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1V. ADDITIVE COST SURVEY

A. Approach

. In this portion of the study, the objective was t0 determine the cost of the three additives
suggested for improving the flame luminosity of fuel methanol from the Task 1 Expansion, namely:

. Toluene
«  Cyclopentene
. Indan.

The initial steps included reviewing chemical supplier publications and catalogs and making telephone
inquiries for availability and price. Cyclopentene and indan appeared to be available in small, expensive
quantities from chemical supply houses. No bulk prices were obtained by calling several chemical supply
houses. Neither chemical is a commercial product availble in bulk or as an intermediate material for the
production of other chemicals.

Toluene is distributed widely in bulk quantities because of its use as an intermediate chemical for
the production of solvents, explosives, isocyanates, and other chemicals as well as an octane booster in
gasoline. Toluene is also used to make benzene by thermal dealkylation when the benzene price and
demand are high. Prices for toluene as a commodity are reported in several publications. The cost for
toluene was derived as a projection of the cost for the last year (January through December 1991).

The approach to develop costs for indan and cyclopentene required an estimate for the costs of
making them from other starting materials because initial inquiries to major U.S. companies that produce
coke and by-product chemicals from coal (possible sources of indan and cyclopentene) produced
disappointing results. Those companies sold most of their by-products which contained indan and
cyclopentene to other companies for internal use, and Lhe quantities were not sufficient to supply the
projected needs as a potential ‘fuel ac_iditive.

Since no direct source of indan or cyclopentene was found, then an alternative was needed.
Dicyclopentadiene (DCPD) was selected as a source of cyclopentene because DCPD is a dimer of
cyclopentadiene (CPD) which could then be converied into cyclopentene. Similarly, indene is an
unsaturated homolog which could be converted to indan. Both materials are included in the by-product
mixtures from the high temperature carbonization (coking) of coal. The problem was to find a supplier
who separates and purifies DCPD and indene. These raw materials would then be processed to saturate
one olefinic bond by hydrotreating at relatively mild conditions, thus producing the desired compounds.

A library reference book indicated that large quantities of DCPD were available in the U.S. from
steam cracking of hydrocarbons to make ethylene and propylene.(70) In addition, the quantities of DCPD

- from these sources were several times the amount available from coal, and a purity of over 95 percent was

possible. Other starting materials were considered such as furan or thiophene for cyclopentene and
benzothiophene for indan. However, these considerations were dropped because the oxygen or sulfur in
the five-member rings would require processing conditions with higher severity to remove the heteroatoms.
More severe conditions would result in increased costs and the possibility of more unwanted side
reactions.
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The distribution of products for the discussion below was assumed to be by bulk shipment in tank
trucks. The destinations would be terminals where the additives would be blended into methanol or fleet
operations with bulk storage to do the same thing. The third possibility would be to put a small, metered
volume of additives into a tank truck before it went to a source of M100 for splash blending. The truck
loading racks would be automated with card access and controls to permit driver loading.

B. Toluene
Spot prices for unleaded regular gasoline in Los Angeles and for toluene nationwide were
tabulated from a weekly newsletter market report for all of 1991.(73) Trends of prices with time are
shown in Figure 16. The peak prices of both products occurred at about the same time, but there was a
slight downward trend for gasoline that was not as apparent for toluene.
A linear regression of the data is shown m Figure 17. The equation for the line is:
T = 0.7646UR + 0.4378

Where: T = Toluene price in $/gal, and
- UR = Unleaded regular price in $/gal.

The correlation coefficient, R, of 0.6666 is relatively low as indicated by the scatter shown in the plot.
The R-squared value, 0.4444, implies that about 44 percent of the variation in toluene price is accounted
for by the unleaded regular price. This result is reasonably good considering:

. Gasoline prices were for Los Angeles

. Toluene prices were national

. Toluene price is affected by other uses in chemical markets.
Figure 18 presents the most direct representation of the 48 data points with a frequency distribution of
toluene spot prices. The arithmetic average was $0.901 per gallon, and the median value of $0.905 per
gallon was exceeded by half of the data points. The middle 50 percent of the sample fell in the range of
$0.870 to $0.945 per gallon. A price of $0.90 per gallon will be used in estimating the additive costs for

toluene.

C. Cyclopentene Production

DCPD is available from petrochemical plants on the Gulf Coast which can meet the maximum
quantities listed above. Three grades of DCPD are available for potential feedstocks to make
cyclopentene. Analyses were provided of typical production and were used to estimate purity of the final
product, as follows:

DCPD/CPD Cyclopentene
Grade In feed, Wt% In Product, Wt%
DCPD 97 97.0 98.0
Polyester Resin 82.0 91.3
Hydrocarbon Resin 76.8 88.0
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The product purity increased over the feed because unreactive heavy compounds were discarded to fuel
with unconverted DCPD in the DCPD cracking unit. An assumption was made that C1g co-dimers were
50 percent cyclopentadiene which would dissociate and be converted to product. These lower purity
grades were included in the economic analysis in Section IV. F. along with the 97 percent purity
feedstock. Current prices for the different feedstocks vary with purity and are listed in Table 27.

TABLE 27. CURRENT PRICES FOR DICYCLOPENTADIENE

Price Delivered to Southern California
Purity, wt % Cents/Pound” Pounds/gal Dollars/gal
97 35 8.17 2.86
80-85 19-21 8.03 1.53-1.69
70-75 17-18 7.98 1.36-1.44

*includes transportation costs in tank cars from Gulf Coast at 3 cents/lb

The process scheme for converting DCPD to cyclopentene is shown in Figure 19, with a material
balance based on actual properties of the 97 percent purity DCPD and a few assumptions of purity of other
streams. The DCPD dimer would be received from tank cars and transferred to the DCPD cracking unit
where the feed would be converted to essentially pure CPD monomer. A small portion of the DCPD is
discarded in fuel oil to avoid high concentration of peroxides. The CPD monomer is then processed in
a partial hydrogenation unit to saturate one of its two olefin bonds. A catalyst supplier verified that this
hydrogenation step is feasible with a selective palladium catalyst, and provided operating conditions and
catalyst cost.

It was assumed that the conversion plant would be located in or immediately adjacent to a refinery
to provide access to a source of hydrogen, utilities, and other refinery support systems such as fire
protection and administrative. functions. The plant would consist of the processing equipment plus
facilities for storage and handling of feedstock and product.

Published information on refinery construction plans was reviewed to provide a basis for
estimating investment cost for the he'drotrcatcr section. The data for nine hydrotreaters with a wide range
of capacities are listed in Table 28. 75) These process units are located in different areas of the country,
and the variation of costs for plants of similar capacity may indicate differences in processing severity or
construction standards.

A regression of the data in Table 28 resulted in the following relationship:

Ln(Cost) = 2.025 + (5.023 x 10-5) Capacity

or
Cost = e(2.025 + 5.023 x 10°3 x Capacity)

A plot of the regression line is shown in Figure 20 with dashed lines for the 95 percent confidence limits.
The correlation coefficient is 0.9479, and the R-squared value of 0.8986 indicates that almost 90 percent
of the variation in Ln(Cost) is explained by the relationship with capacity. Using the equation with the
planned capacity of 3,172 barrels of DCPD per stream day gives an investment cost for the hydrotreater
section of $8.9 million.
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TABLE 28. HYDROTREATER INVESTMENT COSTS

Hydrotreater Capacity, barrels per day Investment Cost, $ million

4,400 5.8

5,000 12.0
10,000 10.0
20,000 40.0
22,000 16.0
30,500 50.0
35,000 45.0
50,000 - : 100.0
70,000 200.0

Investment costs for the total plant to convert DCPD to cyclopentene are given in Table 29. The
DCPD cracking section is a relatively simple fractionation column with an overhead and a bottoms product
estimated to cost $1 million. Off-site facilities were taken as 30 percent of the processing equipment cost.
Catalyst cost was added in two increments: the aluminum oxide base which can be depreciated and the
palladium metal content which is ultimately recoverable at the end of the project life.

In order to develop operating costs, the material balance was expanded to a heat and material
balance. Process design calculations were made in enough detail to estimate utility requirements.(76)
Major equipment items are shown in the process flow diagram (See Figure 21).

Conversion of DCPD dimer to the CPD monomer is done by thermal dissociation or cracking.
The operating conditions require high pressure (HP) steam, 565 psig superheated to 650°F, to obtain 480°F
at the bottom of the column and to provide the heat of reaction of 1,205 BTU per pound.(70) The CPD
monomer distilled overhead is condensed at 100°F and then chilled to 30°F to reduce the rate of
dimerization which occurs spontaneously at ambient temperature.(77)

In the hydrogenation section, the reactor temperature was controlled by generating low pressure
(LP) steam, 52 psig saturated at 300°F, to absorb the heat of reaction estimated to be 608 BTU per pound
of CPD monomer. The cyclopentene product was separated from the excess hydrogen and sent to a
stripper column to remove dissolved hydrogen and any hydrocarbons lighter than cyclopentene. All other
heating services were done with medium pressure (MP) steam, 235 psig saturated at 400°F. Cooling water
was assumed 1o be available at 70°F as needed for coolers and condensers. The 3,400 B/SD cyclopentane
product was sent to storage at 100°F. Its boiling point of 111-112°F made it advisable to provide low
pressure spherical storage tanks to reduce vapor losses and to protect against overpressure on warm days.
Utility costs were derived from published data and were shown in Table 30.

Operating expenses anticipated for cyclopentene production are listed in Table 31. Two operators
and a product handler were plarmed at the hourly rates shown plus percentage allowances for benefits and
supervision.(82) The 10 percent of facilities cost for maintenance and 3 percent for taxes and insurance
are customary factors for this type of estimate (79) Utilities and hydrogen costs plus fuel credit for excess
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TABLE 29. CYCLOPENTENE UNIT INVESTMENT COST

Dicyclopentadiene Cracking Unit $1,000,000
Cyclopentadiene Hydrogenation Unit 8,900,000
Processing Facilities $9,900,000
Off-Sites, 30% of Processing Facilities 2,970,000
Total Facilities Cost - $12,870,000
Catalyst, Depreciable Portion of Cost 104,000
Depreciable Investment $12,974,000
Metal Content of Catalyst (Recoverable) 32,300
Total Investment $13,006,300

OFF-SITE FACILITIES INCLUDE THE FOLLOWING MAJOR ITEMS:
1. Dicyclopentadiene Receiving and Storage

a. Unloading Rack, 8 railroad cars each side
b. Two cone roof tanks, 15,000 barrels each (approximately
10 days supply of feedstock)

2. Cyclopentene Product Shipping and Storage
a. Loading rack, 4 trucks total
b. Three spheres (low pressure), 12,000 barrels each
(approximately 10 days production)

3. Connections to Utilities and Other Refinery Support Systems

SRR
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TABLE 31. CYCLOPENTENE UNIT OPERATING EXPENSES

Operating Cost

Operating Labor
No. 1 Operator
Boardman
Shipping & Receiving
Subtotal
Supervision
Subtotal
Benefits :
Total Operating Labor

Maintenance

Taxes & Insurance

Utilities

Steam
HP Steam, 565 psig, 650°F
MP Steam, 235 psig, Sat
LP Steam, 50 psig, Sat.
Boiler Feed Water

Sub-Total Steam

Electric Power
Cooling Water Usage
Total Utilities
Excess DCPD to Fuel
Hydrogen
Hydrogen Supply
Excess Hydrogen
Net Hydrogen
Catalyst Consumption
Total Operating Cost, $/SD

Annual Cost, 350 Days/Year

Units

24 hr
24 hr
16 hr
20%

30%

10% of Facilities Cost/Year"

3% of Facilities Cost/Year*

1b/r
55,980
11,270
(24,980)
24,980

720 Kw
13.7 MMBTU/hr

(242 B/SD)

MSCFhr
3215

(107.2)

$104,000, 5-Year Life

Annual Feedstock Cost, 97% Dicyclopentadiene
$2.86/gal x 120,000 gal/SD x 350 Days/Year =

*Facilities cost does not include cost of hydrogenation catalyst.

100

Unit Cost Cost, $/SD
$17Mr 408
$15/hr 360
$12/hr 192
960
192
1,152
346
$Milb
4.27 5,737
3.64 985
2.64 (1,583)
0.31 __186
5,325
$0.06/Kwh 1,037
$0.38/MMBTU 124
$16.57/B
$/MSCF
1.34 10,339
0.72 (1.852)

Cost D

1,498
3,677

1,103

6,486

(4,010)

8,487
60
17,301

$6,055,350

$120,120,000



TABLE 30. UTILITY COSTS FROM PUBLISHED DATA

UTILITY COST, $/UNIT REFERENCE

1. Steam

High Pressure ) 4.27/Mlb 77

Medium Pressure - 3.64/Mlb 77

Low Pressure 2.64/Mlb 77

Boiler Feed Water 0.31/MIb 78
2. Electric Power 0.06/Kwh ' 79
3. Cooling Water 0.38/MMBTU 79
4. Plant Fuel . 2.63/MMBTU 77

Barrel, Fuel Oil Equivalent (6.3 MMBTU) 16.57/BFOE 77
5. Hydrogen (NHV 274 BTU/SCF)

Supply (1.86 x Fuel Value/BTU) 1.34/MSCF g0

Excess to Fuel (Fuel Value/BTU) 0.72/MSCF 80

DCPD were valued at unit costs from Table 30. Note that hourly rates need to be multiplied by 24 hours
per day to obtain costs per stream day. Annual costs assume operating 350 stream days per year. Costs
for the remaining days of the year are part of the maintenance budget. Operating costs and feedstock cost
were annualized for use in economic calculations in Section IV. F.

D. Indan Production

The starting material, indene, is available at 90 percent purity on the West Coast at a price of
about $2.00 per kilogram or $0.9074 per pound. At $0.9074 per pound and 8.340 pounds/gal (83) indene
cost would be $7.57 per gallon.

The indene is imported from Germany, where it is recovered from liquids produced in coking of
coal. The supply should be sufficient for the initial need of 4 million pounds of indene per year, but it
is questionable whether the future growth to 10 times and 100 times that amount could be supplied. A
domestic supplier or manufacturer has not been located in the course of this study. There is the possibility
that a supplier will be found with further effort, or that an assured demand would stimulate increased

production.

The process scheme would be similar to that for cyclopentene, to saturate an olefin bond with
hydrogen. As with cyclopentene, processing would include hydrogenation, however, a cracking step
would not be necessary. Investment costs are listed in Table 32. The 30 percent factor for off-site
facilities is directionally correct because indan storage may use cone or floating roof tanks which cost less
than low pressure spheres for cyclopentene.

The process flow diagram in Figure 22 shows the major equipment in the feedstock receiving,
hydrogenation, and product shipping sections with flow rates and temperatures of all streams. All heating
is done with medium pressure (MP) steam. The heat of reaction of 421 BTU per pound of indene for
partial hydrogenation produces low pressure (LP) steam. After separating hydrogen from the hydrogenated
product, the distillation column removes about 4 volume percent hydrocarbons with boiling points lower
than indan. The indan product is estimated to be about 96 percent purity.
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TABLE 32. INDAN UNIT INVESTMENT COST

Indene Hydrogenation Unit $8,900,000
Off-Sites, 30% of Processing Facilities ' 2,670,000
Total Facilities Cost $11,570,000
Catalyst, Depreciable Portion of Cost 104,000
Depreciable Investment $11;674,000
Metal Content of Catalyst (Recoverable) 32,300
Total Investment : $11,706,300

OFF-SITE FACILITIES INCLUDE THE FOLLOWING MAJOR ITEMS:
1. Indene receiving and storage

a. Unloading rack, 8 railroad cars each side
b. Two cone roof tanks, 15,000 barrels each (approximately 10 days supply of feedstock)

2. Indan product shipping and storage

a. Loading rack, 4 trucks total
b. Two cone roof tanks, 15,000 barrels each (approximately 10 days production)

3. Connections to utilities and other refinery supporn systems

The heat and material balance calculations provided utility quantities. Operating expenses for the
indan unit are summarized in Table 33. These costs are lower than those for cyclopentene production
because of:

. Lower investment cost
. No HP steam
. Lower utilities and hydrogen consumption.

E. Combined Plant for Both Cyclopentene and Indan Production

Because the two additives may be used in combination, a combined plant was considered for
production of cyclopentene and indan. The feedstocks would not be processed together but would be run
separately in blocked operation because of differences in temperatures in the reactor and product stripper.
Time blocks of 12 to 15 days would be used for each product. Capacity of the process equipment would
be doubled because it would be used half the time for each product. Investment cost would not double,
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TABLE 33. INDAN UNIT OPERATING EXPENSES

Operating Cost

Operating Labor
No. 1 Operator
Boardman
Shipping & Receiving
Subtotal
Supervision
Subtotal
Benefits
Total Operating Labor

Maintenance
Taxes & Insurance

Utilities

Steam
MP Steam, 235 psig, Sat.
LP Steam, 50 psig, Sat.
Boiler Feed Water

Sub-Total Steam

Electric Power

Cooling Water Usage

Total Utlities

Light Hydrocarbons
Hydrogen
Hydrogen Supply
Excess Hydrogen
Net Hydrogen
Catalyst Cost
Total Operating Cost, $/Day

Annual Cost, 350 Days/Year

Annual Feedstock Cost, 90% Indene

nits Unit Cost
24 hr $17/r
24 hr $15Mr
16 hr $12/hr
20%
30%

10% of Facilities Cost/Year"

3% of Facilities Cost/Year"

1b/hr $/Mib
8,920 4217

(22,740) 2.64

22,740) 0.31

578 Kw $0.06/Kwh

7.3 MMBTU/hr $0.38/MMBTU
(158B/D) $24.80/B
MSCE, $MSCE

237.0 1.34

(77.0) 0.72

$104,000, 5 Year Life

$7.57/gallon x 141,400 gallons/SD X 350 days/year =

*Facilities cost does not include catalyst.

104

Cost, $/SD  Cost, $/SD

408
360
192
960
192
1,152
346

1,498

3,306

992
914
(1,441)
169
(358)
832
67

541

(3,918)
7,429
(1,331

6,098

60

8,577

$3,001,950

$374,639,300



but would increase approximately by the ratio of capacities to the 0.6 power.(83) For example, doubling
the size of the hydrogenation unit would change the investment cost as follows:

Investment

(%—-——L—fgg g/SSDD -6 x $8.9 million

1.516 x $8.9 million
$13.5 million

The storage capacity for feedstocks and products would be increased to provide at least 15 days volume
for all liquids. This was done by increasing off-site allowance from 30 percent to 35 percent of the
original investment cost for the separate units. Table 34 shows the elements of investment cost for the
combined plant.

TABLE 34, COMBINED PLANT INVESTMENT COST

Hydrogenation Unit $13,500,000
DCPD Cracking Unit 1,500,000
Cyclopentene Unit Off-Sites @35% of §9,900,000 : 3,465,000
Indan Unit Off-sites @35% of $8,900,000 © 3,115,000
Total Facilities Cost $21,580,000
Catalyst, Depreciable Portion of Cost . __208.000
Depreciable Investment $21,788,000
Metal Content of Catalyst (Recoverable) 64.600
Total Investment $21,852,600

Operating expenses are listed in Table 35. These values were derived from values for the separate
plants given in Tables 31 and 33. Operating labor did not increase. Maintenance and taxes plus insurance
were based on the new facilities cost. Other costs for making the two additives were doubled for stream
day rates and the sum was multiplied by 175 stream days per year. The investment costs and operating
expenses were applied in the economic evaluation to arrive at product prices, as discussed in the following
section.

F. Economic Evaluation and Product Prices

To estimate the costs of cyclopentene and indan, the economics of operating the separate and
combined plants were evaluated. This method is used in industry to determine if a potential investment
will be profitable or to compare investment opportunides. The discounted cash flow (DCF) concept is
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TABLE 35. COMBINED PLANT OPERATING EXPENSES

OPERATING COST

Maintenance

Taxes & Insurance

Cyclopentene Unit, 175 days/year

Operating Labor
Total Utilities
Excess DCPD to Fuel
Net Hydrogen
Catalyst Cost
Subtotal, Cyclopentene Unit

Indan Unit, 175 Days/Year
Operating Labor

Total Utilities

Light Hydrocarbons

Net Hydrogen

Catalyst Cost
Subtotal, Indan Unit ‘
Total Operating Cost

FEEDSTOCK COST

Dicyclopentadiene, 97%
Indene, 50%

Total Feedstock Cost

$/SD

10% of Facilities Cost/Year"

3% of Facilities Cost/Year"

1,498
12, 972
(8020)
16,974
120

23,544

1498
1082
(7,836)
12,196
120

7,060

686,400
2,140,796

2,827,196

*Facilities cost does not include cost of hydrogenation catalyst.
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$/Year
2,158,000

647,400

4,120,200

1,235,500

8,161,100

120,120,000
374,639,300

454,759,300



' based on the fact that the present value of future income must be reduced by compound interest factors
that decrease with longer time to receipt of the income.

The customary evaluation would use estimates of income, investment cost, and operating expenses
to arrive at the expected DCF rate of remumn. In this evaluation, the DCF rate of rerurn was defined and
the estimated costs were used to define eamnings and gross income to develop the sales price of the final
products.

At least 15 percent rate of return would be needed to justify the investment if there was no risk
at all, and 20 to 25 percent retun would be more likely to attract the funds to build the unit.(78)
Therefore, all three rates of return were used to determine the effect on price. Typical refinery units are
depreciated over 13-year life. However, higher risk petrochemical plants are allowed to use S-year life
for depreciation which will increase cash flow and eamings in the first five years of operation. Both 13-
year and 5-year life were used in the calculations. Economic calculations were based on the following
factors affected by project life:

Depreciation Life 13 Years S Years
Depreciation Policy: .
Double Declining Balance  First 7 Years First 3 Years
Straight Line Last 6 Years Last 2 Years

Common factors for both life periods were:

Income Tax, % of Net Income

Federal 34.0
California 9.3
Total 43.3

Present Worth Factors: Continuous Income and Annual Compounding

An assumption was made that earnings would be constant over project life, i.e., no change in gross
income, feedstock cost, or operating expenses. A spreadsheet program simplified the calculatons using
pre-calculated depreciation rates. Present worth factors for continuous income and annual compounding
were provided in equation form.(84) The reliability of the computer program was verified by a manual
calculation at each life period.

Since depreciation and present worth factors vary in each year, the effects of showing these factors
over the project life would be a large tabulation. Table 36 illustrates the format of the calculations for
all three plants in the first year of operation for 13-year life and 20 percent DCF retum rate. The
computer program solved for earnings listed in the upper part of the table which indicates the amount that
must be eamed after costs, and before taxes and depreciation, to return the investment amount on the top
line. In this example, earnings were independent of feedstock and operating costs; those costs could be
changed without affecting the DCF retum calculations which involved only investment, depreciation, and
income tax.

