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ABSTRACT

During this reporting period, primary efforts were expended on pro-
cess system properties, chemical engineering and economic analysis.

Analysis of process system properties was continued for silicon source
materials under consideration for producing silicon. The following pro-
perty data are reportéd for dichlorosilane which is involved in processing
operations for silicon: critical constants, vapor pressure, heat of vapor-
ization, heat capacity, density, surface tension, thermal conductivity,
heat of formation and Gibb's free energy of formation. The properties are
reported as a function of temperature to permit rapid engineering usage.

Major efforts were expended on completion of ‘the preliminary economic
analysis of the BCL Process (Battelle Columbus Laboratories). Cost analysis
results for the process (Case A-two deposition reactors and six electrolysis
cells) are presented based on'a preliminary process design of a plant to
produce 1,000 metric tons/year. of silicon. Fixed capital investment estimate
for the plant is $12.47 million (1975 dollars) ($17.47 million, 1980 dollars).
Product cost without profit is 8.63 $/kg of silicon (1975 dollars) (12.1 $/kg,’
1980 dollars). - R
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I. PROCESS SYSTEM PROPERTIES ANALYSES (TASK 1)
A. DICHLOROSILANE PROPERTIES
Process system properties analysis was continued for silicon source
materials under consideration for semiconductor silicon production.

Major efforts centered on property data of dichlorosilane which is involved
in the processing operations for producing silicon.

Physical Properties and Critical Constants (Table IA-1)

Physical properties and critical constants are listed in Table IA-1
for dichlorosilane. Values of critical temperature, Tc, critical pressure,
Pc, and critical volume, V., for dichlorosilane were estimated by using
Lydersen's structural contribution method with derived critical property
increments for silicon (H16). This method produced only 2.3% error for T,
and 3.4% error for Vo when compared with the experimental values of tri-
chlorosilane and it produced 0% error for T¢, V., and P, when compared with
the known values of silicon tetrachloride. The estimated values for the
known values for the critical properties are also within reasonable agree-
ment (4% for Ter 0.2% for P., and 14% for Vc) of calculated Russian values
(H10) . A

The critical compressibility factor, Z., was determined from its
definition:
VCRTc ( 0
ZC = . IA-
Pe
The result from Eq. (IA-1l) was the same as that derived by the Garcia-
Barcena’ boiling point method (H16):

Zo = £(Ty) - g(Tp/M) (1a-2)

Vapor Pressure (Figure IA-1)

The vapor pressure of dichlorosilane has been determined from -80YC to
30°C (H23, H35). The experimental data was extended over the entire liquid
range using the YSSP vapor pressure correlation (H30):

1o<;;1>v=1rx.+%+c1og'r+13rr+1-:'r2 { IA-3)

where Py is the vapor pressure of saturated liquid, mm Hg; T is temperature,
°K; and A, B, C, D, E are correlation cunstants derived using a generalized
least squares computer program. Average absolute deviation was about 1% for
the 13 experimental data points.



Heat of Vaporization (Figure IA-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 over
the entire liquid phase:

' TC - T n )
MH,, = —_— : -
v AHV1 Tc = T L . (IA-4)

where n = .38 and AHV1 applies at the boiling point (T;).

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

Ideal gas heat capacily data for dichlorosilane are available from various
American (HS5, H13, H25, H26), Russian (H6, H7, H10, H12, H32) and other (H9, H33)
workers. The vlaues, which are in close agreement, are based on bond additivities
and spectral measurement. The JANAF values were selected.

Measured saturated-liquid heat capacity data for dichlorosilane are unavail-
able in the literature. .Values were estimated from ~60°C to 60°C using the Yuan
and Stiel corresponding state method (H16). For polar liquids, the correlation
takes the form: ' . '

(4p)

( (3P) 12 (AC o

c_-co = aci%® e )1p)+x(ACof2p)+X2(AC )

5p) _
o, P +Xw (Acﬂf (IA-4)

where CB is the ideal gas heat capacity, wis the acentrlc factor, X is the Stiel
polar factor and the funcions: (AC JOP), etc. are tabulated as functions of the
reduced temperature, The relationship that heat capacity times density is con=~
stant was used to extend the valuec uver the entire liquid range. Application of
the vilan and Stiel correlations to silicon tetrachloride, .trichlorosilane, and
silicon tetrafluoride gave average absolute percentage errors of 3.1, 6.7, and
4.3 respectively. Due to the limited experimental data points, the calculated
liquid heat capacities should be considered as order-of-magnitude estimates.

