)
(P6)
{r7)
(p8)
(P9)
(P10}
(PL1)
(ri2)
(r13)

{r14)

CABE 3

PABLE  h2.2-7 {Continuad)

#2 Distllation Column Reboiler 21,16
#2 Redistribulton Reactor Fead Vaporizer .67
#3 pistillation Column Condenser 14.95
#3 pistillation Column Reboiler 3.88
2ilans Condenser 2,29
k4 Distillation Column Condenser 3,48
#4 Distillation Column Raboller 1,33
Msorber Pre-cooler 1,79
Nitrogen Heater .22
TC8 Raactor Off-gas Recycle Compressor 35.1

k1l Distillation Column Ieed Pump 5.03
#1 Distillation Column Overheadg Pump 6.04
#1 Distillation Column Bottowms Pump 3.59
Process Water Feed Pump 2.87
Caustic Peed Pump 1.25
#2 nistillation Column Overheads Pump 2.57
#2 Distilliation Column Bottoass Pump 1.59
#3 pistillation column Overheads Pump 1.77
#3 Diatillation Column Bottoms Pump 1.47
#4 Distillation Column Overhaeads Puwp 1.23
4 Digtillation Column Bottoms Pump 1.23
Silane Produclt Compressor 17.55
Waste PFeed Tump .62
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45,

46.

47,

48,

53.
54.
L1
56.
57.

58.

(P15)
(P16)
(Cl)
(c2)
(C3)
(cd)
(c5)
(C6)
(R1)
(R2)
(R3)
(Al)
(A2)

(A3)

ChASE B

TABLE A2,3-7

TC8 Reactor Fead Pump
Waste Collection Pump

#1 pDistillation Column

#2 pistillation Column

#3 pistillation Column

#4 Distillation Column
Silane Absorher

Charcoal Adsorber

TCS Fluidized Bad Reactor
#1l Redistribuiton Reactor
##2 Redistribution Reactor
Fines Separator

Waste Treatmant

Hydrogen Flare

TOTAL PURCHASED EQUIPMENT COST

(Continuad)

444

3.31
.62
100.66
214,08
40.19
21.14
15.06
18.0
155.06
26,52
66.28
2.0

1B.72

_o0.10

1796.17

—x 1.4

2515

{1975 dollars)
inflation
(1980 dellars)



CASE B

PRODUCTION LABOR COST FOR SILANE PROCESS - CASE B

Unit Operation
1, ¢S Production
2. Hydrogen Recycle
3. Raw Material Vaporization
4. TC8 Condensation
5., TCS/TET Separation
6. H#1 Redistribution Reactor
1. DCS/TCS Separation
8, 12 Redistrilution Reactor
9, 8Silane Distillation
10, 8ilane Absorption
11, Silane Purification{Adsorption)
12. B8ilane Compression
13, silane Condensgation
14. Materials Handling
15. Waste Treatment
16. Silicon Fines Separation
NOTES

Bkilled Labor cost $/1lb
Man-Hrs/lb 8ilane of 8ilane
L0085 . 05865
.0022 .01587
0065 » 04485
. 0065 . 04485
.00Bl . 05589
. 0064 . 04416
0068 .04692
.0042 .02898
0642 .02898
0036 .02484
.0047 »03243
003 .0207
003 . 0207
.03087
.0078 105382
.002 .0138

TOTAL COST .5663 (1975 dollars)
¥ 1.4 inflation
.7928 (1980 dollars)

Based on labor costs of $6.90 skilled, $4.90 semiskilled.