Feedstock and operating costs were used in this example to calculate product sales price. First,
they were added to the earnings to obtain gross income from sales. This amount was moved to the sales
price calculation in the lower part of Table 36 where it was divided by the product volume to obtain the
sales price. The $2.599 and $7.623 per gallon prices for cyclopentene and indan, respectively, in the first
two columns agreed with the computer results. In the combined plant, the computer produced an average
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TABLE 36. EXAMPLE OF ANNUAL CASH FLOW AND PRODUCT PRICE CALCULATION

BASIS: FIRST YEAR OF OPERATION, 13-YEAR LIFE, 20% DCF RETURN

Algebraic Cyclopentene Indan Combined
Cash Flow Calculation Symbols Plant Plant Plant
Depreciable Investment I 12,974,000 11,674,000 21,788,000
Gross Income from Sales G 129,881,545 380,976,083 509,144,431
Less Costs
Feedstock Cost F 120,120,000 374,639,300 494,759,300
Operating Expense 0] 6.055,350 3,001,950 8,161,100
F+0 126,175,350 377,641,250 502,920,400
Eamings E 3,706,195 3,334,833 6,224,031
Less Depreciation, D = 0.0769 DI 997,700 897,730 1,675,497
Taxable Income E-DI 2,708,495 2,437,103 4,548,534
Less Taxes, 43.3% 0.433x(E-DI) 1,172,778 1,055,266 1,969,515
Net Income 0.567x(E-DI) 1,535,717 1,381,837 2,579,019
Add Depreciation DI 997,700 897,730 1,675,497
Cash Flow 0.567E+0.433DI 2,533,417 2,279,567 4,254,516
Sales Price Calculation
Gross Income from Sales G 509,144,431*
Cyclopentene 129,881,545 128,919,051
Indan 380,976,083 380,225,380
Sales Volume, Gallons/Yr \Y
Cyclopentene 49,980,000 49,980,000
Indan 49,980,000 49,980,000
Sales Price, $/Gallon GV
Cyclopentene 2.599 2.579
Indan 7.623 7.608

*Distributed in proportion to earnings in separate plants.
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price of $5.094 per gallon. Earnings were apportioned to the two products in proportion to the eamings
in the individual plants. Adding the feedstock and operating costs, the prices were calculated at $2.579
per gallon for cyclopentene and $7.608 per gallon for indan. These prices were about $0.02 per gallon
less than in the separate plants.

Comparing the magnitude of the numbers in Table 36 shows that feedstock costs far overshadow
the amounts of eamings and operating expenses that must be recovered in gross income. As a result,
feedstock costs are the major factor in determining product price. Table 37 presents the product prices
as the rate of retun was varied from 15 to 25 percent. In comparison with the feedstock prices listed in
Table 36, product prices are the same order of magnitude. The differences between feedstock and prices
include not only the economic factors, but also the difference in densities and production of by-products
in processing. Lower densities for products resulted in larger volumes than feedstocks. The volumes used
in the economic calculations are identical to the material balance by weight used in the process flow
diagrams.

Examination of Table 37 shows that for each increment of 5 percent DCF retum at 13-year life,
product price changed $0.012 to $0.016 per gallon. At 5-year life, the increment for 5 percent DCF return
varied from $0.009 to $0.012 per gallon. These increments would not be altered by a change in feedstock
cost; only the magnitude of the product price would change. This effect shows up in the cyclopentene
made from lower purity feedstocks. The medium purity feed was $1.17 per gallon less than high purity,
and reduced the product prices about $0.99 per gallon. A second increment of $0.25 per gallon to the low
purity feed had a similar reduction of about $0.21 per gallon of product. These lower purity products
offer considerable additive cost savings and may work nearly as well in modifying flame luminosity.
Product prices did not include distribution costs for transport of the additive to terminals or other point
of usage.

Table 38 presents the annual eamings for each product at each rate of return. For the
cyclopentene plant, lower price feedstocks did not affect the amount of earnings. The earmnings required
for the indan plant are slightly lower than the cyclopentene plant because of lower investment and
operating costs. Earnings for the 5-year depreciation schedule were higher than the 13-year schedule; this
effect caused the slightly higher prices observed in Table 37 for 5-year life.
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TABLE 37. PRODUCT PRICES AT VARYING RATES OF RETURN IN DOLLARS/GAL

13-Year Plant Life

Cyclopentene Plant
High Purity
Medium Purity
Low Purity

Indan Plant
Indan

Combined Plant
Cyclopentene
Indan

5-Year Plant Life

Cyclopentene Plant
High Purity
Medium Purity
Low Purity

Indan Plant
Indan

Combined Plant

Cyclpopentene
Indan

Feedstock Rate of Retumn

Price,

$/Gallon 15% 20% 25%
2.86 2.584 2.599 2.614
1.69 1.594 1.610 1.625
1.44 1.381 1.396 1412
7.57 7.609 7.623 7.637
2.86 - 2.566 2.579 2.593
1.57 7.596 7.608 7.620
2.86 2.611 2.623 2.635
1.69 1.622 1.633 1.645
1.44 1.408 1.420 1.432
7.57 7.633 7.644 7.655
2.86 2.5%0 2.601 2.611
1.57 7.617 7.627 7.636
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TABLE 38. EFFECT OF RATE OF RETURN ON ANNUAL
EARNINGS, $1,000 (ROUNDED)

13-Year Plant Life

Cyclopentene Plant
High Purity
Medium Purity
Low Purity

Indan Plant

Combined Plant

5-Year Plant Life

Cyclopentene Plant
High Purity
Medium Purity
Low Purity

Indan Plant

Combined Plant

DCF Rate of Retumn

15% 20% 25%
2,951 3,706 4,484
2,951 3,706 4,484
2,051 3,706 4,484
2,655 3,335 3,776
4,955 6,224 7,530
4,303 4,987 5,497
4,303 4,897 5,497
4,303 4,897 5.497
3,872 4,406 4,946
7226 8.223
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V. DISCUSSION

Potential additive candidates were screened individually and then in combination to determine the
concentration of the additive required to reach the desired effect. This experimentation determined the
extent of improvement in the properties in relation to the original objectives of the program. One key
limitation for the first task was a total additive concentration less than S percent by volume. Table 39 lists
the nominees and the suggested concentration ranges for each additive based on the criteria in Task 1 -
Literature Search and Additive Evaluation. The coded additive MO was included in this list because this
compound improved the flame luminosity toward the latter part of the burn; however, MO also left a
residue in the bottom of the Petri dish which caused some concemn for future applications in a vehicle.
The residue may cause plugged injectors or excessive wear in an engine.

TABLE 39. ADDITIVE PACKAGE NOMINEES AND SUGGESTED
CONCENTRATION RANGES FOR TASK 1

Property Additive Concentration Range
Flammability Butane 2.2-2.5 Vol%
Flammability Butene 2.2-2.5 Vol%
Luminosity Toluene . 2.8-5.0 Vol%
Luminosity MO coded sample? _ 0.75-1.0 W%
Luminosity Ethanol | 10-20 Vol%

—Lubricityb DCI4A, 0585798, 0S86453, 0586454, 0.12 Wit%

0S86455, 0S86456, 0S86457, 0S86458,
08586460, VX3181, VX3182, Metacor 704,
Unicor J, IPC 44210

Taste Bitrex ' 0.0012 Wt%
Color Alcohol-soluble Dye 0.00013-0.013 W%
Odor Various 0.007 W%

aThis additive formed a residue after bumning

ese corrosion-inhibitor/lubricity improvement additives are considered to be
interchangeable as regards their compatibility with other additive package constituents at
the nominated low level of concentration.

In the Task 1 Expansion, the 5 volume percent limitation was lifted and replaced by a limit on
the total cost of the additive package not to exceed 125 percent of the gasoline component cost in M85.
The leading candidates for luminosity improvement were:

. Toluene

. Cyclopentene

112



. Indan
. Benzaldehyde

Trimethyl borate improved the flame luminosity at a low concentration with a characteristic green flame,
but the residue left behind after the bum caused some concern about possible engine wear. Two
compounds at slightly higher concentrations, methylcyclopentane (early in the bum) and mesitylene (late
in the bum), improved the luminosity above the minimum threshold visibility. MO and ethanol,
recommended in Task 1, were not included in the Task 1 Expansion because ethanol was require at much
higher concentrations to enhance flame luminosity and MO left a residue after burning.

A. Lubricity

For lubricity, the mechanism operating with methanol fuel involved the washing away of the
lubricant and subsequent corrosion caused by the formation of acids and other oxidizing agents from the
fuel. The additives identified for methanol lubricity should handle both lubrication and corrosion. In
general, the two most successful classes of compounds included the fatty acids and organic amine salts.
Several proprietary lubricity/corrosion additives from this class of compounds were equally effective in
improving the lubricity. These compounds compared favorably to M85 for a reduction in wear and
showed significant improvement in the lubricity of M100.

B. Flammability

For flammability, the addition of butane or butene lowered the flammability limit to below -18°C
at a concentration of about 3 volume percent. The addition of toluene increased the rich flammability
limit of the mixture when blended with butane or butene. When the total additive concentration was held
to 5 volume percent with combinations of 2 percent butane or butene, 3 percent toluene, and a balance
of methanol, the rich flammability limit was about 0°C. With 15 volume percent ethanol and 6 volume
percent of the toluene and butane, the rich flammability limit was about -25°C. These rich flammability
limits were well below normal ambient temperatures and below the typical daily temperatures in California
except in mountainous areas or on extremely cold days. In addition, the RVP was sufficient to provide
good fuel volatility. Therefore, the flammability of saturated fuel vapors in underground and vehicle
storage tanks can be lowered bélow typical ambient temperatures with sufficient volatility to provide good
cold-starting and warm-up performance to -18°C (0°F). Fuel weathering was not considered in this

program.

C. Flame Luminosity

Flame lumindsity was improved for fuel methanol through the addition of compounds which
bumed with visible flames. The luminosity depends on a number of factors;

. Type of fire (pool, spill, or container)

. Path length and size of flame

. Surface where bumning takes place (porous or non-porous)
. Background of the flame in relation to the observer

. Lighting conditions (dark, twilight, or bright sunshine)
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. Concentration, volatility, and luminosity of additives
. Flame color.

Since the luminosity of neat methanol is poor, the addition of any soot-forming material improves the
flame luminosity.

1. Single Component Additives

Ethanol was chosen as the luminosity standard for the experimental procedure, and M85
was the standard of comparison. For M85, the luminosity varied throughout the bumn. Through the initial
and final portions of the bum, M85 produced 70 to 90 percent of the luminosity of ethanol. During the
middle portion of the bum, M85 yielded only a 15 percent increase in luminosity over M100.

Boron compounds produced a green flame when bumed. Trimethyl borate achieved the
minimum threshold visibility for about 50 percent of the burn at the 5 percent concentration by volume;
however, a white residue remained in the Petri dish after burning probably due to boric acid. These
compounds showed some promise a luminosity enhancers, but some concemn arose about the residue left
behind after burning. This residue may cause excessive wear or other problems in the engine or fuel
handling system of an actual vehicle. The increase in visibility with respect to luminosity from boron
compounds was probably due to the higher sensitivity of the human eye to wavelengths in the green to
yellow portion of the spectrum.

Three additives were investigated for their effect on flame luminosity based on their low
Carter MIR; pentamethylbenzene, benzaldehyde, and pentamethylbenzaldehyde. Pentamethylbenzene and
pentamethylbenzaldehyde resulted in a small increase in the flame luminosity compared to methanol.
Benzaldehyde is unique in that it has a negative MIR; however, benzaldehyde is an irritant and considered
toxic. If benzaldehyde passes through the combustion process unbumed, a lower or negative potential for
ozone formation may occur. Benzaldehyde increased the flame luminosity above the minimum threshold
visibility toward the latter part of the bum at the 5 percent by volume concentration. This compound was
unique among oxygen-containing compounds because it yielded a higher flame Iuminosity than the
homologous compounds without oxygen. In combination with toluene or cyclopentene, benzaldehyde
should result in a visible flame throughout the majority of the burn and may contribute to lower ozone
formation of the exhaust.

The best combinations for improving flame luminosity were those with unsaturation,
cyclization, and aromaticity. Chemicals with unsaturation, cyclization, and aromaticity resulted in
molecules with lower hydrogen/carbon number ratios, and lower hydrogen/carbon number ratios tend to
improve the flame luminosity more than homologous compounds. Carbon chain branching also increased
the luminosity; but in combination with methanol, higher concentrations were required. Unsaturated,
branched-chain, and cyclic hydrocarbons typically increased the flame luminosity in the initial part of the
bum more than straight chain hydrocarbons; however, many of these compounds required concentrations
above 10 volume percent to raise the luminosity to the level of the minimum threshold visibility (0.2 foot-
candles). Aromatics and certain substituted cyclic hydrocarbons improved the flame luminosity in the
latter part of the bum.

The differences between compounds which enhanced the luminosity at the beginning of
the bum and those that improved the luminosity near the end of the bum were related to the volatility of
the compounds and the ability to form azeotropes with methanol. Compounds with a carbon number of
S or 6 yielded the highest luminosity in the early part of the bum. Above and below carbon numbers of
5 and 6, the luminosity during the early part of the bum dropped off dramatically. Compounds with a

114



hydrogen/carbon number ratio between 1.5 and 2.5 (olefins and paraffins) produced the highest luminosity
in the early part of the bum, while compounds with a hydrogen/carbon number ratio less than 1.5
(aromatics) exhibited higher luminosity in the latter part of the burn.

Toluene and cyclopentene provided the highest flame luminosity at the lowest
concentration during the initial part of the bum, while indan produced good luminosity at a low
concentration in the latter part of the bum. Indan met the minimum threshold visibility at a concentration
of approximately 1 percent by volume for a short time near the end of the bum. Alcohols and ethers
provided limited improvements in the luminosity except at very high concentrations. One exception was
cyclohexanol, but even this compound had a lower luminosity than its homologous cyclic hydrocarbon,
cyclohexane, :

When toluene was added to methanol at 8 volume percent, the luminosity exceeded
ethanol. With 6 volume percent toluene, the luminosity surpassed M85 for the initial part of the bum.
At a concentration of 2.8 volume percent, toluene was sufficient to provide luminosity above the estimated
minimum threshold visibility of 0.2 foot-candles for the initial portion of the burn. Other compounds such
as coded sample MO provided a luminosity improvement during the final portion of the bum, but left a
residue in the bottom of the Petri dish. The luminosity of methanol can be improved through the use of
additives other than gasoline, but the degree of improvement is dependent on the concentration of the
additive, the portion of the bum considered, and the degree of improvement required.

2. Multiple Component Additives

To reach the minimum threshold visibility throughout the burn, multiple component blends
were required. Many multiple component mixtures were tried to take advantage of the different volatilities
of various compounds which demonstrated good luminosity as single component blends. These
combinations included:

. Ethanol + TBA

. Ethanol + MTBE

. Indan + cyclopentene

. Indan + methylcyclopentane
. Toluene + indan

. Toluene + ethyl ether

. Toluene + n-propyl benzene

. Toluene + tetralin
. Ferrocene + cyclopentene + indan
. Feedstocks and commercial products

- Cycloalkane/olefin blends
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- Olefin blends
- Various grades of DCPD
- DP5-160.

Several blends were found to be equivalent to or better than M8S in terms of a visible flame duration
above the minimum threshold visibility. A blend of ferrocene, cyclopentene, and indan also produced a
flame with a good flame duration, but concem over residue left after the bum precluded additional
investigation of this blend. The best blends with the lowest additive concentration by volume were S
percent indan + 5 percent cyclopentene and 4 percent toluene plus 2 percent indan. Experimentation with
these two blends was continued through outdoor luminosity studies and emission testing in a dual fuel
vehicle. :

D.  Outdoor Bums
A set of experiments was designed to a compare the laboratory results to real world situations.
These experiments were conducted outdoors with larger quantities of fuel on a variety of surfaces to
simulate real world conditions. Two of the best multiple component additive combinations from the
laboratory investigation were selected for continued investigation. The effect of five different liquids:
. 100% methanol

. 100% ethanol

. M85
. 4% toluene + 2% indan in methanol
. 5% indan + 5% cyclopentene in methanol

on each of five surfaces:

. Concrete

. Asphalt

. Sheet metal
. Grass

. Soil

was determined to make these comparisons. A panel of eight to nine observers watched the bums, rated
the visibility, and answered questions about the lighting conditions, flame color, flame luminosity, flame
height, background, and other distinguishing features. All bums were performed during bright sunlight
or partly cloudy conditions. In general, the additive blends performed as well as or better than ethanol
and M85 on most surfaces, and the additive blends were significantly better than M100 in all cases. These
results, while limited to a small number of observers, indicated that the flame visibility of methanol can
be improved through the use of selected additives.
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E. Emission Measurements

Emission testing was performed on two different vehicles with different additive blends. The
measured emissions included a complete hydrocarbon speciation (Cq - C3 hydrocarbons plus benzene and
toluene, C4 hydrocarbons including 1,3-butadiene, and Cs - Cyq hydrocarbons), aldehydes, and methanol.
All exhaust emissions were measured on a bag by bag basis and compared for their ozone formation
potential based on the most current Carter MIRs. :

A 1986 Toyota Camry (dedicated M85 vehicle) was tested with an SwRI methanol blend and with
an actual commercial blend of M85 fuel obtained from California. The SwRI methanol blend was made
from M100 blended to contain the following additives:

. 6 volume percent toluene

. 2.5 volume percent butane

. 0.12 weight percent DCI4A (Dupont)

. 0.0001 weight percent Bitrex (denatonium benzoate)

. 0.007 weight percent odorant.

In a separate set of tests, a 1989 dual-fuel Volkswagen Jetta was tested with five fuels:

. M100

. 4% toluene + 2% indan blended with M100

. 5% indan + 5% cyclopentene blended with M100

. Auto/Oil industry average gasoline (RF-A)

. M35 blended from RF-A

Both vehicles were tested with different additive blends, but the results from these tests were
similar in many ways even though the engines and emission control systems were different on each
vehicle. In general, the hydrocarbons in the exhaust were analogous to the hydrocarbons in the fuel. For

example, when toluene was added to the fuel, higher concentrations of toluene were detected in the
exhaust. Some other comparisons for both vehicles were:

. Cold-start emissions contributed to the majority of the exhaust emissions from both
vehicles.
. Methanol was the major organic constituent in the exhaust when present in the fuel.

. Speciated hydrocarbons in the exhaust reflected the additives in the fuel.

. Regulated emissions from the Jetta with the two fuel additives had minimal emissions
impact when compared to M100.
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. Ozone formation potential from both vehicles was lower for the additive blends when
compared to M8S, but the criterion for no more than 50 percent of the exhaust reactive
hydrocarbon emissions for the blend compared to M85 was not met.

«  Toxic emissions from the Jetta were variable compared to M100; the additive with T&I
had more toxic emissions, and the additive with I&C had less toxic emissions.

. Toxic emissions from the Camry with the methanol additive package were lower when
compared to M85, but higher than M85 with the Jetta; the total additive package
concentration was also greater with the Jetta. ‘

. When the additive blends were compared to gasoline, the total and NMOG hydrocarbons
were greater, but the toxics were less.

In general, the additive blends performed well when compared to M85 and M100. Minimal emissions
impact was observed for the regulated emissions, but the criterion for no more than 50 percent of the
exhaust reactive hydrocarbons as compared to M85 without the additive was not met. It should be noted-
that even M100 did not meet this criterion. The toxic emissions found to be more dependent on the
additive package.

F. Cost

) One consideration in the selection of potential additives was the cost to achieve the desired effect.

The additional costs depended on the specific additives and concentration of each additive in the package.
In Task 1 - Literature Search and Additive Evaluation, an additive package was proposed to meet the
safety and performance criteria for the initial part of the program. Table 40 lists the costs for the
individual additive package nominees based on their suggested concentrations from Table 39. As an
example, the fuel cost increase for an additive package which would address each of the fuel properties
may include the following:

. 2.2 volume percent butane (1 cent/gal)
. 2.8 volume percent toluene (3 cents/gal)
. 0.12 weight percent of a lubricity additive (1 cent/gal)

. 0.0012 weight percent Bitrex (2 cents/gal)
. 0.007 weight percent odorant (0.04 cent/gal)
. Dye for coloration (0.2 cent/gal).

With the cost of methanol at 37 cents/gal based on an average of the spot market prices from January to
May 1992(86), the total cost of the fuel with the example additive package listed above would be about
42 cents/gal. If ethanol were included in the blend at a concentration of 20 percent with the same additive
package listed above, the fuel cost was about 58 cents/gal. It should be noted that these costs do not
include blending and other related costs such as transportation and handling since some of these costs
would be similar for any fuel. The costs for the additive package in methanol are within an acceptable
range to improve the properties of the fuel without pricing the fuel out of the market.
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TABLE 40. ADDITIVE COSTS FOR TASK 1 ADDITIVE COMBINATIONS(86,87)

Additive Bulk Price Cost Increase, $/Gal Fuel®
Methanol $0.37/gal --
Butane $17.50/bbl $0.01
Toluene $0.90/gal $0.02 - $0.045
Butene $2.50/gal $0.055 - $0.063
Ethanol $1.17/gal $0.12 - $0.23
MO $4.00/1b $0.20-$0.26
DCI4A $0.84/1b $0.01
Bitrex $14.00/0z $0.02
Odorant $1.00/1b . $0.0004
Colorant (dye) $19.00/1b $0.002 - $0.02
*Cost increase based on suggested concentration ranges in Table 38 and price per gallon of the
additive without transportation costs.

In the Task 1 Expansion, efforts continued to find alternative luminosity additives with the additive
cost not to exceed 125 percent of the gasoline cost in M85. The additive package above was successful
in improving all of the fuel properties except flame luminosity. To achieve a luminous flame throughout
the majority of the burn, higher concentrations of the luminosity additives must be used. Two
combinations were found which provided adequate luminosity throughout the burn. These combination
were plus 5 percent indan + 5% cyclopentene and 4 percent toluene plus 2 percent indan. Table 41 lists
the individual estimated additive costs for these two combinations, and the associated costs increases for
each additive concentration.

TABLE 41. ADDITIVE COST FOR TOLUENE, CYCLOPENTENE, AND INDAN ADDITIVE
COMBINATIONS (TASK 1 EXPANSION)

Additive Bulk Price, $/gal Cost Increase, ¥/gal Fuel®
4% Toluene 0.90 0.036
2% Indan 7.62 0.152
5% Cyclopentene 1.61 ' 0.081
5% Indan 7.62 0.381
*Cost increase based on percentage of suggested concentration range and price per gallon of the
additive without transportation costs.
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To compute the additive costs, the spot price for toluene was reviewed for calendar year 1991 and
compared with gasoline in Section I'V. B. Toluene prices tend to follow the gasoline price, but it is also
affected by demand as a chemical intermediate. The average price was $0.901 per gallon, and the median
value was $0.905 per gallon. A price of $0.90 per gallon was used in the estimation of additive cost.

Cyclopentene and indan were not available as bulk chemicals, so the approach to developing costs
was o estimate the cost of production from other available materials. DCPD was available in the desired
quantities as a starting material to make cyclopentene by partial hydrogenation of CPD monomer.
Estimates of investment cost, operating expenses, and economic evaluation in Section IV. C. indicate that
cyclopentene can be made in California for $1.38 to $2.58 per gallon depending on the purity. Slightly
higher prices of $1.41 to $2.61 per gallon may be needed to encourage construction of a plant. A cost
of $1.61 for medium purity based on a 20 percent rate of return and a 13 year plant life was used in
estimating the additive cost for cyclopentene.

Indene was selected as the starting material to produce indan, but no bulk producer of indene was
found in the United States. Indene was available in bulk quantities in Europe, but at a high price which
may not meet the long term needs as a fuel additive. A plant to make indan would be similar to the
cyclopentene plant in size and design. Economic evaluation in Section IV. D. indicates that indan could
be produced in California for $7.62 per gallon. This value was used to calculate the cost of adding indan
to methanol.

To estimate the additive package price in comparison to the gasoline in M85, the current cost of
gasoline added to M85 was determined. The average cost of the premium unleaded wholesale rack prices
from January to May 1992 was 74.9 cents/gal.(86) With M85, the gasoline contribution to the total cost
equated to 11.2 cent/gal based on 15 percent of the average premium unleaded cost per gallon. At the
pump in Califomia, the average retail price for M85 is currently about 80 cents/gal, and ranges from 71.9
to 93.9 cents/gal depending on the transportation costs and mark up involved with the particular
station.(88) If 85 percent of the spot market price for methanol (31.5 cents/gal) was subtracted from the
average retail price for M85, then the costs yielded an increase for the gasoline, transportation, and station
margin costs of between 40 and 62 cents/gal with an average of 48.5 cents/gal. By subtracting the
gasoline contribution cost (11.2 cents/gal) from the remainder, the transportation costs plus station margin
were 37.3 cents/gal of the average price for M85 in California. (Note: Since the transportation costs and
the station margin should be similar for any fuel, no attempt was made to separate these two figures.)