Density (Figure IA=5)

Liquid density data are available at the melting poxnt'(HB H9, 1110, Hls,

"H27) and at 79C (H35). The limited data were extended over the entlre liquid

range using a modification of the Rackett equation:
P=1p 2 T : (IA-5)

where pc is critical density, T, is reduced temperature and Z is a parameter
defined by the experimental data.



Surface Tension (Figure IA-6)

The Brock and Bird corresponding states method (H16) was used to-estimate
the surface tension of dichlorosilane since no experimental data is available. .
The equation is: '

11/9

L) (1A-7)

o =p2"30.30.133 0, - 0.281)(1 - T

c
where 0 is surface tension, dynes/cm; Q. is the Riedel parameter, Pc is critical
pressure, atm.; T, is critical temperature, °K; and T, is the reduced temperature.
Application of this mcthod to silicon tetrachloride and trichlorosilane gave re-
sults within 4% and 0.8% absolute deviation with experimental data, respecctively.

Viscosity (Figures IA-7 and IA-8)

. Gas viscosity calculations at low pressure were made using the methods of
(1) Yoon and Thodos for non-hydrogen-bonding polar gases, (2) Golubev, and

(3) Reichenberg (H16). Since the calculated values were in close agreement,
they were fitted to the series expansion:

Ng = A + BT + cr? : (IA-8)
where Ng is in micropoise; T is temperature, °K; and A, B and C are computer de-
rived parameters using a generalized least squares program. The average absolute
percentage deviation was less than 1.8%.

Liquid 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 Letson and Stiel, and Stiel ‘and Thodos (H16). Calculated values were extended
over entire liquid range and fitted to the cquation: ’

. B 2

log nL: = A + - + CT + DT | ] ) (IA-9)
where nL is in‘centipoiée; T is 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 deviation was 3.3% with the greater
deviation being near the melting point; therefore, this should be considered to
be an order-of-magnitude correlation. :



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

Gas-phase thermal conductivity data are available from 28°C to 350°C
(H28) . The data were correlated and extended to higher temperatures by a
series expansion in temperature:

Ac = A + BT + cT? + DT3 (IA-10)
where AG is gas thermal conductivity, cal/cm x sec x °C; T is temperature,
°K; and A, B, C and D are computer derived constants characteristic of the

chemical compound. The absolute deviatinn betwcen data and correlation
values was less than 0.5%.

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

-3 3+20 (1 -1

2.64
A = 228 xl;g 573 (IA-11)
M 34+ 20 (1 - Typ)
) b
and of Robbins and Kingrea (H16) :
-3
_ (88 - 4,94 H) x 10 .55 4/3 "
AL = Asw T chp (IA-12)

where used to derive values at 32°C. Thesc modified estimation methods pro-
duced error of less than 1% absolute deviation on the one published value of
SiCly. The average of the estimate at 32°C was extended over the entirc liguid
range using a medification uf the Stiel and Thodos method (H16) :

£(py)
A, = 4+ A (1A-13)
L
rze> G

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

Heat and Free Energy of Formation (Figures IA=ll and IA-12)

Heat of formation and Gibb's free energy of formation for the ideal gas
have been estimated by Russian (H32, H36) and American (H25) workers up to at
least 1500°K. Some estimated values differ significantly having about 35% de-
viation for AHf and abhout 45% deviation for AGs (H32, H36). The JANAF values
(H25) were selected. :



TABLE IA-1

CRITICAL CONSTANTS AND PHYSICAIL. PROPERTIES OF DICHLOROSILANE

Identification

Formula

State (std. cond.)