* Samigkilled labor,

445



CASE B

TABLE A?. 2"9

ESTIMATION OF PLANT INVESTMENT IOR SILANE PROCESS - CASE B

Investmont
$1000
DIRECT PLANT INVI'GTMENT COSTS
1. HMajor trocesy bguipment Cost 8 1795,1g
2, Installation of Major Procuss Lguipmont 772.3
3, Procoss Piping, Inutalled 1329.17
4, Instrumantation, Iustalled 341.27
8, Rklactrical, Inetallad 179.62
6. Process Puildings, Installed 179.62
SURTOUTAL FOR DIRECT PLANT IHVESTMENT COSTS 4598.2
(PRIMARILY BATITERY LIMIT PACILITIES)
OTHER DLIRECT PLANT INVESTMINT COSTS
1, Utilities, Installed 862.16
2. Gtuneral Services, Site Development, 215.54
Fire Protection, eote,
3, General Buildings, Offices, Shups, elc, 251.46
4. Pecriving, Shipping Facilities 377.20
SUNTUTAL FOR OTHEN DIRLCT PLANT JNVESTHLNT CoSTS 1706. 36
{PRIMARIL( OFF3ITF FACILITIES OUISIDE BATTERY LIMITS)
TOTAL DIRECT PLAMT INVESTMENT COST, la + 2a 6304.56
INDLRECT PLAUT THVEGTENY COSTS
. ". i ¥ b3 -i g i -l "
3 Homens Gone Tor Floots Strikes, ote 987.89
' s e e e GRE. 1275.28
TOTAL INDIRECT PLANT INVESTMEINT COST | 9263.17
TUIAL DIPECT AND INDLIRECT PLANT INVESTMENT 8567.73
CosT, 3 + 4a
2570.32
OVERALL CONTINGENCY
FIXED CAPITAL INVESTMENT FOR TLANT, 5 + 6 11138.05 (1975 dollars)

x 1.4 inflation
155093 (1980 dollars)
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CASE B

TABLE A2.2-10

ESTIMATION OF TOTAL PRODUCT COST FOR SILANE PROCESS -CABE B

$/1b of Bilans

Direct Manfacturing Cost (Direct Charges)

l., Raw Mataexvials- from prel. design 1,06
2, Direct Operating Labor- from prel. 5663
daslgn
3. Utllltles-from prel, deaign 6805
#, Supaervision and Clerical, .0849
$, Malntenance and Repairs, L3976
6. UOperating Supplies, .079%
7. Laboratorv Charge, .0849
8. Patents and Royalties, ———
coats

Indlrect Manufacturing Cost (Fixaed Chargea)

l. Deprecilatlion L3976
2. Local laxes .0795
3. Insurance .0398
4, Interest . e
Plant OUverutad .51
By~Preduct Credit- from prel. design =
Total Manufacturing Cost, 1 + 2 4+ 3 4+ 4 3.9806
Ganeral Expel.ses
1. Admlnistration, cost L2388
2. Uistribution and Sales, ' -2388
cost
3. Research and Development, -1194
cost

Total Cost of Product, 4a + 5
4.58 (1975 dollars)
®x 1.4 Inflation
6.41 (1980 dollars)
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A2.3 8ilane Process - Case C

Initial coBt analysis resulte for the 8ilane Process (Crses
A and B) were marginal and indicated process revisions were
warrented for wmeeting the project cost gomls,

Process revisions were accomplished with favorable cost
benefits over the orginal scheme,

The revised process included operation ot the silicon tetra-
chloride reaction at higher pressurc for Increased trichloro-
Bilane yield should lower recycle requirements. Lower recycle
requirements will lower capital equipment and labor cosis.

The disatillation train as now proposed will opsrate at several
hundred pounds pressure compatred to originel lower pressure.
This higher pressure permits use of cooling wat-r in the con-
densers and does not require expensgive low tomperature refri-
geration ax originally proposed., This wili p-ovide lower
operating (utilities) cost in 3 of the 4 distillation columns,
The higher pressure also permiis nxe ot smallor diareter columns
(vapor loading, density praport:ceni to pressure). The elimi-
nation of hydrogen chloride redoer starting matertal codts,
Also, the use ol hydrogen [rom -4 silane pyrolysis provides
additional lower {red material o osia,

The revised silane process prov.oded the following cost
benefits:

lower capftal ecosts
~jower rawv material cosis
-lower operating labor costs

Economie analysis results for thoe 8ilane DProcess - Case C

{Revised Process) are given {n Section 4.3-UCC Silane Process
for Silicon (mion Carbide Corporation),
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