To meet the criterion for the flame luminosity additive costs of less than 125 percent of the
gasoline portion of M85 (11.2 cents/gal), the cost increase for the additive packages should be less than
about 14 cents/gal. Neither of the two additives were capable of meeting this criterion because the raw
material costs for indan were too high (See Table 40). If a substitute for indan or a lower priced feedstock
could be found, then the additive package might meet the cost requirement proposed for this program.
The additive package with 4 percent toluene plus 2 percent indan was the closest to meeting the cost
criterion. This blend yielded a cost increase of 18.8 cents/gal, which equated to a 168 percent increase
over the gasoline contribution to M85. With the 4 percent toluene plus 2 percent indan flame luminosity
additive package, the average cost of the fuel at the pump would be about 91 cents/gal, including the
transportation costs and the station margin calculated above. This fuel cost equates to a total cost increase
of about 14 percent more than the average pump price for M85.

If the additives for flammability limit, fuel lubricity, taste, odor, and color were also added to the

fuel cost for the luminosity additive, then the price at the pump would be about 94 cents/gal for an
increase of about 18 percent more than the pump price of M85. On this basis, the total cost increase of
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a complete additive package in the fuel was less than 125 percent of the total cost at the pump, but not
less than 125 percent of the gasoline portion in M85.

A similar exercise could be performed with the 5 percent indan plus 5 percent cyclopentene flame
luminosity additive. With the flame luminosity additive alone, the average cost of the fuel at the pump,
including transportation costs and station margin, would be about $1.17/gal. This cost was 46 percent
more the average pump price of M85. If the additives for flammability limit, fuel lubricity, taste, odor,
and color were added to the fuel cost for the luminosity additive, then the price at the pump would be
about $1.20/gal for an increase of about 50 percent more than the M85 pump price.
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GLOSSARY OF TERMS, ABBREVIATIONS, AND SYMBOLS

AQ - Coded alcohol-soluble dye

B/SD - Barrels per stream day

bbl - Barrel, 42 U.S. gal

BFOE - Barrel, fuel oil equivalent (6.3 MM BTU)
BOCLE - Ball-on-Cylinder Lubricity Evaluator
CARB - California Air Resources Board

Carter Maximum Incremental Reactivity (MIR) - Used to predict relative levels of ozone formation based
on the individual hydrocarbon components in the exhaust

CEC- California Energy Commission

CO - Carbon monoxide

CPD - Cyclopentadiene monomer

DCF - Discounted cash flow

DCPD - Dicyclopentadiene dimer

DER - Department of Emissions Research at Southwest Research Institute
DME - Dimethyl ether

F - Coded alcohol-soluble dye

Foot-candle - Unit of illuminance on a surface that is everywhere one foot from a uniform point source
of light of one candle

FTP - Federal Test Procedure

Gray-body radiation - Carbonaceous particles heated by a flame and emit light in the visible region of the
spectrum

HP - High pressure (steam)
1&C - 5 percent indan plus 5 percent cyclopentene
Kw - Kilowatt or kilowatt hours per hour

Kwh - Kilowatt hour
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GLOSSARY OF TERMS, ABBREVIATIONS, AND SYMBOLS (CONT'D)

Lean flammability limit - Temperature where the gases in the vapor space of a closed container are 0o
lean (insufficient fuel) to ignite; occurs at lower temperatures

LP - Low pressure (steam)

M - Thousand

M100 - neat methanol; 100 percent methanol fuel with no additives or blending components

Minimum threshold visibility - Based on a subjective consensus as the lowest level that a luminous flame

would be detected under lighted conditions as measured with the instrumentation described above (about
0.2 foot-candles)

M85 - Mixture of 85 percent methaﬁol with 15 percent gasoline
MIR - Maximum incremental reactivity

MM - Million

MMBTU/Mr - Million BTU per hour

MO - Coded alcohol-soluble dye

MP - Medium pressure (steam)

MSCFEhr - Thousand standard cubic feet per hour

MTBE - Methyl t-butyl ether

NMOG - Non-methane organic gases

NOy - Oxides of nitrogen

Ozone formation potential - Relative estimation of the contribution of the exhaust constituents to produce

ozone; obtained by dividing the mass of ozone formed from hydrocarbon components in the exhaust based
on the Carter MIR by the mass of NMOG

PFI - Port Fuel Injector Deposit test
RF-A - Auto/Oil industry average gasoline

Rich flammability limit - Temperature where the gases in the vapor space of a closed container are tbo
rich (insufficient oxygen) to ignite; occurs at higher temperatures

RVP - Reid Vapor Pressure

SCAQMD - South Coast Air Quality Management District
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GLOSSARY OF TERMS, ABBREVIATIONS, AND SYMBOLS (CONT’D)

SD - Stream day or operating day
SwRI - Southwest Research Institute

T&I - 4 percent toluene plus 2 percent indan
TBA - t-butyl alcohol

Toxic_emissions - Summation of benzene, 1,3-butadiene, the three isomers of xylene, formaidehyde,
acrolein, and acetaldehyde based on CARB list of known and suspected toxic air contaminants

UDDS - Urban Dynamometer Driving Schedule

WSD - Wear Scar Diameter
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TABLE A-1. LUMINOSITY MEASUREMENTS AND BURN DURATIONS
~ FOR SI.NGLE—ADDITIVE METHANOL FORMULATIONS (TASK 1)

Additive Concentration by Volume

Ethanol (reference)

M85
M88
M0
MS2
M95
M100

Hydrocarbon Mixtures

5% 50 RON Reformate
5% H2290

5% H400°

5% Light hydrocrackate
5% Jet A

5% Refined peanut oil

Aromatics

1% Toluene

2% Toluene

4% Toluene

5% Toluene

6% Toluene

10% Toluene

5% Ethyl benzene
5% n-Propyl benzene
5% n-Butyl benzene
5% n-Pentyl benzene
5% n-Hexyl benzene
5% Pyridine

5% Naphthalene

5% Methyl naphthalene
5% Decalin

5% Tetralin

Aliphatics and Olefins

5% Butane

5% 1-Butene

5% 1,3-Butadiene

5% Pentane

5% Isooctane

5% Dicyclopentadiene
5% 7-trans-7-Tetradecene

Regular unleaded gasoline

Avg. Luminosity,
Foot Candles,3

1.0

2.5-30.
0.90/0.15/0.702
0.50/0.02/0.35
0.35/0.01/0.20
0.15/0.005/0.10
0.03/0.001/0.10°
0.001

0.005

0.08

0.10
0.15/0.001
0.001
0.001

0.001
0.008
0.20
0.25
0.65

13
0.0010.1
0.00/0.3
0.0010.25
0.0010.1
0.001
0.001
0.001
0.001
0.005
0.005

0.005
0.005
0.5/0.005

'0.001

0.01 (first 1/3 burn)
0.0010.25
0.001

A-2

Bum Time,

Sec.

60

60
60
56
56
56
58
60

56
56
60
60



TABLE A-1 (CONT’D). LUMINOSITY MEASUREMENTS AND BURN DURATIONS

FOR SINGLE-ADDITIVE METHANOL FORMULATIONS (TASK 1)

Additive Concentration bv Volume

Ethers

5% Ethyl ether
5% Dimethyl ether

5% Ethylene glycol monomethyl

ether
5% MTBE
5% ETBE
5% Polypbenyl ether
5% m-Butyl acetate

Metal Organic Salts

5% Sodium acetate
5% Isoamyl acetate
2% Lithium acetate
2% Calcium acetate
2% Aluminum acetate
2% Iron stearate

2% Sodium stearate
2% Zinc stearate

5 Vol% VX 31744
5 Vol% VX 31814
5 Vol% VX 3182d
5 Vol% VX 3194d
5 Vol% VX 3195d
5 Vol% OS 858004
S Vol% OS 858014
5 Vol% OS 858024
5 Vol% OS 85803d

Alcohol Soluble Dves

5% Methyl orange dye

5% Acid yellow dye No. 38
5% Mordant Brown No. 4
5% Rhodamine B dye

5% Pylam blue dye

5% Pylam bright red dye
5% Pylam orange dye

5% Pylam lemon yellow dye
5% Nigrosine -

Proprietary Formulations

0.1% Mod
0.5% Mod

Avg. Luminosity,
Foot Candles,2

0.001
0.003

0.003
0.001
0.001
0.005
0.001

0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001

0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001

0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001

0.0s
0.25 (last 1/4 bumn)

A-3

Bum Time,

Sec.

A &

288383

58
56

58
56
58

56
60

60
60
60

60
50
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TABLE A-1 (CONT’'D). LUMINOSITY MEASUREMENTS AND BURN DURATIONS
FOR SINGLE-ADDITIVE METHANOL FORMULATIONS (TASK 1)

Avg. Luminosity, Bum Time,
Additive Concentration by Volume Foot Candles 3 Sec.

1.0% Mod 0.3 (last 1/4 burn) 60
0.1% ABd 0.05 60
0.5% ABd 005 . 60
1.0% ABd . 0.05 ; 58
0.1% A0d 0.05 - 60
0.5% A0 0.10 (last 1/4 burn) 60
1.0% Aod ~ 0.25 (last 1/4 burn) 60
0.1% BBRA 0.05 60
0.5% BBRd 0.05 56
1.0% BBR4 0.05 58
0.1% DB7d 005 60
0.5% DB7d 0.05 60
1.0% DB7d ' 0.05 56
0.1% Fd 0.05 60
0.5% Fd 0.07 58
1.0% Fd 0.10 60
0.1% PBVFd 0.05 s8
0.5% PBVFY 0.05 58
1.0% PBVF4 0.05 60
5% G1280X° 0.001 60
5% D1280X¢ 0.001 60
Alcohols

5% Ethy! alcohol 0.001 60
10% Ethy! alcohol 0.001 60
209% Ethyl alcohol 0.05 ' 60
5% n-Butanol 0.001 58
10% n-Butanol 0.001 58
15% n-Butanol 0.08 (last 1/3 burn) 56
5% Tertiary butyl alcohol 0.001 60
10% Tertiary butyl alcohol 0.001 58
15% Terdary butyl alcohol 0.18 (last 1/3 burn) 58
5% Isopropyl alcohol 0.001 60
5% Cyclohexanol 0.001 60
5% Tridecylalcohol 0.001 60
5% Decyl alcohol 0.001 60

ANOTE: Multiple numbers listed under average luminosity indicates changes from beginning, middie and end
of burn.

bH229: €5 - Cg hydrocarbon mix (Naphtha solvent) boiling range 240 - 360°F.

CH400: Middle distillate solvent C;o-Cy3 aromatics boiling range 340 - 490°F.

dCoded sample.

€Additive provided by Omstar.
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TABLE A-2. LUMINOSITY MEASUREMENTS AND BURN DURATIONS
FOR ADDITIVE COMBINATION IN METHANOL (TASK 1)

Additve Concentration by Volume

1% Toluene + 4% Tetralin
3% Toluene + 2% Tetralin
4% Toluene + 1% Tetralin
4% Toluene + 1% 1-Pentene
3% Toluene + 2% n-Propyl benzene
4% Toluene + 1% n-Propy! benzene
3% Toluene + 2% n-Butyl benzene
4% Toluene + 1% n-Butyl benzene
3% Toluene + 2% Butene
4% Toluene + 1% Butene
3% Toluene + 2% Butane
3% Toluene + 3% Butane
3.5% Toluene + 2.5% Butane
4% Toluene + 1% Butane
4% Toluene + 2% Butane
5% Toluene + 1% Butane
2% Toluene + 1% Butane
+ 2% H400
2% Toluene + 2% Butane
+ 1% H400
2% Toluene + 1% Butane
+ 1% H229
2% Toluene + 2% Butane
+ 1% H229
2.5% Toluene + 2.5% H229
2.4% Toluene + 2.5% H400
4% Toluene + 4% H400
3% Toluene + 3% H400
1.67% Toluene + 1.67% H229
+ 1.67% H400
2% Toluene + 2% H229
+ 2% H400
3% Toluene + 1% H229
+ 1% H400
6% Toluene + 2% H229
+2% H400
2.5% H229 + 2.5% H400
4% H229 + 4% H400 .
2.5% Toluene + 2.5% Dicyclopentadiene
3% Toluene + 3% Dicyclopentadiene

Avg. Luminosity,
Foot Candles 2

0.001/0.01
0.02

0.08

020

0.10

030

0.05

020

0.10

030

0.05

0.04 (1/2 burn)
0.08 (1/2 burn)
020

0.10 (23 burn)
030 (2/3 burn)

0.03

0.001

0.05

0.001
0.15
0.04
04
0.09

0.04

0.15

0.08

12
0.001/0.20
05

0.05
02

A5

Bum Time,

58
56
56
58
56

58

56
56




TABLE A-2 (CONT’D). LUMINOSITY MEASUREMENTS AND BURN DURATIONS
FOR ADDITIVE COMBINATION IN METHANOL (TASK 1)

Avg. Luminosity, . Bum Time,
Additive Concentration bv Volume Foot Candles.2 Sec.
1% Toluene + 4% Ethyl Ether 0.002 : 56
2% Toluene + 3% Ethyl Ether 0.005 ' 56
2% Toluene + 8% Ethyl Ether 006 56
3% Tolvene + 2% Ethyl Ether 0.01 ) 56
4% Toluene + 1% Ethyl Ether 0.1 : 56
4% Toluene + 6% Ethyl Ether 024 54
6% Toluene + 4% Ethyl Ether 0.90 54
8% Toluvene + 2% Ethyl Ether 12 56
0.8 Toluene + 2.5% Ethyl Ether
+ 1.7% HSR Naphtha 0.001 54
1.3% Toluene + 4% Ethyl Ether
+ 2.7% HSR Naphtha 0.04/0.001 54
2% Toluene + 6% Ethyl Ether
+ 4% HSR Naphtha 035/0.08 54
1% Toluene + 1% Ethyl Ether
+ 3% 90 RON Reformate 0.01 54
2% Toluene + 2% Ethyl Ether
+ 6% 90 RON Reformate 04 54
4% Tolvene + 6% 90 RON Reformate 1.1 58
5% EtOH + 5% TBA . 0.001 60
10% EtOH + 5% TBA 0.001 60
2% Tolvene + 10% EtOH
+ 10% TBA 0.05 (7/10 burn) 60
4% Toluene + 10% EtOH
+ 10% TBA 0.40 (7/10 bumn) 60
6% Toluene + 15% EtCH 0.80 (9/10 burn) 60
5% Toluene + 15% E1OH 0.60 (5/10 burm) 58
4% Toluene + 15% E:OH .
+ 2% Butane 0.30 (5/10 burn) 60
3% Toluene + 15% EtOH
+ 2.5% Butane 0.30 (5/10 burn) 60
3% Toluene + 15% EtCH
+ 3% Butane 0.10 (3/4 bum) 60
2% Toluene + 1% Butene .
+ 2% H400 0.005 58
2% Toluene + 2% Butene
+ 1% H400 0.001 58
3% Toluene + 1% Butene :
+ 1% H400 0.04 56
2% Toluene + 1% Butene
+ 1% H229 0.001 60
2% Toluene + 1% Butene
+ 2% H229 0.06 58
3% Toluene + 1% Butene .
+ 1% H229 0.10 58
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Burn Yisibility Percent
Avg. Luminosity, | Time, Duration, Luminous
Additive Foot-Candles Sec. Sec. Flame
100% Ethanol(reference) 10 53 NA NA
5% Ethanol 0.004 57 - -
10% Ethanol 0.005 48 - -
20% Ethanol 0.006 48 - -
30% Ethanol 0.004 - 51 - -
50% Ethanol 0.004/0.008 54 - i -
75% Ethanol 0.08 51 - -
90% Ethanol 0.12/038 54 32 59
100% Isopropanol 135 57 .NA NA
5% lsopropanol 0.005 48 - -
10% Isopropanol 0.006 48 - -
20% Isopropanol 0.007 52 - -
100% t-Buty! alcohol 143 61 NA NA
5% t-Butyl alcohol 0.004 48 - -
10% t-Buryl alcohol 0.004/0.02 49 - -
20% t-Butyl alcohol 0.005/0.2/0.09 58 10 17
30% t-Butyl alcohol 0.35 71 27 38
50% t-Butyl alcohol 4/1.0/0.1 108 75 69
75% t-Butyl alcohol 11.8/1.0 89 83 93
100% t-Amyl alcohol 138 68 NA NA
5% t-Amyl alcohol 0.004/0.009 51 - -
10% t-Amyl alcohol 0.003/0.008 72 - -
20% t-Amyl alcohol 0.005/0.03/0.1 125 - -
100% Cyclohexanol would not ignite - NA NA
5% Cyclohexanol 0.002 52 - -
10% Cyclohexanol 0.005/0.13 92 25 27
15% Cyclohexancl 0.005/0.35 86 25 29
20% Cyclohexanol 0.005/1.1 98 40 41
100% Phenol would not ignite - NA NA
5% Phenol 0.004 45 - -
10% Phenol 0.005 46 - -
20% Phenol 0.005/1.7/1.1 98 55 56
100% Diethanolamine would not ignite - NA NA
5% Diethanolamine 0.005 45 - -
10% Diethanolamine 0.006 43 - -
20% Diethanolamine 0.005 39 - -
100% 1-Propanol 6 73 NA NA
5% 1-Propanol 0.004 50 - -
10% 1-Propanol 0.004 53 - -
20% 1-Propanol 0.004 87 - -
100% n-Butanol 6.6 104 NA NA
5% n-Butanol 0.004 ' 72 - -
10% n-Butanol 0.004/0.001 93 - -
20% n-Butanol 0.002/0.012 124 - -
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TABLE. A-4. LUMINOSITY MEASUREMENTS AND BURN DURATIONS -

FOR SINGLE-ADDITIVE ALDEHYDES, KETONES, ACIDS,

AND ESTERS IN METHANOL
Avg. Burn Visibility Percent
Luminosity, Time, Duration, | Luminous
Additive Foot-Candles Sec. Sec. Flame
100% Acetone 13 38 NA NA
5% Acetone 0.006 50 - -
10% Acetone 0.005* 78 - -
20% Acetone 0.008 45 - -
5% Ethyl acetoacetate 0.002 50 - -
10% Ethyl acetoacetate 0.004/0.03 74 - -
20% Ethyl acetoacetate 0.003/0.4 104 25 24
100% Ethyl acetate 55 54 NA NA
5% Ethyl acetate 0.004 49 . - -
10% Ethyl acetate 0.004 47 - -
20% Ethyl acetate 0.004 47 - —
5% Pyrrolidinone 0.004 47 . -
10% Pyrrolidinone 0.004 46 - -
20% Pyrrolidinone - 0.004 43 - -
5% 1-Indanone 0.004 49 - -
10% 1-Indanone 0.004 47 - -
20% 1-Indanone 0.004 50 - -
5% Methacrylic acid 0.005/0.001 62 - -
10% Methacrylic acid 0.004/0.16 99 - .-
209 Methacrylic acid 0.004/0.001/0.6 101 30 30
5% Methacrylic anhydride 0.004 48 - -
10% Methacrylic anhydride 0.004 48 - -
20% Methacrylic anhydride 0.004/0.45 114 48 42
100% Ethyl formate 1/1.6 46 NA NA
5% Ethyl formate 0.005 50 - -
10% Ethyl formate 0.005 47 - -
20% Ethyl formate 0.005 46 - -
0.006 wt % trans-Cinnamic acid 0.004 43 - -
0.013 wt % trans-Cinnamic acid 0.004 47 - -
100% 2,4-Pentanedione 12.5 65 NA NA
59, 2 4-Pentanedione 0.004 48 - -
10% 2,4-Pentanedione 0.005 54 - -
20% 2,4-Pentanedione 0.004/0.18 74 5 7




TABLE A-4 (CONT’D). LUMINOSITY MEASUREMENTS AND BURN DURATIONS

FOR SINGLE-ADDITIVE ALDEHYDES, KETONES, ACIDS,

AND ESTERS IN METHANOL
Avg. Burn Visibility Percent
Luminosity, Time, Duration, Luminous
Additive Foot-Candles Sec. Sec. Flame
0.001 wt% Pentamethylbenzaldehyde 0.004 52 -b -
0.003 wt% Pentamethylbenzaldehyde 0.005 51 - -
0.006 wi% Pentamethylbenzaldehyde 0.005 53 - -
100% Benzaldehyde 5 83 83 NA
5% Benzaldehyde 0.004/0.5 61 17 28
10% Benzaldehyde 0.5 88 71 81
20% Benzaldehyde 1 95 86 91
0.001 1% Benzoic acid 0.001 57 -- -
0.003 wt% Benzoic acid 0.001 53 - --
0.006 wt% Benzoic acid 0.001 49 - -
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TABLE A-5. LUMINOSITY MEASUREMENTS AND BURN DURATIONS
FOR SINGLE-ADDITIVE ALICYCLIC COMPOUNDS IN METHANOL

Burn Visibility Percent
Avg. Luminosity, Time, Duration, Luminous
Additive Foot-Candles Sec. Sec. Flame

100% Cyclohexene 10 113 NA NA
5% Cyclohexene 0.006 48 - -
10% Cyclohexene 0.005 47 - -
20% Cyclohexene 0.005/0.88 74 35 47
100% Cyclohexane 17.8 63 NA NA
5% Cyclobexane 0.002 46 - -

10% Cyclohexane 1.2/0.002 47 10 21
20% Cyclohexane 4/0.1/0.002 46 12 26
100% Cyclohexanol would not ignite - NA NA
5% Cyclohexanol 0.002 52 - -

10% Cyclohexanol 0.005/0.13 %2 25 27
15% Cyclohexanol 0.005/0.35 86 25 29
20% Cyclohexanol 0.005/1.1 08 40 41
100% Cyclopentane 213 42 NA NA
5% Cyclopentane 0.2/0.004 48 3 6

10% Cyclopentane 1.0/0.03/0.003 44 10 23
20% Cyclopentane 20/0.13/0.004 42 15 36
100% Methylcyclopentane 19.3 44 NA NA
5% Methylcyclopentane 1.0/0.2/0.004 44 5 Sl
10% Methylcyclopentane 2.2/1.10.004 45 15 33
20% Methylcyclopentane 14.5/0.25/0.004 45 20 44
100% Phenylcyclohexane would not ignite - NA NA
5% Phenylcyclohexane 0.005 46 - -

10% Phenylcyclohexane 0.045 45 - -

20% Phenylcyclohexane 0.005/0.22 43 3 7

100% Cyclopentene 10/19.5 30 NA NA
5% Cyclopentene 1/0.005 47 12 - 26
10% Cyclopentene 2/0.005 44 10 23
20% Cyclopentene 2.5/0.005 39 10 26
5% Decahydronaphthalene 0.005 43 - -

10% Decahydronaphthalene 0.009/0.2 75 10 13
20% Decahydronaphthalene 0.00522 87 47 54
100% Cyclooctane 16.5 87 NA NA
5% Cyclooctane 0.005 48 - -
109 Cyclooctane 0.008 47 - -
20% Cyclooctane 0.0252.3 &3 40 48
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TABLE A-5 (CONT’D). LUMINOSITY MEASUREMENTS AND BURN DURATIONS
FOR SINGLE-ADDITIVE ALICYCLIC COMPOUNDS IN METHANOL