Molecular weight, M

Boiling Point, iy Ll
Melting Point, Tme 2C
Critical Temperature, T., °C

Critical Pressure, P atm

CI
Critical Volume, V., cma/gr mol

Critical Compressibility Factor, Z.
Critical Density, Pcr gr/cm3

Acentric Factor (w)

*Estimated

Dichlorosilane

SiH,Cl,

gas
101.008
8.3
=122.0
17.8.9%
44.0%*
22853*
S 276X
.4424%*
s 10T
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B. THERMAL CONDUCTIVITY INVESTIGATION

During this reporting period work has been directed toward
the calibration of the apparatus previously assembled to measure
thermal conductivity values of binary gas mixtures. Initial cali-
bration studies have been concentrated on the portion of the
apparatus designed to prepare and analyze the mixtures. For this-
purpose, mixtures of varying proportions of the gases nitrogen
and hydrogen were prepared and analyzed by gas chromatography.
Once these gases can be handled satisfactorily, analyzed, and
accurate thermal conductivity values can be obtained; then work
will be initiated on mixtures of various silicon source materlals
such as silane and the halogenated silanes.
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II. CHEMICAL ENGINEERING ANALYSIS (TASK 2)
I
A. BCL,PRQ?ESS (BATTELLE COLUMBUS LABORATORIES)
Major effbﬁﬁé were completed during this reporting period on the
preliminary pxdééss désign for the BCL Process (Case A-two deposition

reactors and six electrolysis cells).

The status,.including progress since the last reporting period,
for the process design is given below for key guideline items:

Prioxr Current
.Base Case Conditions 97% 100%
.Reaction Chemistry 97% 100%
.Process Flow Diagram 97% 100%
.Material Balance 95% 100%
.Energy Balance 95% 100%
.Property Data ' 90% i 100%
.Equipment Design 90% 100%
.Production Labor 90% 100%

. The results from the review of raw material requirement are shown

in Table IIA-1.3. For major process equipment, two more heat exchangers,
chlorination gas cooler (H-17) and cell gas cooler (H-18) were added in
order to cool down the hot gases which come out from reactor and electro-
lysis cell. Based on the above changes, theutility requirements were
revised and shown on Table IIA-1.4. The utility requirements include (1)
electricity for electrolysis cell, heater and pumps; (2) steam for re-
boilers and preheater; (3) cooling water for cooler; (4) process water and
(5) refrigerant. These utilities are required for the production of sili-
con in the process.

The results were forwarded for economic analysis.
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Table IIA-1.3

Raw Material Requirements for
BCL Process (Battelle Columbus Laboratories)

Requirements
Raw Material 1b/KG of Silicon
Silicon Tetrachloride, SiCly 15.681
Zinc, 2n _ : 0.54
Caustic (5N%), NaOH(aqg) 5.23
or
Lime (99%), Ca(OH), 2.85°
Argon | ‘ 3.1 scF3
Nitrogen 7.6 SCF3
Chlorine, Cl, (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
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Table IIA-~1.4 UTILITY REQUIREMENTS FOR BCL
PROCESS (BATTELLE COLUMBUS LABORATORIES)

Utility/Function
Electricity
1. Low Volatage 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. 8iCl, Vaporizer
7. Pumps, Blowers

Steam (50 PSIA)

1.
2.
3.
4.

#1 Purification Column Reboiler

#2 Purification Column Reboiler

Caustic Storage Heating

#1 Purification Column Preheater

Cooling Water

1.

2.
3.
4.
5.

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

Chlorination Cooler (H-17)

Cell Gas Cooler (H-18)

Process Water

1. Diluent for Waste Treatment
Refrigeration

1. Reactor SiCl, Condenser (H-11)
2. 8iCl, Vent Condenser (H-07)

Note: Xk = kilo = 10°%

(20.51)

( 5.62)
(1.39)

0.24)
0.10)

2.53)

4.59)
4.30

0.29)
0.49)

—~ o~ o~

(16.94)
(15.88)

“(1.67)

( 0.53)
( 2.86)

(24.20)

(1.28)

( 1.10)

Requirements/Kg of Silicon Product

0.53)

30.92 kw-hr

9.67 pounds

37.88 Gallons

24.20 Gallons

2.38 k8tu



B. OTHER PROCESSES

The following other processes under consideration for solar cell
grade silicon production are being monitored with respect to data re-
lative to chemical engineering analyses:

1. Westinghouse Process

2. SRI Process -

3. Dow Process

4. Aerochem

5. UCC Silane Process
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III. ECONOMIC ANALYSIS (TASK 3)
"A. BCL PROCESS (BATTELLE COLUMBUS LABORATORIES)

Major efforts were completed during this reporting period on the pre-
liminary economic analysis for BCL process (Case A-two deposition reactors
and six electrolysis cells). The status of these economic analysis -activities
are given below for key items: '

Prior Current
.Process Design Inputs 95% - 100%
_.Base Case Conditions 60% 100%
‘.Raw Material Cost ‘ 60% 100%
.Utility Cost 60% 100%
.Major Process Equipment Cost - 30% 100%
.Production Labor Cost. 20% 100%
.Plant Investment Cost : 10% 100%

.Total Product Cost 10% 100%

A summation of the key results for the BCL process is presented in
the following table:

1. PrOCESS:ececeeeescanasenneeneesesss.BCL process

2. Plant Size.....cc0u00 ceerecceceesss1,000 Metric Tons/year
3. Plant Product....ccceeeecesancns ....8ilicon

4. Product Form.......... ceieasesssesssSilicon Granules

5. Plant Investment........cecce-......514,340,000/$20,070,000

(1975 dollars) (1980 dollars)

Fixed Capital $12.47 Mega $17.45 Mega

Working Capital 1.87 Mega 2.62 Mega

(15%) Total . $14.34 Mega $20.07 Mega
(1975 dollars) (1980 dollars)

6. Product Cost (No Profit)............8.63 $/kg/12.1 $/kg
(1975 dollars) (1980 dollars)

7. Inflation Factor (1975 to 1980).....1.4

The detailed status sheet is shown in Table IIIA-1.0, and is representa-
tive of various subitems that make up the preliminary economic analysis activ-
ities. The detailed results from the preliminary economic analysis are pre-
sented in a tabular format. The guide for the tabular format is given below:

.Preliminary Economic Analysis Activities...........Table IIIA-1.0

.Process Design INPUtS......ceceesveessnasasescsssss.Table IIIA-1.1
.Base Case Conditions.....cceeecue tecsssessesasssss.Table ITIA-1.2
.Raw Material COSt....iieevecccnsssosssccoccancncas ..Table IIIA-1.3
.Utility Cost..eevea.n. cetereeaas ceeeeeaes eeeve....Table IIIA-1.4
“Major Process Equipment Cost...... ceceesecccenesss.Table IIIA-1.5
.Production ILabor Cost....cc0c.. cecessanse eeeceeses.Table IXTIA-1.6
.Plant Investment......... ceerccncnnns ceecasenans ...Table IIIA-1.7
.Total Product COStsrreeseccans cessccesesessnsssssss.Table ITIA-1.8
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3.

TABLE IIIA-1.0

ECONOMIC ANALYSES:

PRELIMINARY ECONOMIC ANALYSIS ACTIVITIES FOR BCL PROCESS

Prel., Process Economic Activity

Process Design Inpucs

l. Raw Material Requirements
2. Utility Requirements

3. Equipment List
4

4. Labor Requirements

Specify Base Case Conditiors

1. Base Year for Costs

2. Appropriate Indices for Costs
3. Additional

Raw Material Costs

. Base Cost/lb. of Material

. Material Cost/Kc of Silicon
. Total Cost/Kg of Silicom

w N

Utility Costs

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

Major Process Equipment Costs
1. 1Individual Equipmert Cost
2. Cost Index Adjustment

(BATTELLE COLUMBUS LABORATORIES)

Szatus

®P00® O0O®OO®O OO0OO® OGOacoe

8.

Pre_. Process Economic Activity

Production Labor Costs

l. Base Cost Per Man Hour
2, Ccst/Kg Silicon Per Area
3. Tctal Cost/Kg Silicon

Estimation of Plant Investment

1. 3Battery Limits Direct Costs

2, DJther Direct Costs

3. Irdirect Costs

4, <Coatingency

5. Total Plant Investment
(Fixed Capital)

Estimation of Total Product Cost
1. Dpirect Manufacturing Cost

2. Indirect Manufacturing Cost
3. Plant Overhead

. By-Product Credit

. Gemeral Expenses

. Tortal Cost of Product

[ )N ¥, I N

0 Plax
@ Ir Progress
8 Ccmplete

Status



TABLE IIIA-l.1

PROCESS DESIGN INPUTS FOR i
BCL PROCESS (BATTELLE COLUMBUS LABORATORIES)

Raw Material Requirements
-Silicon tetrachloride, zinc, lime, argon and nitrogen
-see table for "Raw Material Cost"

Utility
-electricity, steam, cooling water and process water
-see table for "Utility Cost"

Equipment List
-82 plus pieces of major process equipment
-process vessels, heat exchangers, reactor, etc.