Burn " Percent
Avg. Luminosity, Time, Visibility Luminous

Additive Foot-Candles Sec. Duration, Sec. Flame
5% Dicyclohexylamine 0.004 41 - -
10% Dicyclohexylamine 0.004 48 - -
20% Dicyclohexylamine 0.004/0.87/2.1 148 88 59
5% Tetrahydronaphthalene 0.005/0.03 50 - -
10% Tetrahydronaphthalene 0.005/0.1 50 - -
20% Tetrahydronaphthalene 0.005/0.03/0.4 40 5 13
100% Dicyclopentadiene- 2 59 52 88
5% Dicyclopentadiene 0.003/02 48 8 17
10% Dicyclopentadiene 17.03 &4 29 35
1.50.4 100 82 82

20% Dicyclopentadiene
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TABLE A-6. LUMINOSITY MEASUREMENTS AND BURN DURATIONS

‘FOR SINGLE-ADDITIVE ALKENES AND ALKYNES IN METHANOL

Burn Percent
Avg. Luminosity, Time, Yisibility Luminous
Additive Foot-Candles Sec. Duration, Sec. Flame
100% Cyclohexene 10 113 NA NA
.5% Cyclohexene 0.006 48 - -
10% Cyclohexene 0.005 47 - -
20% Cyclohexene 0.005/0.88 74 35 47
5% 2-methyl-2-pentene 0.006 52 - -
10% 2-methyl-2-pentene 0.004/0.008 85 - -
20% 2-methyl-2-pentene 0.0050.17 100 20 20
5% 2-methyl-1-butene 0.004 47 - -
10% 2-methyl-1-butene 0.05/0.006 48 - -
20% 2-methyl-1-butene 11.2/0.006 . 42 10 24
100% 2.4,4-Trimethyl-1-pentene 15305 124 NA NA
59, 2,4,4-Trimethyl-1-pentene 0.005 5 - -
10% 2.4,4-Trimethyl-1-pentene 0.01/0.005 53 - -
20% 2.4,4-Trimethyl-1-pentene 1.2/0.0050.02 80 15 19
100% 4-Methyl-2-pentene 18 33 NA NA
5% 4Methyl-2-pentene 0.006 48 - -
10% 4-Methyl-2-pentene 1.2/0.005 44 [ 14
20% 4-Methyl-2-pentene 18/0.005 40 10 25
100% 1-Pentene 35 24 NA NA
5% 1-Pentene 0.008 - 45 - -
10% 1-Pentene 0.005 46 - -
20% 1-Pentene 0.25/0.005 42 3
100% Cyclopentene 10719.5 30 NA NA
5% Cyclopentene 10.005 47 12 25
10% Cyclopentene 2/0.005 44 10 3
20% Cyclopeniene 2.5/0.005 39 10 26
5% Methacrylic acid 0.005/0.001 62 - -
109 Methacrylic acid 0.0040.16 99 - -
209 Methacrylic acid 0.004/0.001/0.6 101 30 30
5% Methacrylic anhydride 0.004 48 - -
109 Methacrylic anhydride 0.004 48 - -
20% Methacrylic anhydride 0.004/0.45 114 48 42
100% 2-Methyl-1-pentene 271.25/0.01 81 - NA
5% 2-Methyl-1-pentene 0.004 52 - -
10% 2-Methyl-1-pentene 0.22/0.008 50 10 20
20% 2-Methyl-1-pentene 6.8/0.008 50 18 36
100% 2-Methyl-2-tutene ye 31 NA NA
5% 2-Methyl-2-butene 0.2/0.005 48 2 4
10% 2-Methyl-2-butene 0.75/0.005 49 3 6
20% 2-Methyl-2-butene 10/0.006 46 14 30
100% c¢is-2-Pentene 215 36 NA NA
5% cis-2-Pentene 0.004 56 - -
10% cis-2-Pentene 035/0.004 54 5 9
20% cis-2-Pentene 0.8/0.004 52 13 25
trans-Cimnarmic acid 0.004 438 - -
trans-Ciomamic acid 0.004 47 -
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FOR SINGLE-ADDITIVE AROMATICS IN METHANOL

Burn . Percent
. Avg. Luminosity, Time, Visibllity Luminous
Additive Foot-Candles Sec. Duration, Sec. Flame

100% Indan would not ignite - NA NA
1% Indan 0.005/0.18 47 3 6
2% Indan 0.008/1.1 48 8 17
3% Indmn 0.00512 49 15 31
4% Indm 0.005/1.6 51 18 35
5% Indm 0.02/1.6 48 ) 48
6% Indan 0.022.1 47 25 53
7% Indm 0.022.0 43 25 52
10% Indan 1.6 60 42 70
20% Indan 1.8 73 65 89
100% Phenol would not ignite - NA NA
5% Phenol 0.004 45 - -
109 Phenol 0.005 45 - -
20% Phenol 0.0051.711.1 98 55 56
0.003 wt.% Ferrocene 0.0202 50 8 16
0.005 w1.% Ferrocene 0.02025 -49 10 20
0.013 wt.% Ferrocene 02103 51 23 45
Satorated ferrocene 03 48 20 42
100% Pyridine 4 55 NA NA
5% Pyridine 0.0020.14 53 - -
10% Pyridine 0.006/0.25 60 8 13
20% Pyridine -0.005/55025 70 .35 50
5% Nephthalene 0.015 58 -

5% s-Burylbenzene 0.005025 49 5 10
10% s-Butylbenzene 0.005/4.0 54 18 33
20% s-Butylbenzene 0.005025/4.51.6 61 37 61
100% 1-Phenyl octane would not ignite - NA NA
5% 1-Phenyl ocume 0.005 48 - -
10% 1-Phenyl octane 0.005 48 - -
20% 1-Phenyl octane 0.005 43 - -
100% Phenylcyclohexame would not ignite - NA NA
5% Phenyicyclohexsne 0.005 46 - -
10% Phenylcyclohexane 0.045 45 - o~
20% Phenylcyclohexane 0.005022 43 3 7
100% Dimethyinaphthalene would not ignite - NA NA
5% Dimethyaphthalene 0.005 47 - -
10% Dimetryinsphthalene 0.005 45 - -
20% Dimethyhaphthalene 0.005 43 - -
100% 4--Butylpyridine would not ignite - NA NA
5% 4-1-Burylpyridine 0.005 48 - -
10% 4-t-Butylpyridine 0.00511.8 74 25 33
20% 4-t-Burylpyridine 0.00511.8 118 70 59
0.003 wr.% Acetylferrocene 0.015 48 NA NA
0.005 wt.% Acetylferrocene 0.012 48 - -
0.013 wt.% Acerylferrocene 0.015 48 - -
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TABLE A-7 (CONT’D). LUMINOSITY MEASUREMENTS AND BURN DURATIONS
FOR SINGLE-ADDITIVE AROMATICS IN METHANOL

Burn Percent
Avg. Luminosity, Time, Visibility Luminous
Additive Foot-Candlies Sec. Duratiion, Sec. Flame
0.013 wr.% Benzoylpyridine 0.005 47 - -
0.025 wt.% Benzoylpyridine 0.005 43 - -
0.013 wt.% Benzophencne 0.003 50 - -
0.025 wt.% Benzophenone 0.004 48 - -
Sanurated carbazole 0.012/0.04/0.008 56 - -
0.013 wt% 1,2,4,5-Benzenetetracarboxylic acid 0.004/0.006 43 - -
0.025 wt.% 1.2.4.5-Benzenetetracarboxylic acid 0.005/0.02/0.006 50 - -
100% Toluene 6.1/8.8 40 NA NA
5% Toluene 035/0.004 46 25 54
10% Toluene 5.5/0.004 45 37 82
20% Toluene 14 45 40 (Yellow) 87
5% Pyrrole 0.006/0.02 50 2 4
10% Pyrrole 0.0111.7 . 60 8 13
20% Pymrole 0.0129 3 25 34
5% Aniline 0.005 48 - -
10% Aniline 0.005 46 - -
20% Aniline 0.006 44 - -
1-Indanone 0.004 49 - -
1-Indanone 0.004 47 - -
1-Indanomne 0.004 50 - -
1% Mesirylene 0.004 52 - -
2% Mesitylene 0.004/0.02 50 - -
3% Mesitylene 0.004/02 49 5 10
4% Mesitylene 0.004/0.45 52 12 3
5% Mesitylene 0.004/0.95 48 20 42
10% Mesirylens 0.0512 52 38 73
209 Mesirylene 22 81 3 90
5% 1-Methynszphthalene 0.004/0.008 46 - -
10% 1-Methyinaphthalene 0.006 45 - -
20% 1-Methylnzphthalene 0.0050.015 40 - -
trans-Cinnzmic acdd 0.004 48 - -
trans-Cinmamic acid 0.004 47 - -
5% Tetmahydronsphthalene 0.0050.03 50 - -
10% Tetrahydronaphthalene 0.005/0.1 50 - -
20% Temahydronsphthalene 0.0050.030.4 40 5 13
5% Indene 0.00112 51 22 43
10% Indene 2 65 48 74
20% Indene 4 66 56 85
0.001 wi% Pentamethylbenzaldehyde 0.004 52 -b -
0.003 w1% Pentamethylbenzaldehyde 0.005 51 - -
0.006 1% Pentamethylbenzaldehyde 0.005 53 - -
0.001 wt% Pentamethylbenzene 0.001 52 - -
0.003 wt% Pentamethylbenzene 0.001 52 - -
0.006 wr% Pentamethylbenzene 0.003 58 - -
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' FOR SINGLE-ADDITIVE AROMATICS IN METHANOL
T - ~
Burn Percent
Avg. Luminosity, Tlme, Yisibility Luminous
Additive Foot-Candles Sec. Duration, Sec. Flame

0.001 %1% Benzoic acid 0.001 57 - -]
0.003 wt% Benzic acid 0.001 53 - -
0.006 wr% Benzoic acid 0.001 49 - -
100% Borane-pyridine complex 3 55 49 89

5% Borane-pyridine complex: 0.05/0.002 82 - -
10% Borane-pyridine complex 02/0.02/0.5 &3 138 33
20% Borane-pyridine complex 032 47 42 89
100% Nitobenzene 0.82 59 59 NA
5% Nitrobenzene 0.003 43 - -
10% Nirobenzene 0.003 45 - -
20% Nitrobenzene 0.0030.6 Yz 28 36
100% Benzaldehyde R | 83 83 NA
5% Benzaldehyde 0.004/0.5 61 17 28
10% Benzaldehyde 05 88 71 81
20% Benzaldehyde 1 95 86 91
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TABLE A-8 LUMINOSITY MEASUREMENTS AND BURN DURATIONS

FOR SINGLE-ADDITIVE ETHERS IN METHANOL

*" WL

Burn Visibility Percent
Avg. Luminosity, Time, Duration, | Luminous
Additive Foot-Candles Sec. Sec. Flame
5% Methyl-t-butyl ether 0.005 47 - NA
10% Methyl-t-butyl ether 0.008 46 - -
15% Methyl-t-butyl ether 0.11/0.005 48 - -
20% Methyl-t-butyl ether 0.33/0.006 44 15 34
5% t-Amyl methyl ether 0.005 47 - -
10% t-Amyl methyl ether 0.005 47 - -
20% t-Amyl methyl ether 0.05/0.02 44 - -
5% Diethyl ether 0.005 49 - -
10% Diethyl ether 0.006 47 - -
20% Diethyl ether 0.025/0.006 46 - -
100% Dimethoxytetrasthylene glycal would not ignite - NA NA
5% Dimethoxytetracthylene glycol 0.005 47 - -
10% Dimethoxytetraethylene glycol 0.005 47 - -
20% Dimethoxytetraethylene glycol 0.004 52 - -
100% Tetrahydrofuran 22 47 NA NA
5% Tetrahydrofuran 0.008 48 - -
10% Tetrahydrofuran 0.005 48 - -
20% Tetrahydrofuran 0.008 46 - -
100% Butylethyl ether 18 51 NA NA
5% Butylethyl ether 0.005 50 - -
10% Butylethyl ether 0.005 49 - -
20% Butylethyl ether 0.008 48 - -
5% t-Butylethy! ether 0.005 50 - -
10% t-Butylethyl ether 0.006 49 -- -
20% t-Butylethyl ether 0.35/0.012 48 18 38
100% Butyl ether 15 74 NA NA
5% Butyl ether - 0.004 48 - -
10% Butyl ether 0.004/0.001 69 - -
20% Butyl ether 0.004/0.001/0.005 88 - -
100% Dimethoxymethane 0.02 43 NA NA
5% Dimethoxymethane 0.004 49 - -
10% Dimethoxymethane 0.004 49 - -
20% Dimethoxymethane 0.005 45 - -
100% Furan 20 29 NA NA
5% Furan 0.005 51 - -
10% Furan 0.15/0.005 47 1 2
20% Furan 10.5/0.5/0.005 44 22 50
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TABLE A-9. LUMINOSITY MEASUREMENTS AND BURN DURATIONS
FOR SINGLE-ADDITIVE HETEROCYCLIC COMPOUNDS IN METHANOL

Burn Yisibility Percent
Avg. Luminosity, Time, Duration, Luminous
Additive Foot-Candles Sec. Sec, Flame

100% Pyridine 14 55 NA NA
5% Pyridine 0.002/0.14 53 - -
10% Pyridine 0.006/0.25 60 8 13
20% Pyridine 0.005/5.5/0.25 70 35 50
100% 4-t-Butylpyridine would not ignite - NA NA
5% 4--Butylpyridine 0.005 48 - -
10% 4-t-Butylpyridine 0.005/1.8 74 25 K>
20% 4-t-Butylpyridine 0.005/1.8 118 70 59
0.013 wt.% Benzoylpyridine 0.005 47 - -
0.025 wt.% Benzoylpyridine 0.005 48 - -
Saturated carbazole 0.012/0.04/0.008 56 - -
100% Tetrahydrofuran 2 47 NA NA
5% Tewshydrofuran 0.008 48 - -
10% Tetrahydrofuran 0.005 48 - -
20% Tetrahydrofuran 0.008 46 - -
5% Pyrrole 0.006/0.02 50 2 4
10% Pyrrole 0.01/1.7 60 8 13
20% Pyrrole 0.012/9 73 25 K>
5% Furfurylamine 0.005 47 - -
10% Furfurylamine 0.005/0.32 88 8 9

‘t 20% Furfurylamine 0.006/2.4 101 35 35
100% Pyrrolidine 33 69 NA NA
5% Pyrrolidine 0.005 51 - -
10% Pyrrolidine 0.006/0.02/0.002 76 - -
20% Pyrrolidine 0.009/0.2/0.003 79 5 6
100% Piperidine 16 70 NA NA
5% Piperidine 0.005 53 - -
10% Piperidine 0.005/0.001 88 - -
20% Piperidine 0.006/0.045 85 - -
5% Pyrmrolidinone 0.004 47 - -
10% Pyrmrolidinone 0.004 46 - -
20% Pymolidinone 0.004 43 - -
100% Furan 20 29 NA NA
5% Furan 0.005 - 51 - -
10% Furan 0.15/0.005 47 1 2
20% Furan 10.5/0.5/0.005 44 22 50
100% Borane-pyridine complex 3 55 49 89
5% Borane-pyridine complex 0.05/0.002 82 - -
10% Borane-pyridine complex 0.020.020.5 63 1378 33
20% Borane-pyridine complex 032 47 - 42 89
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TABLE A-10. LUMINOSITY MEASUREMENTS AND BURN DURATIONS

FOR SINGLE-ADDITIVE ALKANES IN METHANOL

Burn Percent
Avg. Luminesity, Time, Visibility Luminous
Addittve Foot-Candles Sec. Duration, Sec. Flame
5% 2.2-Dimethylbutame 0.008 47 - -
10% 2,2-Dimethyltxztans 0.2/0.006 44 3 7
20% 2,2-Dimethylbutane 75/0.1/0.006 43 5 12
100% Heptane 25 52 NA NA
5% Hepune 0.004 48 - -
10% Heptane 0.02/0.004 46 - -
20% Hepune 0.7/0.005 42 15 36
100% Octzne 19 79 NA NA
5% Octane 0.006 49 - -
10% Octne 0.006 46 - -
20% Ocume 0.16/0.006 46 3 7
100% 1-Phenyl octane would not ignite - NA NA
5% 1-Phenyl octane 0.005 48 - -
10% 1-Phenyl octane 0.005 48 - -
20% 1-Phenyl octane 0.005 43 - -
100% Lsooctans 20 55 NA NA
5% Isooctane 0.005 50 - -
10% Isooctane 0.7/0.005 45 8 18
20% Isooctane 4/0.005 42 20 48
100% Cyclohexane 17.8 63 NA NA
1| 5% Cyclohexane 0.002 46 - -
10% Cyclohexane 1.2/0.002 47 10 21
20% Cyclohexane 4/0.1/0.002 46 12 29
100% Phenylcyclohexame would not ignite - NA NA
5% Phenylcyclohexsne 0.005 46 - -
10% Phemylicyclohexane 0.045 45 - -
20% Phenylcyclohexane 0.0050.22 43 3 7
100% Pentane 28 43 NA NA
5% Pentane 0.005 45 - -
10% Pentane 0.005 46 - -
209 Pentane 0.8/0.005 43 4 9
100% 3-Methylpeniane 38 46 NA NA
5% 3-Methylpentane 0.005 45 - -
10% 3-Methylpentme 0.06/0.005 45 1 2
20% 3-Methylpentme 75/0.005 42 8 19
100% Isopentane 30 38 NA NA
5% Isopentane 0.005 47 - -
10% Isopentane 0.005 46 - -
20% Isopentsne 0.4/0.005 41 8 20
5% 4-Methyloctane 0.003 57 - -
10% 4-Methyloctane 0.01 58 - -
20% 4-Methyloctane 0.04 57 - -
100% Hexane s 67 NA NA
5% Hexane 0.004 49 - -
10% Hexane 0.0120.004 46 - -
20% Hexane 2.7/0.004 45 18 40
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TABLE A-11. LUMINOSITY MEASUREMENTS AND BURN DURATIONS
FOR SINGLE-ADDITIVE ALKENES AND ALKYNES IN METHANOL

-
—

A S 1

Percent
Additive Avg. Luminosity, | Burn Time, Visibility Luminous

Foot-Candles Sec. Duration, Sec. Flame
100% 1-Pentyne 16.5 25 NA NA
5% 1-Pentyne 0.012/0.005 47 - -
10% 1-Pentyne 3.4/0.005 47 7 15
20% 1-Pemtyne 16.5/0.005 44 12 27
100% 1-Hexyne 14.2 30 NA NA
5% 1-Hexyne 0.005 49 - -
10% 1-Hexyne 2.20.005 48 15 31
20% 1-Hexyne 13/0.005 41 22 54
5% Indene 0.001/12 51 22 43
109% Indene 2 65 48 74
20% Indene 4 66 56 85
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TABLE A-12. LUMINOSITY MEASUREMENTS AND BURN DURATIONS FOR ADDITIVE

COMBINATIONS IN METHANOL
Burn Yisibility Percent
Additive Avg. Luminosity, Time, Duration, Luminous
Foot-CnEl_a Sec. Sec. Flame
15% Gasoline (California M-35) 0.8/0.15/0.2? 46 34 74
5% Ethanol + 5% TBA 0.005 53 -2 -
5 Ethanol + 10% TBA 0.005/0.02 52 - -
10% Ethanol +5% TBA 0.006 53 - -
10% Ethanol + 10% TBA 0.004/0.025 51 - -
10% Ethanol + 20% TBA 0.005/0.20 60 8 13
20% Ethanol + 10% TBA 0.005/0.13 50 - -
20% Ethanol + 20% TBA 0.005/0.6 61 15 25
5% Ethanol + 5% MTBE 0.005 49 - -
10% Ethanol + 10% MTBE 0.006 47 - -
20% Ethanol + 20% MIBE 0.65/0.008 49 17 35
5% Cyclopentene + 1% Indan 0.6/0.010.5 46 10 2
5% Cyclopentene + 2% Indan 1.4/0.02/1.3 47 20 43
5% Cyclopentene + 3% Indan 13/0.05/1.6 48 25 52
5% Cyclopentene + 5% Indan 220.1512 46 36 18
6% Cyclopentene + 3% Indan 2.100.05/1.6 49 25 51
6% Cyclopentene + 4% Indan 2/0.12/1.6 46 30 65
6% Cyclopentene + 5% Indan 2.1/0.15/1.6 48 40 83
59 Methylcyclopentane + 1% Indan 0.08/0.025/0.12 48 - -
5% Methylcyclopentane + 2% Indan 0.12/0.00600.9 47 10 21
5% Methylcyclopentane + 3% Indan 0.18/0.006/1.3 47 20 43
5, Methylcyclopentane + 4% Indan 0.2/0.04/1.9 45 25 56
54, Methylcyclopentane + 5% Indan 0.15/2.1 46 25 54
6% Methylcyclopentane + 2% Indan 02/0.006/12 47 10 21
6% Methylcyclopentane + 3% Indan 02/0.051.3 47 18 38
6% Methylcyclopentane + 4% Indan 0.5/0.1/1.4 47 30 64
L7% Methylcyclopentane + 3% Indan 0.21/0.08/1.5 49 25 51

»
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TABLE A-12 (CONT’D). LUMINOSITY MEASUREMENTS AND BURN DURA11UNS

FOR ADDITIVE COMBINATIONS IN METHANOL

Burn Visibility Percent
Avg. Luminosity, | Time, Dauration, Luminous
Additive Foot-Candles Sec. Sec. Flame
1% Toluene + 1% Indan 0.005/0.15 48 - -
2% Toluene + 2% Indan 0.25/0.04/12 49 11 2
3% Toluene + 3% Indan 0517 50 35 70
4% Toluene + 2% Indan 0.1505/13 48 39 81
4% Toluene + 4% Indan 0.7/2.8 48 42 88
100% Cycloalkane/olefin mix? 13.8 93 - -
5% Cycloalkane/olefin mix 0.004 51 - -
10% Cycloalkane/olefin mix 02/0.004 51 - -
20% Cycloalkane/olefin mix 0.88/0.35 49 33 67
100% Olefin mix® 15511455 9 - -
5% Olefin mix 0.004 53 - -
10% Olefin mix 0.015/0.005 50 - -
20% Olefin mix 1/0.2/0.005 48 15 31
5% Chevron a-olefins (Cg-C1) 0.005 50 - -
10% Chevron a-olefins (Cg-Cy1) 0.005/0.01 51 - -
20% Chevron a-olefins (C5-C11) 0.005/0.62 76 25 33
5% Cs-Cg mixd 0.005 53 - -
10% Cs-Cg mix 0.11/0.005 50 - -
20% Cs5-Cg mix 1.8/0.005 80 12 15
0.006 w1% Ferrocene + 5% Cyclopentene + 5% Indan 0.750.1712 49 38 78
2% Cyclopentene + 2% Toluene + 2% Indan 0.1/0.04/1 49 12 24
100% Hydrocarbon grade DCPD? 8 58 57 98
5% Hydrocarbon grade DCPD 0.002/0.1 50 4 g |
10% Hydrocarbon grade DCPD 02/1 59 30 51
20% Hydrocarbon grade DCPD 0312 66 44 61
100% Palyester grade DCPDE 3 63 62 98 |
5% Polyester grade DCPD 0.002/0.1 103 5 5 |
10% Polyester grade DCPD 0.003/1 67 31 46 |
20% Polyester grade DCPD 20703 131 102 8
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TABLE A-12 (CONT'D). LUMINOSITY MEASUREMENTS AND BURN DURATIONS
FOR ADDITIVE COMBINATIONS IN METHANOL

Burn Percent
_ Avg. Luminosity, | Time, Visibility Luminous
Additive Foot-Candles Sec. Duration, Sec. Flame
100% Dicyclopentadiene 978 3 57 50 88
5% Dicyclopentadiene 97 0.003/0.1 84 1 1
10% Dicyclopenuadiene 97 0.003/1 7 26 36
20% Dicyclopentadiene 97 0.05/1.5/03 101 80 79
100% DPS-160P : 2 81 78 96
59 DP5-160 0.003/0.03 44 - -
109% DPS-160 0.005/0.6 19 36 46
209 DP5-160 0.0511 | 42 55
100% DP6-461 6 7 7 %
5% DP6-46 0.020.1 & - -
109 DP§-46 0.1/1.5 52 2% 46
209 DP6-46 0.5/5 66 61 92

Lndicate Juminosity did not reach minimum threshold visibility (02 foot-candles)

D409, bexae, 11% cycloheptme, 10% cyclopeniene, 10% cis-1.2-dimethylcyclopentane, 10% 1,1,3-
trimethylcyclobexane, 10% n-propylcyclohexane, 4% cis-1,2-dimethylcyclohexane, 4% cyclooctane, and 1% 4-
methyicyclobexene

€159 hexzne, 10% 1-pentene, 10% cis-2-pentene, 10% 4-methylpentene, 10% cyclohexene, 5% 1-hexene, 5% 1-
octene, 2.5% 2-heptene, 1.5% cyclohepuene, 1% 2-methy)-2-butene, 1% 3,3-dimethyl-1-butene, 1% (cis & wans) 4-
methyl-2-pentene, 1% 2-methyl-1-perzene, 1% 2-methyl-2-pentene, 1% (cis & wans) 4-methylcyclohexene, and 25%
combinarion of 1-nonene, 1-decene, wnd 1-undecene

4304, 2.methyl-2-butene, 15% (cis & trans) 4-methyl-2-pentene, 10% pentane, 10% hexsne, 10% 2-methyl-1-butene,
10% cis-2-pentene, 10% 2-methyl-2-pentens, amd 5% 2-methyl-1-pentene

€76.0% DCPD, 15.8% C g codimers, 4.8% Cy1 codimers, 2.1% Cgy codimers, 0.8% cyclopentadiene, and 0.4% Cs
and Cg hydrocarbons

f81.6% DCPD, 12.5% Cyq codimers, 3.9% C1y codimers, 1.6% Cg codimers, and 03% cyclopentens

£95% DCFD, 2% cyclopentadiene, 1.5% Cs acyclic dienes, and 1.5% cyclic diene and trimers

B40, C g hydrocarbons, 25% methyl md dimetiyl indenes, 17% Co sromasics, 16% indene, and 2% Cg gromarics
ig1.8% DCPD, 8.1% cyclopentane plus 2-methyleyclopentame, 1.9% cyclopentene, and 1.1% cis-piperylene; the
balance had less than 1% each of trans-piperylene, n-pentame, isoprene, 1-pentene, 2-methyl-1-buteae, 2-methyl-2-
butene, benzene, other Cg hydrocarbons, end about 25% other undetermined compounds
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1V. ADDITIVE COST SURVEY

A.  Approach

. In this portion of the study, the objective was to determine the cost of the three additives
suggested for improving the flame luminosity of fuel methanol from the Task 1 Expansion, namely:

. Toluene
»  Cyclopentene
. Indan.