}

Labor Requirements
-production labor for purification, deposition, electrolysis, etc.
~see table for "Production Labor Cost"
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TABLE IIIA-1.2
BASE CASE CONDITION FOR BCL PROCESS
(BATTELLE COLUMBUS LABORATORIES)

Capital Equipment

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

Utilities

-Electrical, Steam, Cooling Water, Nitrogen

-January 1Y/5 Cost lidex (U. S. Dept. Labor)

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

Raw Material Cost

-Chemical Marketing Reporter

-~January 1975 Value

-Raw Material Cost Index for Industrial Chemicals

-1975 Cost Index Value = 206.9 (Wholesale Price Index, Producer
Price Index)

Labor Cost

-Average for Chemical Petroleum, Coal and Allied Industries (1975)
~g8killod $6.90/hr

Update to 1980
-historically cited 1975 dollars (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)

o
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Table ITIA-1.3

RAW MATERIAL COST FOR BCL PROCESS
(BATTELLE COLUMBUS LABORATORIES)

Requirement $/1b of Cost $/KG

Raw Material 1b/KG of Si Material of Si
1. Silicon Tetrachloride 15.68 0.135 2.117
(sicCly) '
2. 2Zinc (Zn) ) ) 0.54 0.38 0.205
3. Hydrate Lime 2.85 0.015 0.043
(Ca (OH) 2)
4. Argon (Ar) 3.1 SCF 0.016/SCF 0.050
5. Nitrogen (Nj) 7.6 SCF 0.003/sCF 0.023
Sub Total 2.438
6. Chlorine (Cl,) -10.46! 0.0332 -0.347
TOTAL 2.091 (1975 dollars)

_31__£;g_inflation
2.927 (1980 dollars)

Note:

1. This nuitber is the result of by-product rate minus reactor chlorination rate,
i.e., 11.12 - 0.66 1lb. of Cl2/KG Si.



Table IIIA-1.4
UTILITY COST FOR BCL PROCESS
(BATTELLE COLUMBUS LABORATORIES)

Requirement/XG Cost of Cost $/KG
Utility of Silicon Utility of Silicon
1. ﬁlectriéity 30.92 kw-hr 0.0324 $/kw-hr 1.0018
2. Steam 9.67 pounds 1.35 $/klb 0.0131
3. Cooling Water 37.88 Gallone 0.09 5/kgal 0.0034‘
4. Process’Water 24.20 Gallons 0.405 $/kgal 0.0098
5. Refrigegant 2.38 MBtu 10.50 $/MBtu 0.0250
TOTAL 1.0531 (1975 dollars)

x 1.4 inflation
1.4743 (1980 dollars)

Note:

k = kilo = 10°
M = mega = 10°®
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TABLE IIIA-1.5

ESTIMATED COST OF MAJOR PROCESS EQUIPMENT FOR BCL PROCESS
(BATTELLE COLUMBUS LABORATORIES)

Equipment Purchased Cost, $1,000
1. (D-01) Light End Distillation Column 55.6
2. (D~02) Heavy End Distillation Column 55.6
3. (A-0l) Primary SiClyg Vent Scrubber 0.8
4. (A-02) Final SiCl, Vent Scrubber 11.1
5. (H-01) L. E. Column Feed Heater 7.8
6. (H-02) L. E. Column Reboiler 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
10. (H-06) H. E. Column Condenser 2.3
11. (H-07) SiClg Vent Condenser 11.8
12. (H-08) SiCly Vaporizer 6.7
13. (H-09) Reactor Condensers (2) 190.3
14. (H-10) Reactor ZnCl, Strippers (2) 27.9
15. (H-1l1) SiCly Condenser 20.5
16. (H-12) Cell 2ZnCl, Stripper 10.9
17. (H-13) Therminol Cooler (Cold Circuit) 3.8
18. (H-14) Therminol Cooler (Hot Circuit) 9.1
19. (H—lS).start-up Heater 9.6
20. (H-16) Silicon Product Coolefs (25 7.7
20a. (H-17) Chlorination Cooler 15.9
20b. (H-18) Cell Gas Cooler 18.7
21. (T-01) SiCl, Storage Tank 33.6 '
22. (T-02) siCl, Emergency Storage Tank 33.6
23. (T-03) L. E. Column Reflux Urum 6.7
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24.

25.

26.

27.

28,

29.

30.

31.

32.

33.

34.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

(T-04)
(T-05)
(T-06)
(T-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)

(pP-13)

(P-14)

(P-15)

(P-16)

TABLE IIIA-1.5 (Continued)
Surge Tank
Sump Tank
H. E. Column Reflux Drum
Pure SiCl, Storage Tank
Electrolysis Feed Tank
Molten Zinc Storage Tank
Therminol Head Tank
Therminol Drain Down Tank
Chlorine Supply Tank
Lime Solution Storage Tank
Purification Feed Pump
L. E. Column Feed Pump
L. E. Column Reflux Pump
Surge Tank Pump
Sump Pump
L. E. Column Bottom Pump
H. E. Column keflux Pump
H. E. Column Bottom Pump
SiCly Vaporizer Feed Pump
Reactor Condenserlcirculation Pumps (2)
Cold Circuit Pump
Hot Circuit Pump
Primary Scrubber Recirculation Pump
Primary Scrubber Lower-loop Recirculation Pump
Primary Scrubber Upper-loop Recirculation Pump

Lime Solution Metering Pump
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19.0
19.0
6.7
28.8
46.0
86.9
3.8
5.3
2.4
6.8

3.7

8.4
9.8
3.7
12.0
8.4

10.9



50.
51.
52.
53.

54.

56.
57.
58.
59.
60.

6l1.

(F-01) L. E. Column Feed Filter 0.9
(F-02) L. E. Column Reflux Filter 0.9
(F-03) H. E. Column Feed Filter 0.9
{F-04) H. E. Column Reflux Filter 0.9
(F=05) Therminol Cooler Blower Filter 0.7
{R-01) Fludized Bed Reactars (2) 197.1
(FN-0l) Furnaces (2) 354.2
(B~0l1) Seed Addition Hoppers (2) 5.6
(B-02) Si Product Hoppers (4) 14.4
(B-03) Zinc Hopper 2.4
(C-01) Therminol Cooler Blower 4.8
(C-02) Scrubber Vent Blower 5.4
(E-01) Eductors (2) 1.3
(EC-01) Electrolysis Cells (6) 444.6
(PW-01) Power Sppply and Bus 105.9
(VvP~0l) 2Zinc vaporizers (2) 144.0

TABLE IIIA-1.5 (Continued)

TOTAL 2;177.7 (1975 doéllars)
x 1.4 inflation

3,048,8 (1980 dollars)
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TABLE ITIA-1.6

PRODUCTION LABOR COST FOR BCL PROCESS
(BATTELLE COLUMBUS LABORATORIES)

Labor : Labor Cost Cost
Section Man-Hr/Kg Si $/Man-Hr $/Kg si
1. Purification 0.01402 6.90 0.0968
2. Deposition 0.01402 6.90 0.0968
3. Electrolysis 0.02103 ‘ 6.90 0.1451
4. Waste Treatment 0.00701 6.90 0.0484
57 Product Handling 0.00701 6.90 4 A0.6484’
| TOTAL 0.4355 (1975 dollars)

x 1.4 inflation
0.6097 (1980 dollars)

Note: Costs are 1975 Dollars



la.

2a.

TABLE IIIA-1.7

ESTIMATION OF PLANT INVESTMENT FOR BCL PROCESS

(BATTELLE COLUMBUS LABORATORIES)

DIRECT PLANT INVESTMENT COSTS

1. Major Process Equipment Cost

2. 1Installation of Major Process Equipment
. Process Piping, Installed

.  Instrumentation, Installed

. Electrical, Installed

. Process Buildings, Installed

G Ob W

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

OTHER DIRECT PLANT INVESTMENT COSTS
1. Utilities, Installed
2. General Service, Site Development,
Fire Protection, etc.
3. General Buildings, Offices, Shops, etc.
4. Receiving, Shipping Facilities