The initial steps included reviewing chemical supplier publications and catalogs and making telephone
inquiries for availability and price. Cyclopentene and indan appeared to be available in small, expensive
quantities from chemical supply houses. No bulk prices were obtained by calling several chemical supply
houses. Neither chemical is a commercial product avail-ble in bulk or as an intermediate material for the
production of other chemicals.

Toluene is distributed widely in bulk quantities because of its use as an intermediate chemical for
the production of solvents, explosives, isocyanates, and other chemicals as well as an octane booster in
gasoline. Toluene is also used ©© make benzene by thermal dealkylation when the benzene price and
demand are high. Prices for toluene as a commodity are reported in several publications. The cost for
toluene was derived as a projection of the cost for the last year (January through December 1991).

The approach to develop costs for indan and cyclopentene required an estimate for the costs of
making them from other starting materials because initial inquiries to major U.S. companies that produce
coke and by-product chemicals from coal (possible sources of indan and cyclopentene) produced
disappointing results. Those companies sold most of their by-products which contained indan and
cyclopentene to other companies for internal use, and the quantities were not sufficient to supply the
projected needs as a potential -fuel additve.

Since no direct source of indan or cyclopentene was found, then an altenative was needed.
Dicyclopentadiene (DCPD) was selected as a source of cyclopentene because DCPD is a dimer of
cyclopentadiene (CPD) which could then be converted into cyclopentene. Similarly, indene is an
unsaturated homolog which could be converted to indan. Both materials are included in the by-product
mixwres from the high temperature carbonization (coking) of coal. The problem was to find a supplier
who separates and purifies DCPD and indene. These raw materials would then be processed 10 samurate
one olefinic bond by hydrotreating at refatively mild conditions, thus producing the desired compounds.

A library reference book indicated that large quantities of DCPD were available in the U.S. from
steam cracking of hydrocarbons 0 make ethylene and propylene.(m) In addition, the quantities of DCPD

. from these sources were several times the amount available from coal, and a purity of over 95 percent was

possible. Other starting materials were considered such as furan or thiophene for cyclopentene and
benzothiophene for indan. However, these considerations were dropped because the oxygen or sulfur in
the five-member rings would require processing conditions with higher severity to remove the heteroatoms.
More severe conditions would result in increased costs and the possibility of more unwanted side
reactions.
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Indene is present in the same pyrolysis liquids from hydrocarbon cracking as DCPD; however,
it is not easily separated from other compounds with similar boiling poinis in the mixture. One
commercial product was found with 16 percent indene and 25 percent methyl and dimethyl indenes.
Review of the literature produced information that indene was used in making resins for adhesives,
coatings, printing inks, and paints.(71) Indene has since been replaced as a resin starting material by
mixtures of Cg, Cg, and Cj aromatics and diolefins. An indene supplier was finally found who imports
90 percent indene from Germany; the volume may not be sufficient for long-term requirements.

Table 26 lists the weights and volumes of cyclopentene and indan needed for methanol fuel based
on the projected demands for methanol fuel. The base methanol volume of 10 million gallons per year
is the amount expected in 1993 to provide fuel for bus and truck fleets.(72) Tenfold increases to 100
million gallons per year and again to 1 billion gallons per year are expected to occur in the following

decade.

TABLE 26. PROJECTED ADDITIVE YOLUMES

Projected
Demand for Toluene at | Cyclopentene Indan Indan
Methanol Units 4 Vol % at 5 Yol % at2Vol % | at5Vol %
Fuel, Gal/Yr
Pounds/year 2.9 x 106 3.2 x 100 1.6x 100 | 4.0x 106
10 Million Gallons/Day 1,100 1,370 548 1,370
Barrels/Day 25.7 32.6 129 326
Pounds/Year 29 x 106 32 x 106 16 x 106 40 x 106
100 Million Gallons/Day 11,000 13,700 5480 13,700
Barrels/Day 257 326 129 326
Pounds/Year | 290x 106 | 324 x 106 161x 106 | 403 x 106
1 Billion Gallons/Day 109,600 137,000 54,800 137,000
Barrels/Day 2570 3,260 1,290 3,260

Three units of measurement were used in Table 26 for additive volumes for the following reasons.
The petrochemical industry is familiar with millions of pounds per year, and those quantities were defined
to facilitate inquiries to suppliers. Gallons per day units are useful for visualizing the number of tank cars
(at 30,000 gal) or tank trucks (at 6,000 to 8,000 gal) required to transport feedstocks or products. Barrels
per day are used for defining refinery processing capacity.

The highest volume of 3,260 barrels per day for cyclopentene or indan in Table 26 would require
a relatively small process unit. Allowing 15 days downtime per year, or 96 percent on-stream efficiency,
would increase the capacity to 3,400 barrels of product per stream day (B/SD). This size plant was
selected for evaluation because it would provide the most economical product in cost per gallon.
Production of the smaller volumes could be done by custom refining (also called toll processing) in
existing facilities on a part-time operation as a possible solution to making the initial and possibly the
intermediate volumes.
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The distribution of products for the discussion below was assumed to be by bulk shipment in tank
trucks. The destinations would be terminals where the additives would be blended into methanol or fleet
operations with bulk storage to do the same thing. The third possibility would be to put a small, metered
volume of additives into a tank truck before it went to a source of M10C for splash blending. The truck
loading racks would be automated with cand access and controls to permit driver loading.

B. Toluene
Spot prices for unleaded regular gasoline in Los Angeles and for toluene nationwide were
tabulated from a weekly newsletter market report for all of 1991.(73) Trends of prices with time are
shown in Figure 16. The peak prices of both products occurred at about the same time, but there was a
slight downward trend for gasoline that was not as apparent for toluene.
A linear regression of the data is shown in Figure 17. The equation for the line is:
T = 0.7646UR + 0.4378

Where: T = Toluene price in $/gal, and
~ UR = Unleaded regular price in $/gal.

The correlation coefficient, R, of 0.6666 is relatively low as indicated by the scatter shown in the plot.
The R-squared value, 0.4444, implies that about 44 percent of the variation in toluene price is accounted
for by the unleaded regular price. This result is reasonably good considering:

. Gasoline prices were for Los Angeles

. Toluene prices were national

. Toluene price is affected by other uses in chemical markets.
Figure 18 presents the most direct representation of the 48 data points with a frequency distribution of
toluene spot prices. The arithmetic average was $0.901 per gallon, and the median value of $0.905 per
gallon was exceeded by half of the data points. The middle 50 percent of the sample fell in the range of
$0.870 to $0.945 per gallon. A price of $0.90 per gallon will be used in estimating the additive costs for

toluene.

C. Cyclopentene Production

DCPD is available from petrochemical plants on the Gulf Coast which can meet the maximum
quantities listed above. Three grades of DCPD are available for potential feedstocks to make
cyclopentene. Analyses were provided of typical production and were used to estimate purity of the final
product, as follows:

DCPD/CPD Cyclopentene
Grade In feed, Wi% In Product, Wi%
DCPD 97 97.0 98.0
Polyester Resin 82.0 91.3
Hydrocarbon Resin 76.8 88.0
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The product purity increased over the feed because unreactive heavy compounds were discarded to fuel
with unconverted DCPD in the DCPD cracking unit. An assumption was made that Cyq co-dimers were
50 percent cyclopentadiene which would dissociate and be converied to product. These lower purity
grades were included in the economic analysis in Section IV. F. along with the 97 percent purity
feedstock. Current prices for the different feedstocks vary with purity and are listed in Table 27.

TABLE 27. CURRENT PRICES FOR DICYCLOPENTADIENE

Price Delivered to Southern California
Purity, wt % Cents/Pound* Pounds/gal Dollars/gal
97 35 8.17 2.86
80-85 19-21 8.03 1.53-1.69
70-75 17-18 7.98 1.36-1.44

*includes transportation costs in tank cars from Gulf Coast at 3 cents/lb

The process scheme for converting DCPD 1o cyclopentene is shown in Figure 19, with a material
balance based on actual properties of the 97 percent purity DCPD and a few assumptions of purity of other
streams. The DCPD dimer would be received from tank cars and transferred to the DCPD cracking unit
where the feed would be converted to essentially pure CPD monomer. A small portion of the DCPD is
discarded in fuel oil to avoid high concentration of peroxides. The CPD monomer is then processed in
a partial hydrogenation unit to saturate one of its two olefin bonds. A catalyst supplier verified that this
hydrogenation step is feasible with a selective palladium catalyst, and provided operating conditions and
catalyst cost.

It was assumed that the conversion plant would be located in or immediately adjacent 1o a refinery
to provide access to a source of hydrogen, utilities, and other refinery support systems such as fire
protection and administrative. functons. The plant would consist of the processing equipment plus
facilities for storage and handling of feedstock and product.

Published information on refinery construction plans was reviewed to provide a basis for
estimating investment cost for the hydrotreater section. The data for nine hydrotreaters with a wide range
of capacities are listed in Table 28.(75) These process units are located in different areas of the country,
and the variation of costs for plants of similar capaciry may indicate differences in processing severity or
construction standards.

A regression of the data in Table 28 resulted in the following relationship:

or  Ln(Cos)=2025+ (5.023 x 10-5) Capacity
Cost = €(2.025 + 5.023 x 1073 x Capacity)

A plot of the regression line is shown in Figure 20 with dashed lines for the 95 percent confidence limits.
The correlation coefficient is 0.9479, and the R-squared value of 0.8986 indicates that almost 50 percent
of the variation in Ln{Cost) is explained by the relationship with capacity. Using the equation with the
planned capacity of 3,172 barrels of DCPD per stream day gives an investment cost for the hydrotreater
section of $8.9 million.
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TABLE 28. HYDROTREATER INVESTMENT COSTS

Hydrotreater Capacity, barrels per day Investment Cost, $ million

4,400 58

5,000 12.0
10,000 10.0
20,000 40.0
22,000 16.0
30,500 50.0
35,000 45.0
50,000 - : 100.0
70,000 200.0

Investment costs for the total plant to convert DCPD to cyclopentene are given in Table 29. The
DCPD cracking section is a relatively simple fractionation column with an overhead and a bottoms product
estimated to cost $1 million. Off-site facilities were taken as 30 percent of the processing equipment cost.
Catalyst cost was added in two increments: the aluminum oxide base which can be depreciated and the
paliadium metal content which is ultimately recoverable at the end of the project life.

In order to develop operatng costs, the material balance was expanded to a heat and material
balance. Process design calculations were made in enough detail to estimate utility requiremems.(76)
Major equipment items are shown in the process flow diagram (See Figure 21).

Conversion of DCPD dimer to the CPD monomer is done by thermal dissociation or cracking.
The operating conditions require high pressure (HP) steam, 565 psig supetheated to 650°F, to obtain 480°F
at the bottom of the column and to provide the heat of reaction of 1,205 BTU per pound.(70) The CPD
monomer distilled overhead is condensed at 100°F and then chilled to 30°F to reduce the rate of
dimerization which occurs spontaneously at ambient temperature.{

In the hydrogenation section, the reactor temperature was controlled by generating low pressure
(LP) steam, 52 psig saturated at 300°F, to absorb the heat of reaction estimated to be 608 BTU per pound
of CPD monomer. The cyclopentene product was separated from the excess hydrogen and sent to 2
stripper column to remove dissolved hydrogen and any hydrocarbons lighter than cyclopentene. All other
heating services were done with medium pressure (MP) steam, 235 psig saturated at 400°F, Cooling water
was assumed 1o be available at 70°F as needed for coolers and condensers. The 3,400 B/SD cyclopentane
product was sent to storage at 100°F. Its boiling point of 111-112°F made it advisable t0 provide low
pressure spherical storage tanks to reduce vapor losses and to protect against overpressure on warm days.
Utility costs were derived from published data and were shown in Table 30.

Operating expenses anticipated for cyclopentene production are listed in Table 31. Two operators
and a product handler were planned at the hourly rates shown plus percentage allowances for benefits and
supervision.(82) The 10 percent of facilities cost for maintenance and 3 percent for taxes and insurance
are customary factors for this type of estimate.(79) Utlities and hydrogen costs plus fuel credit for excess
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TABLE 29. CYCLOPENTENE UNIT INVESTMENT COST

Dicyclopentadiene Cracking Unit $1,000,000
Cyclopentadiene Hydrogenation Unit 8,900,000
Processing Facilities | $9,900,000
Off-Sites, 30% of Processing Facilities 2,970,000
Total Facilifes Cost - $12,870,000
Catalyst, Depreciable Portion of Cost 104.000
Depreciable Investment $12,974,000
Metal Content of Catalyst (Recoverable) 32,300
Total Investment | $13,006,300

OFE-SITE FACILITIES INCLUDE THE FOLLOWING MAJOR ITEMS:
1. Dicyclopentadiene Receiving and Storage
a. Unloading Rack, 8 railroad cars each side
b. Two cone roof tanks, 15,000 barrels each (approximately
10 days supply of feedstock)
2. Cyclopentene Product Shipping and Storage
a. Loading rack, 4 trucks total
b. Three spheres (low pressure), 12,000 barrels each
(approximately 10 days production)

3. Connections 1o Utlities and Other Refinery Support Systems

A
o
¥
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TABLE 31. CYCLOPENTENE UNIT OPERATING EXPENSES

Operating Cost

Operating Labor
~ No. 1 Operator
Boardman
Shipping & Receiving
Subtotal
Supervision
Subtotal
Benefits .
Total Operating Labor

Maintenance

Taxes & Insurance

Utilities

Steam
HP Steam, 565 psig, 650°F
MP Steam, 235 psig, Sat.
LP Steam, 50 psig, Sat.
Boiler Feed Water

Sub-Total Steam

Electric Power
Cooling Water Usage
Total Utilities
Excess DCPD to Fuel
Hydrogen
Hydrogen Supply
Excess Hydrogen
Net Hydrogen
Catalyst Consumption
Total Operating Cost, $/SD

Annual Cost, 350 Days/Year

Units

24 hr
24 hr
16 hr
20%

30%

Unit Cost

$17/mr
$15/hr
$12/hr

10% of Facilities Cost/Year”

3% of Facilities Cost/Year*

I/
55,980
11,270
(24,980)
24,980

720 Kw
13.7 MMBTU/r

(242 B/SD)
MSCE

3215
(107.2)

$104,000, 5-Year Life

Annual Feedstock Cost, 97% Dicyclopentadiene
$2.86/gal x 120,000 gal/SD x 350 Days/Year =

*Facilities cost does not include cost of hydrogenation catalyst.

100

$/Mib
4.27
3.64
2.64
0.31

$0.06/Kwh
$0.38MMBTU

$16.57/B
$/MSCF

1.34
0.72

Cost, $/SD Cost D

408
360
192
960
192
1,152
346

1,498

3,677

1,103
5,737
985
(1,583)
186
5,325
1,037
124

6,486

(4,010)
10,339
(1,852)

8,487

60

17,301

$6,055,350

$120,120,000



TABLE 30, UTILITY COSTS FROM PUBLISHED DATA

UTILITY COST, $/UNIT REFERENCE

1. Steam

High Pressure ' 4.27Mib 77

Medium Pressure - 3.64MIb 717

Low Pressure 2.64/Mlb T

Boiler Feed Water 0.31/Mlb 78
2. Electric Power 0.06/Kwh 79
3. Cooling Water 0.38/MMBTU 79
4. Plant Fuel ) 2.63/MMBTU 77

Barrel, Fuel Oil Equivalent (6.3 MMBTU) 16.57/BFOE 77
5. Hydrogen (NHV 274 BTU/SCF)

Supply (1.86 x Fuel Value/BTU) 1.34/MSCF 80

Excess 1o Fuel (Fuel Value/BTU) 0.72/MSCF 80

DCPD were valued at unit costs from Table 30, Note that hourly rates need to be multiplied by 24 hours
per day to obtain costs per stream day. Annual costs assume operating 350 stream days per year. Costs
for the remaining days of the year are part of the maintenance budget. Operating costs and feedstock cost
were annualized for use in economic calculations in Section IV. F.

D. Indan Production

The starting material, indene, is available at 90 percent purity on the West Coast at a price of
about $2.00 per kilogram or $0.9074 per pound. At $0.9074 per pound and 8.340 pounds/gal.(83 indene
cost would be $7.57 per gallon.

The indene is imported from Germany, where it is recovered from liquids produced in coking of
coal. The supply should be sufficient for the initial need of 4 million pounds of indene per year, but it
is questionable whether the future growth to 10 times and 100 times that amount could be supplied. A
domestic supplier or marufacturer has not been located in the course of this study. There is the possibility
that a supplier will be found with further effort, or that an assured demand would stimulate increased
production.

The process scheme would be similar to that for cyclopentene, to saturate an olefin bond with
hydrogen. As with cyclopentene, processing would include hydrogenation, however, a cracking step
would not be necessary. Investment costs are listed in Table 32. The 30 percent factor for off-site
facilities is directionally correct because indan storage may use cone or floating roof tanks which cost less
than low pressure spheres for cyclopentene.

The process flow diagram in Figure 22 shows the major equipment in the feedstock receiving,
hydrogenation, and product shipping sections with flow rates and temperatures of all streams. All heating
is done with medium pressure (MP) steam. The heat of reaction of 421 BTU per pound of indene for
partial hydrogenation produces low pressure (LP) steam. After separating hydrogen from the hydrogenated
product, the distillation column removes about 4 volume percent hydrocarbons with boiling points lower
than indan. The indan product is estimated to be about 96 percent purity.
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TABLE 32. INDAN UNIT INVESTMENT COST

Indene Hydrogenation Unit $8,900,000
Off-Sites, 30% of Processing Facilities ' 2,670,000
Total Facilities Cost ' $11,570,000
Catalyst, Depreciable Portion of Cost 104,000
Depreciable Investment $11,674,000
Metal Content of Catalyst (Recoverable) 32,300
Total Investment . $11,706,300

OFF-SITE FACILITIES INCLUDE THE FOLLOWING MAJOR ITEMS:
1. Indene receiving and storage

a, Unloading rack, 8 railroad cars each side
b. Two cone roof tanks, 15,000 barrels each (approximately 10 days supply of feedstock)

2. Indan product shipping and storage

a. Loading rack, 4 trucks total
b. Two cone roof tanks, 15,000 barrels each (approximately 10 days production)

3. Connections to utilities and other refinery support systems

The heat and material balance calculations provided utility quantities. Operating expenses for the
indan unit are summarized in Table 33. These costs are lower than those for cyclopentene production
because of:

, Lower investment cost
. No HP steam
. Lower utilities and hydrogen consumption.

E. Combined Plant for Both Cyclopentene and Indan Production

Because the two additives may be used in combination, a combined plant was considered for
production of cyclopentene and indan. The feedstocks would not be processed together but would be run
separately in blocked operation because of differences in temperatures in the reactor and product suipper.
Time blocks of 12 to 15 days would be used for each product. Capacity of the process equipment would
be doubled because it would be used half the time for each product. Investment cost would not double,
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TABLE 33. INDAN UNIT OPERATING EXPENSES

Operating Cost

Operating Labor
No. 1 Operator
Boardman
Shipping & Receiving
Subtotal
Supervision
Subtotal
Benefits
Total Operating Labor

Maintenance
Taxes & Insurance

Utitities

Steam
MP Steam, 235 psig, Sat.
LP Steam, 50 psig, Sat.
Boiler Feed Water

Sub-Total Steam

Electric Power

Cooling Water Usage

Total Utilities

Light Hydrocarbons
Hydrogen
Hydrogen Supply
Excess Hydrogen
Net Hydrogen
Catalyst Cost
Total Operating Cost, $/Day

Annual Cost, 350 Days/Year

Annual Feedstock Cost, 90% Indene
$7.57/gallon x 141,400 gallons/SD x 350 days/year =

20%

30%

Unit Cost

$17/r
$15/hr
$12/hr

10% of Facilities Cost/Year™

3% of Facilities Cosy/Year™

Ib/ir
8,920
(22,740)
22,740)

578 Kw

7.3 MMBTUMr
(158B/D)
MSCE

2370
(77.0)

$104,000, 5 Year Life

*Facilities cost does not include catalyst.

104

$/Mib
427
2.64

0.31
$0.06/Kwh
$0.38/MMBTU

$24.80/B

$/MSCE
1.34

0.72

Cost, $/SD

408
360
192
960
192
1,152
346

914
(1,441)
169
(358)
832

67

7,429
(1,331)

Cost, $/SD

1,498
3,306

952

541

(3.918)

6,098
60
8,577

$3,001,950

$374,639,300



but would increase approximately by the ratio of capacities to the 0.6 power.(83) For example, doubling
the size of the hydrogenation unit would change the investment cost as follows:

Investment

It

(?fgg l?Ig]D) 6 x $8.9 million

1.516 x $8.9 million
$13.5 million

[ |

The storage capacity for feedstocks and products would be increased to provide at least 15 days volume
for all liquids. This was done by increasing off-site allowance from 30 percent to 35 percent of the
original investment cost for the separate units. Table 34 shows the elements of investment cost for the
combined plant.