SUBTOTAL FOR OTHER DIRECT PLANT. INVESTMENT COSTS

Investment
$1000

2,177.7
936.4
1,611.5
413.8
217.8
217.8

5,574.9

1,045.3
261.3

304.9
457.3

2,068.8

(PRIMARILY OFFSITE FACILITIES OUTSIDE BATTERY LIMITS)

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

1. Engineering, Overhead, etc.

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

TOTAL INDIRECT PLANT INVESTMENT COST

TOTAL DIRECT AND INDIRECT PLANT INVESTMENT COSsT,
3 + 4a

OVERALL CONTINGENCY, % of 5

FIXED CAPITAL INVESTMENT FOR PLANT, 5 + 6
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7,643,7

1,197.7
1,546.2
2,743.9

10,387.6

2,077.5

12,465.2 (1975 dollars)

x 1.4 inflation

17,451.2 (1980 dollars)



TABLE IIIA-1.8

ESTIMATION OF TOTAL PRODUCT COST FOR BCL PROCESS
(BATTELLE COLUMBUS LABORATORIES)

$/KG of Si
Direct Manufacturing Cost (Direct Charges)
1. Raw Materials 2.091
2. Direct Operating Labor 0.436
3. Utilities _ 1.053
4. Supervision and Clerical 0.065
5. Maintenance and Repairs 1.247
6. Operating Supplies 0.249
7. Laboratory Charge 0.065
Indirect Manaufacturing Cost (Fixed Charges)
1. Depreciation 1.247
2. Local Taxes 0.249
3. Insurance 0.125
Plant Overhead 0.675
By-Product Credit  eme——
Total Manufacturing Cost, 1 + 2 + 3 + 4 7.501
General Expenses
1. Administralion ' 0.450
2. Distribution and Sales . 0.450
3. Research and Development 0.225
Total Cost of Product, 4a + 5 8.626 (1975 dollars)

x 1.4 inflation
12.076 (1980 dollars)
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B. OTHER PROCESSES

Technical reports for other processes under consideration for solar cell
grade silicon production are being received and screened with respect to data
relative to economic analysis:

. Westinghouse Process (Na/SiC14)

. SRI Process (Na/SiF,, other)

Dow Process (C/SiOj3, other)

. Aeorchem (Na/SiF4, Na/SiCl,, Na/Graphite, etc.)

v W N
.

. UCC silane Process (SiHg/Si)
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IV. SUMMARY - CONCLUSIONS

The following summary-comclusions are made as a result of accomplishments
during this reporting period:

1. Task 1

Analysis of process system properties was continued for silicon source
materials under consideration for producing silicon. The following
property data are reported for dichlorosilane which is involved in pro-
cessing operations for silicon: critical constants, vapor pressure,
heat of vaporization, heat capacity, density, surface tension, thermal
conductivity, heat of formation and Gibb's free energy of formation.

The properties are reported as a function of temperature to permit rapid
engineering usage.

Mixures of nitrogen and hydrogen are being used to calibrate the apparatus
previously assembled to determine thermal conductivity values of binary
gas mixtures.

2. Task 2

Major efforts were continued on chemical engineering analysis of the
BCL process including raw material, utility, major process equipment
and labor requirements for the 1,000 MT/yr plant to produce silicon.

3. Task 3

Major efforts were expended on completion of the preliminary economic
analysis of the BCL process (Battelle Columbus Laboratories). Cost
analysis results are presented based on a preliminary process design
of a plant to produce 1,000 metric tons/ year of silicon. Fixed capi-
tal investment estimate for the plant is $12.47 million (1975 dollars)
($17.47 million, 1980 dollars). Product cost without profit is 8.63
$/kg of silicon (1975 dollars) (12.1 $/kg, 1980 dollars).
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V.

PLANS
Plans for the next reporting period are summarized below:

1. Task 1 .
continue analysis of process system properties for silicon source
materials under consideration for producting silicon.

Studies will be initiated to measure thermal conductivity values on
mixtures of silane and hologenated silanes.

2. Task 2 ;
Continue chemical cngineeriny analysis ot processes under consideration
for producing silicon.

3, Task 1]

Perform economic analysis of processes as results issue from chemical
engineering analysis.
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