TABLE 34, COMBINED PLANT INVESTMENT COST

Hydrogenation Unit $13,500,000
DCPD Cracking Unit 1,500,000
Cyclopentene Unit Off-Sites @35% of $9,500,000 . 3,465,000
Indan Unit Off-sites @35% of $8,900,000 © 3,115,000
Total Facilides Cost $21,580,000
Catalyst, Depreciable Portion of Cost . 208.000
Depreciable Investment $21,788,000
Metal Content of Catalyst (Recoverable) 64.600
Total Investment $21,852,600

Operating expenses are listed in Table 35. These values were derived from values for the separate
plants given in Tables 31 and 33. Operating labor did not increase. Maintenance and taxes plus insurance
were based on the new facilities cost. Qther costs for making the two additives were doubled for stream
day rates and the sum was multiplied by 175 stream days per year. The investment costs and operating
expenses were applied in the economic evaluation to arrive at product prices, as discussed in the following
section.

F. Economic Evaluation and Product Prices

To estimate the costs of cyclopentene and indan, the economics of operating the separate and
combined plants were evaluated. This method is used in industry to determine if 2 potential investment
will be profitable or to compare investment opportunities. The discounted cash flow (DCF) concept is
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TABLE 35. COMBINED PLANT OPERATING EXPENSES

OPERATING COST

Maintenance

Taxes & Insurance

Cyclopentene Unit, 175 days/year

Operating Labor
Total Utilities
Excess DCPD to Fuel
Net Hydrogen
Catalyst Cost
Subtotal, Cyclopentene Unit

Indan Unit, 175 Days/Year
Operating Labor

Total Utlities

Light Hydrocarbons

Net Hydrogen

Catalyst Cost
Subtotal, Indan Unit .
Total Operating Cost

FEEDSTOCK COST

Dicyclopentadiene, 97%
Indene, 90%

Total Feedstock Cost

$/SD

10% of Facilities Cost/Year"

3% of Facilities Cost/Year*

1,498
12,972
(8020)
16,974
120

23,544

1498
1082
(7,836)
12,196
120

7,060

686,400
2,140,796

2,827,196

*Facilities cost does not include cost of hydrogenation catalyst.
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$/Year
2,158,000

647,400

4,120,200

1,235,500

8,161,100

120,120,000
374,639,300

454,759,300



 based on the fact that the present value of future income must be reduced by compound interest factors
that decrease with longer time to receipt of the income. :

The customary evaluation would use estimates of income, investment cost, and operating expenses
to arrive at the expected DCF rate of retun. In this evaluation, the DCF rate of retum was defined and
the estimated costs were used to define earmnings and gross income to develop the sales price of the final
products.

At least 15 percent rate of retumn would be needed to justify the investment if there was no risk
at all, and 20 to 25 percent return would be more likely to attract the funds to build the unit(78)
Therefore, all three rates of return were used to determine the effect on price. Typical refinery units are
depreciated over 13-year life, However, higher risk petrochemical plants are allowed to use 5-year life
for depreciation which will increase cash flow and eamings in the first five years of operaton. Both 13-
year and S-year life were used in the calculatdons. Economic calculations were based on the following
factors affected by project life:

Depreciation Life 13 Years 5 Years
Depreciaticn Policy: _
Double Declining Batance  First 7 Years First 3 Years
Straight Line Last 6 Years Last 2 Years

Common factors for both life periods were:

Income Tax, % of Net Income

Federal 34.0
California 9.3
Total 43.3

Present Worth Factors: Continuous Income and Annual Compounding

An assumption was made that earnings would be constant over project life, i.e., no change in gross
income, feedstock cost, or operating expenses. A spreadsheet program simplified the calculations using
pre-calculated depreciation rates. Present worth factors for continuous income and annual compounding
were provided in equation form.(84) The reliability of the computer program was verified by a manual
calculation at each life period.

Since depreciation and present worth factors vary in each year, the effects of showing these factors
over the project life would be a large tabulation. Table 36 illustrates the format of the calculations for
all three plants in the first year of operation for 13-year life and 20 percent DCF return rate. The
computer program solved for eamings listed in the upper part of the table which indicates the amount that
must be eaned after costs, and before taxes and depreciation, to retum the investment amount on the top
line. In this example, earnings were independent of feedstock and operating costs; those costs could be
changed without affecting the DCF return calculations which involved only investment, depreciation, and
income tax.

Feedstock and operating costs were used in this example to calculate product sales price, First,
they were added to the eamings to obtain gross income from sales. This amount was moved to the sales
price calculation in the lower part of Table 36 where it was divided by the product volume to obtain the
sales price. The $2.599 and $7.623 per gallon prices for cyclopentene and indan, respectively, in the first
two columns agreed with the computer results. In the combined plant, the computer produced an average
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TABLE 36. EXAMPLE OF ANNUAL CASH FLOW AND PRODUCT PRICE CALCULATION

BASIS: FIRST YEAR OF OPERATION, 13-YEAR LIFE, 20% DCF RETURN _

Algebraic Cyclopentene Indan Combined
Cash Flow Calculation Symbols Plant Plant Plant
Depreciable Investment I 12,974,000 11,674,000 21,788,000
Gross Income from Sales G 129,881,545 380,976,083 509,144,431
Less Costs
Feedstock Cost F 120,120,000 374,639,300 494,759,300
Operating Expense 0 6.055,350 3,001,950 8,161,100
F+O 126,175,350 377,641,250 502,920,400
Eamings E 3,706,195 3,334,833 6,224,031
Less Depreciation, D = 0.0769 DI 997,700 897,730 1,675,497
Taxable Income E-DI 2,708,495 2,437,103 4,548,534
Less Taxes, 43.3% 0.433x(E-DI) 1,172,778 1.055.266 1,969,515
Net Income 0.567<(E-DI) 1,535,717 1,381,837 2,579,019
Add Depreciation DI 997,700 897,730 1.675.497
Cash Flow 0.567E+0.433D1 2,533,417 2,279,567 4,254,516
Sales Price Calculatipn
Gross Income from Sales G 509,144,431*
Cyclopentene 129,881,545 128,919,051
Indan 380,976,083 380,225,380
Sales Yolume, Gallons/Yr A"
Cyclopentene 49,980,000 49,980,000
Indan 49,980,000 49,980,000
Sales Price, $/Gallon G/v
Cyclopentene 2.589 2.57%
Indan 7.623 7.608

*Distributed in proportion to eamings in separate plants.
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price of $5.094 per gallon. Earnings were apportioned to the two products in proportion to the eamings
in the individual plants. Adding the feedstock and operating costs, the prices were calculated at $2.579
per gallon for cyclopentene and $7.608 per gallon for indan. These prices were about $0.02 per gallon
less than in the separate plants.

Comparing the magnitude of the numbers in Table 36 shows that feedstock costs far overshadow
the amounts of eamings and operating expenses that must be recovered in gross income. As a result,
feedstock costs are the major factor in determining product price. Table 37 presents the product prices
as the rate of retum was varied from 15 to 25 percent. In comparison with the feedstock prices listed in
Table 36, product prices are the same order of magnitude. The differences between feedstock and prices
include not only the economic factors, but also the difference in densities and production of by-products
in processing. Lower densities for products resulted in larger volumes than feedstocks. The volumes used
in the economic calculations are identical to the material balance by weight used in the process flow

diagrams.

Examination of Table 37 shows that for each increment of 5 percent DCF retum at 13-year life,
product price changed $0.012 to $0.016 per gallon. At 5-year life, the increment for 5 percent DCF retum
varied from $0.009 to $0.012 per gallon. These increments would not be altered by a change in feedstock
cost; only the magnitude of the product price would change. This effect shows up in the cyclopentene
made from lower purity feedstocks. The medium purity feed was $1.17 per gatlon less than high purity,
and reduced the product prices about $0.99 per gallon. A second increment of $0.25 per gallon to the low
purity feed had a similar reduction of about $0.21 per gallon of product. These lower purity products
offer considerable additive cost savings and may work nearly as well in modifying flame luminosity.
Product prices did not include distribution costs for transport of the additive to terminals or other point
of usage.

Table 38 presents the annual eamings for each product at each rate of return. For the
cyclopentene plant, lower price feedstocks did not affect the amount of eamings. The eamings required
for the indan plant are stighly lower than the cyclopentene plant because of lower investment and
operating costs. Eamings for the S-year depreciation schedule were higher than the 13-year schedule; this
effect caused the slightly higher prices observed in Table 37 for 5-year life.
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TABLE 37. PRODUCT PRICES AT VARYING RATES OF RETURN IN DOLLARS/GAL

13-Year Plant Life

Cyclopentene Plant
High Purity
Medium Purity
Low Purity

Indan Plant
Indan

Combined Plant
Cyclopentene
Indan

5-Year Plant Life

Cyclopentene Plant
High Purity
Medium Purity
Low Purity

Indan Plant
Indan

Combined Plant

Cyclpopentene
Indan

Feedstock Rate of Retumn

Price,

$/Gallon 15% 20% 25%
2.86 2.584 2.599 2.614
1.69 1.594 1.610 1.625
1.44 1.381 1.386 1412
7.57 7.609 7.623 7.637
2.86 2.566 2.579 2.563
7.57 7.596 7.608 7.620
2.86 2.611 2.623 2.635
1.69 1.622 1.633 1.645
1.44 1.408 1.420 1.432
7.57 7.633 7.644 7.655
2.86 2.590 2.601 2,611
7.57 7.617 7.627 7.636
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TABLE 38. EFFECT OF RATE OF RETURN ON ANNUAL
EARNINGS, $1,000 (ROUNDED)

DCF Rate of Retumn

13-Year Plant Life 15% 20% 25%
Cyclopentene Plant :

High Purity 2,951 3,706 4,484

Medium Purity 2,951 3,706 4,484

Low Purity 2,951 3,706 4,484
Indan Plant 2,655 3,335 3,776
Combined Plant 4,955 6.224 7,530

5-Year Plant Life
Cyclopentene Plant

High Purity 4,303 4,987 5497

Medium Purity 4,303 4,897 5,497

Low Purity 4,303 4,897 5,497
Indan Plant 3,872 4,406 4,946
Combined Plant 7.226 8,223
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V. DISCUSSION

Potental additive candidates were screened individually and then in combination to determine the
concentration of the additive required to reach the desired effect. This experimentation determined the
extent of improvement in the properties in relation to the original objectives of the program. One key
limitation for the first task was a total additive concentration less than 5 percent by volume. Table 39 lists
the nominees and the suggested concentration ranges for each additive based on the criteria in Task 1 -
Literature Search and Additive Evaluation. The coded additive MO was included in this list because this
compound improved the flame luminosity toward the latter part of the burn; however, MO also left a
residue in the bottom of the Petri dish which caused some concem for future applications in a vehicle.
The residue may cause plugged injectors or excessive wear in an engine.

TABLE 39, ADDITIVE PACKAGE NOMINEES AND SUGGESTED
CONCENTRATION RANGES FOR TASK 1

Property Additive Concentration Range
Flammability Butane 2.2-2.5 Vol%
Flammability Butene 2.2-2.5 Vol%
Luminosity Toluene : 2.8-5.0 Vol%
Luminosity MO coded sampled _ 0.75-1.0 Wi%
Luminosity Ethanol ' 10-20 Vol%

_Lubricityb DCI4A, 0S85798, 0386453, 0886454, 0.12 Wt%

08586455, 0586456, 0S86457, OS86458,
0886460, VX3181, VX3182, Metacor 704,
Unicor J, IPC 44210

Taste Bitrex 0.0012 Wt%
Color Alcohol-soluble Dye 0.00013-0.013 Wt%
Odor Various 0.007 Wt%

aThis additive formed a residue after bumning

bThese corrosion-inhibitor/lubricity improvement additives are considered to be
interchangeable as regards their compatibility with other additive package constituents at
the nominated low level of concentration.

In the Task 1 Expansion, the 5 volume percent limitation was lifted and replaced by a limit on
the total cost of the additive package not to exceed 125 percent of the gasoline component cost in M85,
The leading candidates for luminosity improvement were:

. Toluene

. Cyclopentene

112



. Indan
. Benzaldehyde

Trimethyl borate improved the flame luminosity at a low concentration with a characteristic green flame,
but the residue left behind after the bum caused some concern about possible engine wear. Two
compounds at slightly higher concentrations, methylcyclopentane (early in the bumn) and mesitylene (late
in the bum), improved the luminosity above the minimum threshold visibility. MO and ethanol,
recommended in Task 1, were not included in the Task 1 Expansion because ethanol was require at much
higher concentrations to enhance flame luminosity and MO left a residue after buming.

A. Lubricity

For lubricity, the mechanism operating with methanol fuel involved the washing away of the
lubricant and subsequent corrosion caused by the formation of acids and other oxidizing agents from the
fuel. The additives identified for methanol lubricity should handle both lubrication and corrosion. In
general, the two most successful classes of compounds included the fatty acids and organic amine salts.
Several proprietary lubricity/corrosion additives from this class of compounds were equally effective in
improving the lubricity. These compounds compared favorably to M85 for a reduction in wear and
showed significant improvement in the lubricity of M100.

B. Flammability

For flammability, the addition of butane or butene lowered the flammability limit to below -18°C
at 2 concentration of about 3 volume percent. The addition of toluene increased the rich flammability
limit of the mixture when blended with butane or butene. When the total additive concentration was held
to 5 volume percent with combinations of 2 percent butane or butene, 3 percent toluene, and a balance
of methanol, the rich flammability limit was about 0°C. With 15 volume percent ethanol and 6 volume
percent of the toluene and butane, the rich flommability limit was about -25°C. These rich flammability
limits were well below normal ambient temperatures and below the typical daily temperatures in California
except in mountainous areas or on extremely cold days. In addition, the RVP was sufficient to provide
good fuel volatlity. Therefore, the flammability of saturated fuel vapors in underground and vehicle
storage tanks can be lowered bélow typical ambient temperatures with sufficient volatility to provide good
cold-starting and warm-up performance to -18°C (0°F). Fuel weathering was not considered in this

program.

C. Flame Luminosity

Flame luminoéity was improved for fuel methanol through the addition of compounds which
bumed with visible flames. The luminosity depends on a number of factors:

. Type of fire (pool, spill, or container)

. Path length and size of flame

. Surface where bumning takes place (porous or non-porous)
. Background of the flame in relation to the observer

. Lighting conditions {dark, twilight, or bright sunshine)
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. Concentration, volatility, and luminosity of additives

. Flame color,

Since the luminosity of neat methanol is poor, the addition of any soot-forming material improves the
flame luminosity.

1. Single Component Additives

Ethanol was chosen as the luminosity standard for the experimental procedure, and M85
was the standard of comparison. For M85, the luminosity varied throughout the bum. Through the initial
and final portions of the bum, M85 produced 70 to 90 percent of the luminosity of ethanol. During the
middle portion of the bum, M85 yielded only a 15 percent increase in luminosity over M100.

Boron compounds produced a green flame when bumed. Trimethy! borate achieved the
minimum threshold visibility for about 50 percent of the burn at the § percent concentration by volume;
however, a white residue remained in the Petri dish afier bumning probably due to boric acid. These
compounds showed some promise a luminosity enhancers, but some concern arose about the residue left
behind after bumning. This residue may cause excessive wear or other problems in the engine or fuel
handling system of an actual vehicle. The increase in visibility with respect to luminosity from boron
compounds was probably due to the higher sensitivity of the human eye to wavelengths in the green to
yellow portion of the spectrum,

Three additives were investigated for their effect on flame luminosity based on their low
Carter MIR; pentamethylbenzene, benzaldehyde, and pentamethylbenzaldehyde. Pentamethylbenzene and
pentamethylbenzaldehyde resulted in 2 small increase in the flame luminosiry compared to methanol.
Benzaldehyde is unique in that it has a negative MIR; however, benzaldehyde is an irritant and considered
toxic. If benzaldehyde passes through the combustion process unbumned, a lower or negative potential for
ozone formation may occur. Benzaldehyde increased the flame luminosity above the minimum threshold
visibility toward the latter part of the burn at the § percent by volume concentration. This compound was
unique among oxygen-containing compounds because it yielded a higher flame luminosity than the
homologous compounds without oxygen. In combination with toluene or cyclopentene, benzaldehyde
should result in a visible flame throughout the majority of the burn and may contribute to lower ozone
formation of the exhaust.

The best combinations for improving flame luminosity were those with unsaturation,
cyclization, and aromaticity. Chemicals with unsaturation, cyclization, and aromaticity resulted in
molecules with lower hydrogen/carbon number ratios, and lower hydrogen/carbon number ratios tend to
improve the flame luminosity more than homologous compounds. Carbon chain branching also increased
the luminosity; but in combination with methanol, higher concentrations were required. Unsaturated,
branched-chain, and cyclic hydrocarbons typically increased the flame Juminosity in the initial par of the
bum more than straight chain hydrocarbons; however, many of these compounds required concentrations
above 10 volume percent to raise the luminosity to the level of the minimum threshold visibility (0.2 foot-
candles). Aromatics and certain substituted cyclic hydrocarbons improved the flame luminosity in the
latter part of the bum.

The differences between compounds which enhanced the luminosity at the beginning of
the burmn and those that improved the luminosity near the end of the bumn were related to the volatility of
the compounds and the ability to form azeotropes with methanol. Compounds with a carbon number of
5 or 6 yielded the highest luminosity in the early pant of the burn. Above and below carbon numbers of
5 and 6, the luminosity during the early part of the bum dropped off dramatically. Compounds with a
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hydrogen/carbon number ratio between 1.5 and 2.5 (olefins and paraffins) produced the highest luminosity
in the early part of the bum, while compounds with a hydrogen/carbon number ratio less than L5
(aromatics) exhibited higher luminosity in the latter part of the bum.

Toluene and cyclopentene provided the highest flame luminosity at the lowest
concentration during the initial part of the bum, while indan produced good luminosity at a low
concentration in the latter part of the bum. Indan met the minimum threshold visibility at a concentration
of approximately 1 percent by volume for a short time near the end of the burm. Alcohols and ethers
provided limited improvements in the luminosity except at very high concentrations. One exception was
cyclohexanol, but even this compound had a lower luminosity than its homologous cyclic hydrocarbon,
cyclohexane.

When toluene was added to methanol at 8 volume percent, the luminosity exceeded
ethanol. With 6 volume percent toluene, the luminosity surpassed M85 for the initial part of the bum.
At a concentration of 2.8 volume percent, toluene was sufficient to provide Iuminosity above the estimated
minimum threshold visibility of 0.2 foot-candles for the initial portion of the burn. Other compounds such
as coded sample MO provided a luminosity improvement during the final portion of the bum, but left a
residue in the bottom of the Petri dish, The luminosity of methanol can be improved through the use of
additives other than gasoline, but the degree of improvement is dependent on the concentration of the
additive, the portion of the bum considered, and the degree of improvement required.

2. Multiple Component Additives

To reach the minimum threshold visibility throughout the burn, multiple component blends
were required. Many multiple component mixtures were tried to take advantage of the different volatilities
of various compounds which demonstrated good luminosity as single component blends. These
combinations included:

. Ethanol + TBA

. Ethanol + MTBE

. Indan + cyclopentene

. Indan + methylcyclopentane
. Toluene + indan

. Toluene + ethyl ether

’ Toluene + n-propyl benzene

. Toluene + tetralin
. Ferrocene + cyclopentene + indan
. Feedstocks and commercial products

- Cycloalkane/olefin blends
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- Olefin blends
- Various grades of DCPD
- DP5-160.

Several blends were found to be equivalent to or better than M85 in terms of a visible flame duration
above the minimum threshold visibility. A blend of ferrocene, cyclopentene, and indan also produced a
flame with a good flame duration, but concemn over residue left after the bum precluded additional
investigation of this blend. The best blends with the lowest additive concentration by volume were 5
percent indan + 5 percent cyclopentene and 4 percent toluene plus 2 percent indan. Experimentation with
these two blends was continued through outdoor luminosity studies and emission testing in a dual fuel
vehicle. .

D. Qutdoor Bums

A set of experiments was designed to a compare the laboratory results to real world situations,
These experiments were conducted outdoors with larger quantities of fuel on a variety of surfaces to
simulate real world conditions. Two of the best multiple component additive combinations from the
laboratory investigation were selected for continued investigation. The effect of five different liquids:

. 100% methanol

. 100% ethanol

. M85

. 4% toluene + 2% indan in methanol

. 5% indan + 5% cyclopentene in methanol

on each of five surfaces:

. Concrete

. Asphalt

. Sheet metal
. Grass

. Soil

was determined to make these comparisons. A panel of eight to nine observers watched the bums, rated
the visibility, and answered questions about the lighting conditions, flame color, flame luminosity, flame
height, background, and other distinguishing features. All bums were performed during bright sunlight
or partly cloudy conditions. In general, the additive blends performed as well as or better than ethanol
and M85 on most surfaces, and the additive blends were significantly better than M 100 in all cases. These
results, while limited to a small number of observers, indicated that the flame visibility of methanol can
be improved through the use of selected additives.
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E. Emission Measurements

Emission testing was performed on two different vehicles with different additive blends. The
measured emissions included a complete hydrocarbon speciation (Cy - C3 hydrocarbons plus benzene and
toluene, C4 hydrocarbons including 1,3-butadiene, and Cs - C1 hydrocarbons), aldehydes, and methanol.
All exhaust emissions were measured on a bag by bag basis and compared for their ozone formation
potential based on the most current Carter MIRs. :

A 1986 Toyota Camry (dedicated M85 vehicle) was tested with an SwRI methanol blend and with
an actual commercial blend of M85 fuel obtained from California. The SwRI methanol blend was made
from M100 blended to contain the foliowing additives:

6 volume percent toluene

2.5 volume percent butane

0.12 weight percent DCI4A (Dupont)

0.0001 weight percent Bitrex (denatonium benzoate)

0.007 weight percent odorant.

In a separate set of tests, a 1989 dual-fuel Volkswagen Jetta was tested with five fuels:

M100

4% toluene + 2% indan blended with M100

5% indan + 5% cyclopentene blended with M100
Auto/Oil industry average gasoline (RF-A)

M35 blended from RF-A

Both vehicles were tested with different additive blends, but the results from these tests were
similar in many ways even though the engines and emission control systems were different on each
vehicle. In general, the hydrocarbons in the exhaust were analogous to the hydrocarbons in the fuel. For
example, when toluene was added to the fuel, higher concentrations of toluene were detected in the
exhaust. Some other comparisons for both vehicles were:

Cold-start emissions contributed to the majority of the exhaust emissions from both
vehicles.

Methano! was the major organic constituent in the exhaust when present in the fuel.
Speciated hydrocarbons in the exhaust reflected the additives in the fuel.

Regulated emissions from the Jetta with the two fuel additives had minimal emissions
impact when compared to M100.
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. Ozone formation potential from both vehicles was lower for the additive blends when
compared to M85, but the criterion for no more than 50 percent of the exhaust reactive
hydrocarbon emissions for the blend compared to M85 was not met.

. Toxic emissions from the Jetta were variable compared to M100; the addiﬁvc with T&l
had more toxic emissions, and the additive with I&C had less toxic emissions.

. Toxic emissions from the Camry with the methanol additive package were lower when
compared to M85, but higher than M85 with the Jetta; the total additive package
concentration was aiso greater with the Jetta.

. When the additive blends were compared to gasoline, the total and NMOG hydrocarbons
were greater, but the toxics were less.

In general, the additive blends performed well when compared to M85 and M100. Minimal emissions
impact was observed for the regulated emissions, but the criterion for no more than 50 percent of the
exhaust reactive hydrocarbons as compared to M85 without the additive was not met. It should be noted-
that even M100 did not meet this criterion. The toxic emissions found t0 be more dependent on the
additive package.

F. Cost

One consideration in the selection of potential additives was the cost to achieve the desired effect.
The additional costs depended on the specific additives and concentration of each additive in the package.
In Task 1 - Literature Search and Additive Evaluation, an additive package was proposed to meet the
safety and performance criteria for the initial part of the program. Table 40 lists the costs for the
individual additive package nominees based on their suggested concentrations from Table 39. As an
example, the fuel cost increase for an additive package which would address each of the fuel properties
may include the following:

. 2.2 volume percent butane (I cent/gal)

. 2.8 volume percent toluene (3 cents/gal)

. 0.12 weight percent of a lubricity additive (1 cent/gal)

. 0.0012 weight percent Bitrex (2 cents/gal)

. 0.007 weight percent odorant (0.04 cent/gal)

. Dye for coloration (0.2 cent/gal).
With the cost of methanol at 37 cents/gal based on an average of the spot market prices from January to
May 1992(86), the total cost of the fuel with the example additive package listed above would be about
42 cents/gal. If ethanol were included in the blend at a concentration of 20 percent with the same additive
package listed above, the fuel cost was about 58 cents/gal. It should be noted that these costs do not
include blending and other related costs such as transportation and handling since some of these costs

would be similar for any fuel. The costs for the additive package in methanol are within an acceptable
range to improve the properties of the fuel without pricing the fuel out of the market.
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TABLE 40. ADDITIVE COSTS FOR TASK 1 ADDITIVE COMBINATIONS(86,87)

Additive Bulk Price Cost Increase, $/Gal Fuel®
Methanol $0.37/gal --
Butane $17.50/bbl $0.01
Toluene $0.90/gal $0.02 - $0.045 :
Butene $2.50/gal $0.055 - $0.063
Ethanol $1.17/gal $0.12 - $0.23
MO $4.00/1b $0.20-80.26
DCI4A $0.84/1b $0.01
Bitrex $14.00/oz $0.02
Odorant $1.00/1b . $0.0004
Colorant {dye) $19.00/1b $0.002 - $0.02
*Cost increase based on suggested concentration ranges in Table 38 and price per gallon of the
additive without transportation costs.

In the Task 1 Expansion, efforts continued to find alternative luminosity additives with the additive
cost not to exceed 125 percent of the gasoline cost in M85. The additive package above was successful
in improving alt of the fuel properties except flame luminosity. To achieve a luminous flame throughout
the majority of the burn, higher concentrations of the luminosity additives must be used. Two
combinations were found which provided adequate luminosity throughout the bum. These combination
were plus 5 percent indan + 5% cyclopentene and 4 percent toluene plus 2 percent indan. Table 41 lists
the individual estimated additive costs for these two combinations, and the associated costs increases for

each additive concentration.

TABLE 41. ADDITIVE COST FOR TOLUENE, CYCLOPENTENE, AND INDAN ADDITIVE
COMBINATIONS (TASK 1 EXPANSION)

Additive Bulk Price, $/gal Cost Increase, $/gal Fuel®
4% Toluene 0.90 0.036
2% Indan 7.62 0.152
5% Cyclopentene 1.61 0.081
5% Indan 7.62 0.381
*Cost increase based on percentage of suggested concentration range and price per galion of the
additive without transportation costs.
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To compute the additive costs, the spot price for toluene was reviewed for calendar year 1991 and
compared with gasoline in Section IV. B. Toluene prices tend to follow the gasoline price, but it is also
affected by demand as a chemical intermediate. The average price was $0.901 per gallon, and the median
value was $0.905 per gallon. A price of $0.90 per gallon was used in the estimation of additive cost.

Cyclopentene and indan were not available as bulk chemicals, so the approach to developing costs
was to estimate the cost of production from other available materials. DCPD was available in the desired
quantities as a starting material to make cyclopentene by partial hydrogenation of CPD monomer.
Estimates of investment cost, operating expenses, and economic evaluation in Section IV, C, indicate that
cyclopentene can be made in California for $1.38 to $2.58 per gallon depending on the purity. Slightly
higher prices of $1.41 to $2.61 per gallon may be needed to encourage construction of a plant. A cost
of $1.61 for medium purity based on a 20 percent rate of return and a 13 year plant life was used in
estimating the additive cost for cyclopentene.

Indene was selected as the starting material to produce indan, but no bulk producer of indene was
found in the United States. Indene was available in bulk quantities in Europe, but at a high price which
may not meet the long term needs as a fuel additive. A plant to make indan would be similar to the
cyclopentene plant in size and design. Economic evaluation in Section IV. D. indicates that indan could
be produced in California for $7.62 per gallon. This value was used to calculate the cost of adding indan
to methanol.

To estimate the additive package price in comparison to the gasoline in M&S, the current cost of
gasoline added to M85 was determined. The average cost of the premium unleaded wholesale rack prices
from January to May 1992 was 74.9 cents/gal.(86) With M85, the gasoline contribution to the total cost
equated to 11.2 cent/gal based on 15 percent of the average premium unleaded cost per gallon. At the
pump in California, the average retail price for M85 is currently about 80 cents/gal, and ranges from 71.9
to 93.9 cents/gal depending on the transportation costs and mark up involved with the particular
station.(88) If 85 percent of the spot market price for methanol (31.5 cents/gal) was subtracted from the
average retail price for M85, then the costs yielded an increase for the gasoline, transportation, and station
margin costs of between 40 and 62 cents/gal with an average of 48.5 cents/gal. By subtracting the
gasoline contribution cost (11.2 cents/gal) from the remainder, the transportation costs plus station margin
were 37.3 cents/gal of the average price for M85 in California. (Note: Since the transportation costs and
the station margin should be similar for any fuel, no attempt was made 0 separate these two figures.)

To meet the criterion for the flame luminosity additive costs of less than 125 percent of the
gasoline portion of M85 (11.2 cents/gal), the cost increase for the additive packages should be less than
about 14 cents/gal. Neither of the two additives were capable of meeting this criterion because the raw
material costs for indan were too high (See Table 40). If a substitute for indan or a lower priced feedstock
could be found, then the additive package might meet the cost requirement proposed for this program.
The additive package with 4 percent toluene plus 2 percent indan was the closest to meeting the cost
criterion. This blend yielded a cost increase of 18.8 cents/gal, which equated to a 168 percent increase
over the gasoline contribution to M85. With the 4 percent toluene plus 2 percent indan flame luminosity
additive package, the average cost of the fuel at the pump would be about 91 cents/gal, including the
transportation costs and the station margin calculated above. This fuel cost equates to a total cost increase
of about 14 percent more than the average pump price for M85,

If the additives for flammability limit, fuel lubricity, taste, odor, and color were also added to the

fuel cost for the luminosity additive, then the price at the pump would be about 94 cents/gal for an
increase of about 18 percent more than the pump price of M85. On this basis, the total cost increase of
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a complete additive package in the fuel was less than 125 percent of the total cost at the pump, but not
less than 125 percent of the gasoline portion in M85.

A similar exercise could be performed with the 5 percent indan plus 5 percent cyclopentene flame
luminosity additive. With the flame luminosity additive alone, the average cost of the fuel at the pump,
including transportation costs and station margin, would be about $1.17/gal. This cost was 46 percent
more the average pump price of M85. If the additives for flammability limit, fuel lubricity, taste, odor,
and color were added to the fuel cost for the luminosity additive, then the price at the pump would be
about $1.20/gal for an increase of about 50 percent more than the MBS pump price.

121




.

10.

11.

12.

REFERENCES

General

Fanick, E.R. and Smith, LR, "Survey of Safety Related Additives for Methanol Fuel,” Report No.

EPA 460/3-84-0_16. Contract No. 68-03-3162 Work Assignment 5, November 1984.

Fanick, ER., Smith, LR., and Baines, TM., "Safety Related Additives for Methanol Fuel,” SAE
Paper No. 841378, Fuels and Lubricants Meeting and Exposition, Baltimore, MD., October 1584,

Keller, JL., Nakaguchi, GM., and Ware, J.C,, "Methanol Fuel Modification for Highway Vehicle
Use,” U.S. Department of Energy, Washington, D.C., HCP/W3683-18, July 1578.

Freeman, J.J., Task Force Chairman, et al, "Alcohols and Ethers: A Technical Assessment of
Their Application as Fuels and Fuel ponents,” API Publication 4261, Second Edition, July
1988. .

Machiele, P.A., "A Perspective on the Flammability, Toxicity, and Environmental Safety
Distinctions Between Methanol and Conventional Fuels," American Institute of Chemical
Enginecrs, 1989 Summer National Meeting, Philadelphia, PA, August 1989.

Webb, R.F., "Assessment of the Safety of Transportation, Distribution and Storage of Methanol
Fuels,” Transport Canada, September 1988.

Engine Wear

DeJovine, J.M., Drake, D.A., and Mays, M.A,, "Test Stand Evaluations of Commercial Lubricants
with Methanol and Tertiary Butyl Alcohol Blends,” SAE Paper No. 830242, International
Congress and Exposition, Detroit, MI., March 1983.

Chaibongsai, S., Howlett, B, and Millard, D.H.T., "Development of an Engine Screening Test
to Study the Effect of Methanol Fuel on Crankcase Oils," SAE Paper No. 830240, International
Congress and Exposition, Detroit, M1, March 1983.

Naegeli, D.W. and Owens, E.C., "Investigation of Alcohol Combustion Associated Wear in Spark

Ignition Engines: Mechanisms and Lubricant Effects,” Southwest Research Institute Interim
Report No. AFLRL 176, December 1584,

Owens, E.C., "Methanol Engine Wear - Solutions to the Problem,” Proceedings of the 22nd DOE
Automotive Technology Development Contractors’ Coordination Meeting, P-155, November 1984,

Schwartz, S.E., "An Analysis of Upper-Cylinder Wear with Fuels Containing Methanol,"
Lubrication Engineering, Vol. 42, 5, pp- 292-299, May 1986.

Ryan, T.W. III, Bond, T.J., and Schieman, R.D., "Understanding the Mechanisms of Cylinder Bore

and Ring Wear in Methanol Fueled SI Engines,” SAE Paper No. 861591, Intemnational Fuels and
Lubricants Meeting and Exposition, Philadelphia, PA, October 1986.

122



13.

14.

15.

16.

17.

18.

19.

20.

21,

22.

22A,

22B.

REFERENCES (CONT’D.)

Luminosity

Anderson, JE. Magyari, MW. and Siegl, W.O., "Conceming the Luminosity of
Methanol-Hydrocarbon Diffusion Flames," Combustion Science and Technology, Vol. 43, pp

.115-125, 1985.

Kirshenblatt, M. and Bol, M.A., "Investigation Into Methanol Fuel Formulations," SAE Paper No.
881599, 1988.

Kirshenblatt, M., "Follow-Up Fuel Formulation Study," Performed by Manitoba Research Council
(MRC) as subsequent study to Reference 12 above, 1989 (Publication pending).

Wang, S-Q., Sawyer, RF., and Muniz, L., "Characterization of the Visibility of Methanol Fuel
Flames,” Paper No. 89-69, Westem States Section/The Combustion Institute 1989 Fall Meeting,
Livermore, CA, October 1989.

Kucharczuk, P., Miller, R., Mummert, M., and Ressler, S., "Flame Luminosity of Primed Methancl
Fuels," Widener University School of Engineering, Senior Project Group 8, April 1989.

Private communications with W. Clark, BP Oil Company, June 1989.

Lubricity

Russell, J.A., Campbell, W.E., Burton, R.A., and Ku, P.M,, "Boundary Lubrication Behavior of
Organic Films at Cryogenic Temperamres,” American Society of Lubrication Engineers,
Transactions, Vol. 8, No. 1, January 1965. :

Grabel, L., "Lubricity Properties of High Temperature Jet Fuel,” Naval Air Propulsion Test Center
Report No. NAPTC-PE-112, August 1977.

Lykov, O.P., et al., "Lubricity Properties of Additives Based on Higher Fatty Acids," Plenum
Publishing Corporation, Document No. 0009-3009/82/0708-4043, pp. 403-405, 1983.

Fischer, 1.B. and Estefan, R M., "Bench-Test and Engine Evaluations of Candidate Anti-Wear
Additives from Methanol Fuel," Southwest Research Institute Intemal Research Report No.
08-9362-001, April 1984.

Coley, T.R., Taylor, M.G., and Rossi, F., " Additive Solutions to Diesel Combustion Problems,”

Paper No. C310/86, Institution of Mechanical Engineers Internation Conference on Petroleum
Based Fuels and Automotive Applications, London, UK, 1986.

Owen, K. and Coley, T., Automotive Fuels Handbook, Published by Society of Automotive
Engineers, Warrendale, PA, 1990.

123




24,

26.

27.
28.

29.

30.

3L
32.

33.

35.
36.

37.

REFERENCES (CONT'D.)

Flammuability

"General Motors Advanced Emissions Control System Development Program,” Report to the U.S.
Environmental Protection Agency on Emission Standards, December 15, 1976, pp. VII-62.

Goetz, W. "Cold-Starting of Methanol Fueled Vehicles,” Society of Automotive Engineers, pp.
155, March 1985.

Nichols, R.J., "Techniques for Cold-Start of Alcohol-Powered Vehicles,” Proceedings of the Fifth
International Alcohol Fuel Technology Symposium, Auckland, New Zealand, May 1982,

Menrad, HK., "Results From Basic Research on Alcohol Powered Vehicles,” Proceedings of the
Fourth International Alcohol Fuel Technology Symposium, Guaruja’, Brasil, pp. 557, October
1980.

Bemstein, L.S., "Priming Agents for Methanol as An Automotive Fuel,” Technology Symposium,
Auckland, New Zealand, May 1982,

Anderson, J.E., "Fuel Methanol Additives: Issues and Concemns,” 10th Energy Technology
Conference, Washington, DC, February 1983.

Battista, V., "Safety Aspects of the Use of Alcohol Fuels m Road Vehicles, Phase 1," a report to
the Road Safety Directorate, Traffic Safety Standards and Research, Transport Canada, Ottawa,
Ontario, December 1986.

Taste Deterrents

Hagen, D.L., "Methanol as a Fuel: A Review with Bibliography," SAE Paper No. 770792, 1977.

Wimer, W.W., Russell, J.A., and Kaplan, H.L., Alcohols Toxicology, Noyes Data Corp., Park
Ridge, N.J., 1983.

Midwest Research Institute, "Methanol Health Effects,” Environmental Protection Agency, PB 82-
160797, 1981.

U.S. Industrial Chemical Co., Ethyl Alcohol, New York, NY, 1560.

Mueller Associates, Inc., "Denaturants for Ethanol/Gasoline Blends,” U.S. Deparment of Energy,
Washington, D.C., HCP/M2098-01, UC-98, 1978.

French Patent, Pat. No. 2,396,069, 1979.
Polish Patent, Pat. No. 66,638, 1973.

Ogston, A.R., "Alcohol Motor Fuels," Joumnal of the Institution of Petroleum Technologists, Vol.
23,1937,

124



38.

39,

40.

41

42.

43,

45.
46.
47.
48.
49,

50.

5L

52.

33.

54.

REFERENCES (CONT'D.)

Taste Deterrents

Nakaguchi, G.M., Keller, J.L., and Wiseman, E.L., "Ethancl Fuel Modification for Highway
Vehicle Use,” U.S. Department of Energy, Washington, D.C., ALO-3683-T1, July 1979.

"Dimethoxymethane About to Enter Methanol Fuel Market, Says Company,” Alcohol Week, April
18, 1983.

"Celanese, B of A Testing Methylal as Neat Methanol Additive," Alcohol Week, June 13, 1983.

Windholz, M. ed. Merk Index an Encyclopedia of Chemicals and Drugs, 9th Ed., Merck and Co.
Inc., Rahway, NJ, 1976.

Private communication, Dr. Bill Watson, (U'I'HSC). September 1983,

Watson, R.C., "Alcohol: Denatured and Illegal Varieties,” Alcohol Heath and Research,
Experimental Issue, 1975.

"Denatonium Benzoate as a Deterrent for Ingestion of Liquid Household Cleaning Products by
Children,” Research Disclosures, Vol. 216, 1982.

U.S. Patent, Pat. No. 4,005,038, 1977.

U.S. Patent, Pat. No. 3,935,137, 1976.

U.S. Patent, Pat. No. 4,064,316, 1977.

European Patent, Pat. No, 12,525, 1980.

"Bendicarb/Bitter Substance,” Research Disclosures, Vol. 211, 1981.

"Nailbiting and Thumbsucking Deterrent Drug Projects for Over-the-Counter Human Use;
Establishment of a Monographs,” Federal Register, October 17, 1980.

Damon, CE., and Pettitt, B.C., Jr., "High-Performance Liquid Chromatographic Determination of
Denatonium Benzoate in Rapeseed Oil,” Journal of Chromatographs, Volume 195, 1980,

Sugden, K., Mayne, T.G., and Loscombe, C.R., "Determination of Denaturants in Alcoholic Toilet
Preparations,” Analyst, Vol. 103, June 1978.

Glover, M.J,, and Blake, A.l., "Separation and Thin-layer Chromatographic Determination of
Denatonium Benzoate and Other Quatemary Ammonium Denaturants in Spirituous Preparations,”
Analyst, Vol. 97, November 1972

Alsmeyer, E.C., and Jungst, R.W., "Identifying Alcohols by Their Denaturants,” Soap Cosmetics
Chemical Specialties, March 1972, :

125




ﬂ_ﬂ

p.

55.

6.

57.

58.

59.

61.

62.

63.

65.

66.

67.

68.

REFERENCES (CONT’D.)

Dyes and Colorants

Dutkiewicz, B., Konczalik, J., and Karawacki, W., "Skin Absorption and Per Os Administration
of Methanol in Men,"” Int. Arch., Occup., Environ., Health, 47, 1980.

Tada, O., Nakaaki, K., Fukabori, S., and Yonemoto, J., "An Experimental Study on the Cutaneous
Absorption of Ethanol in Man," J. Science of Labour, Volume 51, No. 3, 1975.

Ferry, D.C., Temple, W.A., and McQueen, E.G., "The Percutaneous Absorption of Methanol After
Dermal Exposure to Mixtures of Methanol and Petrol,” Proceedings Fifth Intemational Alcohol
Fuel Technology Symposium, Volume 3, Aukland, New Zealand, May 1982.

Ferry, D.C., Temple, W.A., and McQueen, E.G., "Toxicity of Methanol/Petro Mixtures,”
Proceedings of the Third International Symposium on Alcohol Fuel, Volume 3, Asilomar,
California, May 1979.

Private communication, Dr. Bill Watson (UTHSC), November 1983,
Private communication, David Brian Holland, October 1983,
ASTM

Posner, H.S., "Biohazards of Methano! in Proposed New Uses," Joumal of Toxicology and
Environmental Health, Volume 1, 1975.

Steere, N.A., ed., Handbook of Laboratorv Safety, Second Edition, The Chemical Rubber Co.,
Cleveland, Ohio, 1971.

Odorants
Research Reports, Chemistry, July - August 1975.

Private communication, Mr. Leuck and Mr. Ralph Williams (Phillips Chemical Co.), February
1984,

Keller, J.L., "Alcohols as Motor Fuel?" Hydrocarbon Processing, May 1979.

Miscellaneous

"Proposed Test Method for Luminosity of Fuel Methanol (M85) Spark Ignition Engines,” 1992
Annual Book of ASTM, Section 5 Petroleun Products, Lubricants, and Fossil Fuels, Vol. 05.03,

Petroleum Products and LUbricants (IIT), Annex X2, D2 Proposal P232, March 1992, pp. 1182-
1184.

" Aviation Fuel Lubricity Evaluation,” CRC Project No, CA-45-58, CRC Report No. 560, Lubricity
Evaluation Ball-on-Cylinder Operators Task Force, July 1988.

126



69.

70.

71.

72.

73.

74.
75.

76.

71.

78.

79.

80.

81.

g82.

83.

5.

REFERENCES (CONT'D.}

Miscellaneous (Cont’d)

"Motor Vehicle Toxics: Assessment of Sources, Potental Risks, and Control Measures,” Final
Report MS-89-08, Mobile Source Division, California Air Resources Board, El Monte, CA, June
1989,

Cost Analysis

Fefer, M. and Small, A.B., "Cyclopentadiene and Dicyclopentadiene,” Kirk-Othmer Encyclopedia
of Chemical Technology, Third Edition, 1979.

Holoman, J.F., et al., "Hydrocarbon Resins,"” Kirk-Othmer Encyclopedia of Chemical Technology,
Third Edition, 1979.

Private communication, F. Jerry Wiens (CEC), February 1992,

Octane Week Market Report, Vol. V, No. 33, January 7, 1991 through No. 52, May 13, 1991 and
Vol. VI, No. 1, May 20, 1991 through No. 32, December 30, 1991.

Private communication, R. G. McClung and V. Brogan (Engelhard Corp.), March 1992.
Construction Boxscore, Hydrocarbon Processing, October, 1991 and February 1992.

"Properties and Uses of Dicylopentadiene and Methylcyclopentadiene Dimer," Exxon Chemical
Co., 1987.

"Storage and Handling of Dicyclopentadiene and Methylcyclopentadiene Dimer,” Exxon Chemical
Co., 1989.

Cooper, D., "Do You Value Steam Correctly?" Hydrocarbon Processing, July 1989.
Private communication, Cal Hodge, (Valero Refining and Marketing), April 1992.

Ranade, S.M., et al.,"Impact of Utility Costs on Pinch Designs,” Hydrocarbon Processing, July
1989.

Bassett, L.C. and Natarajan, R.S., "Hydrogen—Buy It or Make It?" Chemical Engineering Progress,
March 1980.

Personal communication, Michael Fraytet (ARCO Products Co.), April 1992.
Indene 90% Technical Data Sheet, Rutgers Werke AG, November 1991.
Rudd, D.F. and Watson C.C., Strategy of Process Engineering, Wiley Publishing Co., 1968.

Congelliere, R.H., "Correcting Economic Analyses,” Chemical Engineering, November 16, 1970.

127




[ A S PN

86.

87.

88.

REFERENCES (CONT’D.)

Cost Analysis (Cont’d)

Alcohol Week's New Fuels Report, Volumes VI, Nos. 34-50 and VII, Nos. 1-3, January 13,
through May 25, 1992.

- Private Communication, Wendy Clark (BP Oil), July 1990.

Private Communication, Allan Argentine (CEC), May 1992.

128



6CL

‘£661 Y ‘uonisodxgy
pire ssaduo)) [EUONEWANU] FVS €661 o 18 pawssaid ‘6Lg0¢6 1aded VS PO [OURISN
1eaN 1 juswaacadimy Asourmm sureld 10 SIARIPPY JO uoneneaq KI01eI0qe ], [ 'SUdlM pue
W YORULODOW “H'{ ‘PIRUOST IS ‘0I0NES S ‘TQIY ST Rlnyy T Prus TEd YORed

€661 Yorely ‘uonisodxq pue ssuBuc) [eUONEW]
qvs ap e pswesad ‘gzzoge 1oded gvs ‘Ausourwn SWel] JOf SIARIPY Sunreluo)
-[OURYISN UM Palan S[OTYSA B WOI SUCISSIUTF Ismeyxd jo uosiredwo), “fd ‘SUAM pue
S IORULODOW “H'T PIEUOYT 'S ‘QIowrRS “§ ‘TqTY ST ‘efnyy ¥ T WIS A'H FoRed

7661 19QO1Q ‘SeX3, *1904qnT ‘A121008 [ESNIIY) UeOLIaWY ‘BUDRVW [RUOIISY 1SIMINOG
8y 18 paruasaid ,‘1ong TOUBIRSA 189N Ul A}JSOUTWN'] JWeL.Y 2a01duwy 01 SIANIPPY JO UCHEN[RAT,
“3 W AORUUODOW PUB “Hf ‘preucy] 'S ‘nqly “SIW ‘elngy ‘T ‘WWS "I Sned

1661 ‘-66A ON 19PJO ‘Z-991-16095-1 NES] ‘SUONIesUeL], sireduqny -

pue 1303 0661 AVS ‘951706 Ided FvS .1ond [OUPIAN 1BIN 10] SIANIDPY pateay-Asyes
J0 wopenEAg AIOTRIOQET, “IN ‘Blayy pue “TM ‘SOAT V[ ‘TSI YT WIWS “Y'H e

"aymnsuy
Yoreasay 15amyinos ‘Aepoy, £Jojouyoa L, ,'1,U0( NOX MON ‘WAL 33§ NOX MON ST [OYOITY,
‘epoL ASoroundaL Jo anss] 0661 Jequaides sy wayy pawuuday *,AIsourmm T Ul [OURYISIAL,

‘0661 1590190 951206 Joded VS ‘130 [OUBIAJY 189N 10] SAIPPY PIlelay-Aayes
70 uomenEAg AI01RI0QE T, I EMMUY PUB “T'M ‘SONIT V[ ‘[essny YT WIWS YT Fowed
‘-p30-1600S-1 NESI ‘0p8-dS TVS .‘seousuadxd a5()-U] pue SUOREMULOF [N [OUBUIAL

‘0661
‘¢7-77 19Q0100 ‘BWOURTYO ‘BSMI ‘uonisodxd pue U2 STIROUQNT PUe S[and [eUONBUIa]
o 18 powssad ‘ggrzo Joded VS L[90J ICUBUW TEAN I0] SPARIPPY PAIEIay-A3yes
30 uonenfeAy A101e10qe, “N ‘Bl0UY pU “T'A\ ‘SOXIT V[ ‘TOSSOY YT WIWS “Y'H HoMed

0661 Joquidag ‘smansuy
yaresssy 1samyInog ‘Kepo AS0[0uyIsL ,1,U0d MOX MON ‘WYL 33§ NOX MON :SUE] [0YOILY,

‘0661 1SN8NY *€Z1-ZE8Y ‘ON 1981IU0Y) ‘UoIsSTIwo)) A81oug BrUONIE) PUR “1OLISI( JUSWIgeuey
AMend) Iry 1580 INOS ‘prEOg SS0Umossy IV emuonie) loy paredad | ‘uomensuowsq
JALIPPY 19N [OUBOW, VT ‘PIUS PUB “TM 'SONIT “V'[ ‘essny “Yd Homreg

_ ‘0661 1508y ‘BrwosTe) ‘0821q UES ‘SUNI [EUOHEN JoUNmS 0661
‘S12ouISuy [eSImay) JO IIMNSU] UBIUAWY 3y} e patuasard |, ‘[an.g [ouBiajy B3N 1oj seeyoed
SATIPPY JO uomen[eag Aloteloqe, “d 'Usqqenm pue S ‘alomes “SW ‘eldyy “¥'T ‘Yomed

"0661 Sunf ‘epeUR) SIUNOSIY P ‘surpy ‘A81aug pue 30Q Aq pasosuods

‘gpeue) ‘OIUGIOY, *STaN] SANRWANY uo doysIop JOSUIM 0661 o 18 pamasad , ‘uopensuowxd
SABIPPY [o0d [OURRI, S ‘Blayy pue T "NIWS “I'M ‘SONIT ‘d'd Fomed “v[ ‘[nssny

SNOLLYOI'TENd 40 LST'1

11

ot

‘-‘Paé



12.

13.

14.

LIST OF PUBLICATIONS (CONT'D)

"New Developments in Alternative Fuels and Gasolines for SI and CI Engines," SAE SP-938,
ISBN 1-56091.343-6, Fanick, ER., Smith, L.R., Ahuja, M.S., Albu, S., Santoro, S.J., Leonard,
J.H., McComack, M.C., and Wiens, F.J,, “Laboratory Evaluation of Additives for Flame
Luminosity Improvement in Neat Methanol Fuel,” SAE paper 930379, March 1993.

"Catalyst and Emission Technology,” SAE SP-968, ISBN 1-56091-353-3, Fanick, E.R., Smith,
LR., Ahuja, M.S., Alby, S., Santoro, S.J., Leonard, 1.H., McCommack, M.C., and Wiens, F.J.,
"Comparison of Exhaust Emissions from a Vehicle Fueled with Methanol-Containing Additives
for Flame Luminosity,” SAE paper 930220, March 1993.

Wiens, F.J., Cox, E. Brinkman, N.D., Fanick, E.R., and Smith, L.R., "Methanol Fuel Formulation

Issues," Tenth International Symposium on Alcohol Fuels, Colorado Springs, CO, November 7-10,
1993.

130




GLOSSARY OF TERMS, ABBREVIATIONS, AND SYMBOLS

AO - Coded alcohol-soluble dye

B/SD - Barrels per stream day

bbl - Barrel, 42 U.S. gal

BFOE - Barrel, fuel oil equivalent (6.3 MM BTU)
BOCLE - Ball-on-Cylinder Lubricity Evaluator
CARB - California Air Resources Board

Carter Maximum Incremental Reactivity OIR) - Used to predict relative levels of ozone formation based
on the individual hydrocarbon components in the exhaust

CEC- California Energy Commission

CQ - Carbon monoxide

CPD - Cyclopentadiene monomer

DCF - Discounted cash flow

DCPD - Dicyclopentadiene dimer

DER - Department of Emissions Research at Southwest Research Institute
DME - Dimethyl ether

F - Coded alcohol-soluble dye

Foot-candle - Unit of illuminance on a surface that is everywhere one foot from a uniform point source
of light of one candle

FTP - Federal Test Procedure

Gray-bodv radiation - Carbonaceous partcles heated by a flame and emit light in the visible region of the
spectrum

HP - High pressure (steam)
I&C - 5 percent indan plus 5 percent cyclopentene
Kw - Kilowatt or kilowatt hours per hour

Kwh - Kilowatt hour

131



GLOSSARY OF TERMS, ABBREVIATIONS, AND SYMBOLS (CONT’D)

Lean flammability limit - Temperature where the gases in the vapor space of a closed container are too
lean (insufficient fuel) to ignite; occurs at lower temperatures

LP - Low pressure (steam)

M - Thousand

MI00 - neat methanol; 100 percent methanol fuel with no additives or blending components

Minimum threshold visibility - Based on a subjective consensus as the lowest level that a luminous flame
would be detected under lighted conditions as measured with the instrumentation described above (about
0.2 foot-candles)

M85 - Mixture of 85 percent mcthaﬁol with 15 percent gasoline

MIR - Maximum incremental reactivity

MM - Million

MMBTU/r - Million BTU per hour

MO - Coded alcohol-soluble dye

MP - Medium pressure (Steamn)

MSCFhr - Thousand standard cubic feet per hour

MTBE - Methyl t-butyl ether

NMOG - Non-methane organic gases

NOy - Oxides of nitrogen

Ozone formation potential - Relative estimation of the contribution of the exhaust constituents to produce

ozone; obtained by dividing the mass of ozone formed from hydrocarbon components in the exhaust based
on the Carter MIR by the mass of NMOG

PFI - Port Fuel Injector Deposit test
RF-A - Auto/Qil industry average gasoline

Rich flammability limit - Temperature where the gases in the vapor space of a closed container are tbo
rich (insufficient oxygen) to ignite; occurs at higher temperatures

RVP - Reid Vapor Pressure

SCAQMD - South Coast Air Quality Management District
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GLOSSARY OF TERMS, ABBREVIATIONS, AND SYMBOLS (CONT'D)

SD - Stream day or operating day

SwRI - Southwest Research Institute

Té&l - 4 percent toluene plus 2 percent indan
TBA - t-butyl alcohol

Toxic emissions - Summation of benzene, 1,3-butadiene, the three isomers of xylene, formaidehyde,
acrolein, and acetaldehyde based on CARB list of known and suspected toxic air contaminants

UDDS - Urban Dynamometer Driving Schedule

WSD - Wear Scar Diameter
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TABLE A-1. LUMINOSITY MEASUREMENTS AND BURN DURATIONS
~ FOR SDIGLE-ADDI'ITVE METHANOL FORMULATIONS (TASK 1)

Avg. Luminosity, Bum Tire,
Additve Concentration by Volume Foot Candles.3 Sec.
Ethanol (reference) _ 1.0 60
Regular unleaded gasoline 2.5-30. 60
M85 : 0.90/0.15/0.702 : 60
Ms88 0.50/0.02/0.35 ) 56
Mo0 0.35/0.010.20 56
M2 0.15/0.005/0.10 56
M95 0.03/0.001/0.10 53
M100 0.001 60
Hvdrocarbon Mixtures
5% 90 RON Reformate 0.005 . 54
59, H2290 0.08 _ 54
5% H400C 0.10 56
5% Light hydrocrackate , 0.15/0.001 56
5 Jet A 0.001 60
5% Refined peanut oil 0.001 60
Aromatics
1% Toluene 0.001 60
2% Toluene 0.008 <8
4% Toluene 0.20 60
5% Toluene 0.25 : 54
6% Toluene 0.65 60
10% Toluene 1.3 58
5% Ethyl benzene 0.001/0.1 60
5% n-Propyl benzene 0.0010.3 583
59, n-Butyl benzene 0.001/0.25 56
5% n-Pentyl benzene £.0010.1 60
59 n-Hexyl benzene 0.001 60
5% Pyridine 0.001 60
5% Naphthalene 0.001 58
5% Methyl naphthalene 0.001 60
5% Decalin 0.005 60
5% Tetralin 0.005 60
Aliphatics and Olefins
5% Butane 0.005 56
5% 1-Butene 0.005 54
5% 1,3-Butadiene _ 0.5/0.005 54
5% Pentane -0.001 56
5% Isooctane 0.01 (first 1/3 burn) 60
5% Dicyclopentadienc 0.001/0.25 54
60

5@, 7-trans-7-Tetradecene 0.001
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TABLE A-1 (CONT'D). LUMINOSITY MEASUREMENTS AND BURN DURATIONS

FOR SINGLE-ADDITIVE METHANOL FORMULATIONS (TASK 1)

Addizive Concentration bv Volume

Ethers

5% Ethyl ether
5% Dimethyl ether

5% Ethylene glycol monoﬁacthyl

ether
5% MTBE
5% ETBE
5% Polyphenyl ether
5% m-Buryl acetate

Metal Organic Salts

5% Sodium acetate
5% Isoamyl acetate
2% Lithium acstate
2% Calcium acetate
2% Aluminum acetate
2% lron stearate

2% Sodium stearate
2% Zing stearate

5 Vol% VX 31744
5 Vol% VX 31814
5 Vol% VX 31824
5 Vol% VX 3194d
5 Vol% VX 31954
5 Vol% OS 853004
5 Vol% OS 858014
5 Vol% OS 858024
5 Vol% OS 85803d

Alcohol Soluble Dves

5% Methyl orange dye

5% Acid yellow dye No. 38
5% Mordant Brown No. 4
5% Rbodamine B dye

5% Pylam blue dye

5% Pylam bright red dye
5% Pylam orange dye

5% Pylam lemon yellow dye
5% Nigrosine -

Proprietarv Formulations

0.19% MO4
0.5% MOd

Avg. Luminosity,

Foot Candles.d

0.001
0.003

0.003
0.001
0.001
0.005
0.001

0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001

0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001

0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001

0.05
0.2s (last 1/4 burn)

A-3

Bum Time,

Sec.

ax

838338

58
56

58
56
58

56
60

60
60
60

60
50




TABLE A-1 (CONT’D). LUMINOSITY MEASUREMENTS AND BURN DURATIONS
FOR SINGLE-ADDITIVE METHANOL FORMULATIONS (TASK 1)

Avg. Luminosity, Bum Time,
Additive Concentration by Volume Foot Candles @ Sec.

1.0% MO4 0.3 (last 1/4 burn) 60
0.1% ABd 0.05 60
0.5% ABd 005 . 60
1.0% ABd ‘ 0.05 5 58
0.1% A4 0.05 : 60
0.5% A4 0.10 (last 1/4 burn) 60
1.0% A0 0.5 (last 1/4 burn) 60
0.1% BBRY 0.05 60
0.5% BBRd 0.05 56
1.0% BBRY 0.05 58
0.1% DB7¢ 005 60
0.5% DB7d 0.05 60
1.0% DB7d : 0.05 56
0.1% Fd 0.05 60
0.5% Fd 0.07 53
1.0% Fd 0.10 60
0.1% PBVFS 0.05 58
0.5% PBVFd 0.05 58
1.0% PBVFd 0.05 60
5% G1280X° 0.001 60
5% D1280X® 0.001 60
Alcohols

5% Ethyl alcobhol 0.001 60
10% Ethyl alcohol 0.001 60
209 Ethy! alcohol 0.05 ' 60
5% n-Butanol 0.001 58
10% n-Butanol 0.001 58
15% n-Butanol 0.08 (last 1/3 burm) 56
5% Tertiary butyl alcohol 0.001 60
10% Tertiary buty! alcchol 0.001 58
15% Tertiary butyl alcchol 0.18 Qtast 1/3 burn) 58
5% Isopropyl alcohol 0.001 60
5% Cyclchexanol 0.001 60
5% Tridecylalcohol 0.001 60
5% Decyl alcobol 0.001 60

ANOTE: Multiple numbers listed under average luminosity indicates changes from beginning, middle and end
of burn

PH229: C; - Cg hydrocarbon mix (Naphtha solvent) boiling range 240 - 360°F.

CH400: Middle distillate solvent C;o-Cy3 aramatics boiling range 340 - 490°F.

dCoded sample.

€Additive provided by Omstar.
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TABLE A-2. LUMINOSITY MEASUREMENTS AND BURN DURATIONS
FOR ADDITIVE COMBINATION IN METHANOL (TASK 1)

Avg. Luminosity, Burn Time,

Additive Concentration by Volume Foot Candles.d : Sec.
1% Tolvcne + 4% Temalin 0.001/0.01 58
36, Toloene + 2% Tetralin 0.02 60
4% Tolusne + 1% Tetralin 008 . 54
4% Toluene + 1% 1-Pentene 020 ' 58
3% Toluene + 2% n-Propyl benzene 0.10 : 60
4% Toluene + 1% n-Propyl benzene 030 56
3% Toluene + 2% n-Butyl benzene 0.05 €0
4% Toleene + 1% n-Butyl benzene 020 58
3% Toluene + 2% Butene : 0.10 56
4% Toluene + 1% Butene 030 58
3% Toluene + 2% Butane 0.05 58
3% Tolusne + 3% Butane 0.04 (1/2 burn) 60
3.5% Toluene + 2.5% Buane 0.08 (1,2 burm) 60
4% Toluene + 1% Butane 020 56
4% Toluene + 2% Butane 0.10 (23 bum) 60
5% Toluene + 1% Butane 0.30 (2/3 bum) 58
2% Toluene + 1% Butane ,

+2% H400 0.03 58
24 Toluzne + 2% Butane

+ 1% H400 0.001 56
2%, Toluene + 1% Butane ) .

+ 1% H229 0.05 60
2% Tolusne + 2% Butane

+ 1% H229 0.001 58
2.5¢, Toluene + 2.5% H229 0.15 56
2.4% Toluene + 2.5% H400 0.04 - 56
4% Toluzne + 4% H400 04 54
3% Toluene + 3% H400 ) 0.09 58
1.67% Toluene + 1.67% H229 ‘

+ 1.67% H400 0.04 56
29, Toluene + 2% H229

+ 2% H400 0.15 58
3% Tolusne + 1% H229

+ 1% H400 0.08 54
6% Toluene + 2% H229

+2% H400 12 54
2.5% H229 + 2.5% H400 0.001/0.20 56
4% H229 + 4% H400 . 05 56
2 5% Toluene + 2.5% Dicyclopentadiene 0.05 54
39, Toluene + 3% Dicyclopentadiene 02 54




TABLE A-2 (CONT’D). LUMINOSITY MEASUREMENTS AND BURN DURATIONS
FOR ADDITIVE COMBINATION IN METHANOL (TASK 1)

Avg. Luminosity, . Bum Time,
Additive Concentrarion bv Volume Foot Candles® Sec.
1% Toluene + 4% Ethyl Ether 0.002 ) 56
2% Toluene + 3% Ethyl Ether 0.005 ’ 56
2% Toluene + 8% Ethyl Ether 006 56
3% Toluene + 2% Ethyl Ether 0.01 . 56
4% Toluene + 1% Ethyl Ether 0.1 : 56
4% Toluene + 6% Ethyl Ether 024 54
6% Toluene + 4% Ethyl Ether 0.90 54
8% Toluene + 2% Ethyl Ether 12 56
0.8 Toluene + 2.5% Ethyl Ether
+ 1.7% HSR Nephtha 0.001 54
13% Toluene + 4% Ethyl Ether
+ 2.7% HSR Nzphtha 0.04/0.001 54
2% Toluene + 6% Ethyl Ether
+ 4% HSR Naphtha 0.35/0.08 54
1% Toluene + 1% Ethyl Ether
+ 3% 90 RON Reformate 0.01 54
2% Toluene + 2% Ethyl Ether
+ 6% 90 RON Reformate 04 54
4% Tolvene + 6% 90 RON Reformate 11 58
5% EtOH + 5% TBA . 0.001 60
10% EtOH + 5% TBA | 0.001 60
2% Toluene + 10% EtOH
+ 10% TBA 0.05 (7/10 burn) &0
4% Tolvene + 10% EtOH
+ 10% TBA 0.40 (7710 bumm) 60
6% Toivene + 15% E1OH 0.80 (5710 burn) 60
5% Tolvene + 15% EtOH 0.60 (5/10 burn) 58
4% Toluene + 15% EtOH -
+ 2% Butane 0.30 (5/10 burn) &0
3% Toluene + 15% E:OH
+ 2.5% Butane 030 (9/10 burn) 60
3% Toluene + 15% E1OH
+ 3% Butane 0.10 (3/4 bum) 60
2% Toluene + 1% Butene :
+ 2% H400 0.005 58
2% Toluene + 2% Butene
+ 1% H400 0.001 58
3% Toluene + 1% Butene .
+ 1% H400 0.04 56
2% Toluene + 1% Butene
+ 1% H229 0.001 &0
2% Toluene + 1% Butene
+ 2% H229 0.06 58
3% Toluene + 1% Butene .
+ 1% H229 0.10 58
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Burn Visibility Percent
Avg. Luminosity, | Time, Duration, Luminous
Additive Foot-Candles Sec. Sec, Flame
100% Ethanol(reference) 10 53 NA NA
5% Ethanol 0.004 57 - -
10% Ethanol 0.005 48 - -
20% Ethanol 0.006 48 - -
30% Ethanol 0.004 51 - -
50% Ethanol 0.004/0.008 54 - Po-
75% Ethanol 0.08 51 - -
90% Ethanol 0.12/0.38 54 32 59
100% Isopropanol 135 57 NA NA
5% Isopropanol 0.005 48 - -
10% Isopropancl 0.006 48 - -
20% Isopropanc! 0.007 52 - -
100% t-Butyl alcohol 143 61 NA NA
5% 1-Butyl alcohol 0.004 48 - -
10% t-Buyl alcohol 0.004/0.02 49 - -
20% t-Buryl alcohol 0.005/0.2/0.09 58 10 17
30% t-Butyl alcohol 035 71 27 38
50% t-Butyl alcohol 4/1.00.1 108 75 69
75% t-Butyl alcohol 11.8/1.0 89 83 93
100% t-Amyl alcchol 138 68 NA NA
5% t-Amy] alcohol 0.004/0.009 51 - -
10% t-Amyl alcohol 0.003/0.008 72 - -
20% t-Amyl alcohol 0.005/0.03/0.1 125 - -
100% Cyclohexanol would not ignite - NA NA
5% Cyclohexanol 0.002 52 - -
10% Cyclohexancl 0.005/0.13 92 25 27
15% Cyclohexanal 0.005/0.35 86 25 29
20% Cyclohexanol 0.005/1.1 98 40 41
100% Phenol would not ignite - NA NA
5% Phenol 0.004 45 - -
10% Phenol 0.005 46 - -
20% Phenol 0.005/1.7/1.1 98 55 56
100% Diethanolamine would not ignite - NA NA
5% Dicthanolamine 0.005 45 - -
10% Diethanolamine 0.006 43 - -
20% Diethanolamine 0.005 39 - -
100% 1-Propanol 6 73 NA NA
5% 1-Propanol 0.004 50 - -
10% 1-Propanol 0.004 53 - -
20% 1-Propanol 0.004 87 - -
100% r-Butanol 6.6 104 NA NA
5% n-Butanol 0.004 Y - -
10% n-Butanol 0.004/0.001 93 - -
20% n-Butarol 0.002/0.012 124 - -
A-7
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TABLE. A-4. LUMINOSITY MEASUREMENTS AND BURN DURATIONS -

FOR SINGLE-ADDITIVE ALDEHYDES, KETONES, ACIDS,
AND ESTERS IN METHANOL

Avg. Burn Visibility Percent
Luminosity, Time, Duration, | Luminous
Additive Foot-Candles Sec. Sec. Flame
100% Acetone 13 38 NA NA
5% Acetone 0.006 50 - -
10% Acetone 0.005* 78 - -
20% Acettone 0.008 45 - -
5% Ethyl acetoacetate 0.002 50 - -
10% Ethyl acetoacetate 0.004/0.03 74 - -
209 Ethyl acetoacetate 0.0030.4 104 25 24
1009 Ethyl acetate 55 54 NA NA
5% Ethyl acetate 0.004 49 . - -
10% Ethyl acetate 0.004 47 - -
20% Ethyl acetate 0.004 47 - -
5% Pyrrolidinone 0.004 47 - -
109 Pyrrolidinone 0.004 46 - -
20% Pyrrolidinone 0.004 43 - -
5% 1-Indanone 0.004 49 - -
10% 1-Indanone 0.004 47 - -
20% l-Indanone 0.004 50 - -
5% Methacrylic acid 0.005/0.001 62 - -
10% Methacrylic acid 0.004/0.16 99 - -
20% Methacrylic acid 0.004/0.001/0.6 101 30 30
5% Methacrylic anhydride 0.004 43 - -
10% Methacrylic anbydride 0.004 48 - -
20% Methacrylic anhydride 0.004/0.45 114 438 42
100% Ethyl formate 1/1.6 46 NA NA
5% Ethyl formate 0.005 50 - -
10% Ethyl formate 0.005 47 - -
20% Ethyl formate 0.005 46 - -
0.006 wt % trans-Cinnamic acid 0.004 48 - -
0.013 wt % trans-Cinnamic acid 0.004 47 - -
100% 2,4-Pentanedione 12.5 65 NA NA
5% 2 4-Pentanedione 0.004 43 - -
10% 2.4-Pentanedione 0.005 54 - -
20% 2,4-Pentanedione 0.004/0.128 74 5 7




TABLE A-4 (CONT’'D). LUMINOSITY

MEASUREMENTS AND BURN DURATIONS

FOR SINGLE-ADDITIVE ALDEHYDES, KETONES, ACIDS,
AND ESTERS IN METHANOL
Avg. Burn Visibility Percent
Luminosity, Time, Duration, Luminous
Additive Foot-Candles Sec. Sec. Flame
0.001 wt% Pentamethylbenzaldehyde 0.004 52 -b -
0.003 wit% Pentamethylbenzaldehyde 0.005 51 - -
0.006 wi% Pentamethylbenzaldehyde 0.005 53 - -
100% Benzaldehyde 5 83 83 NA
5% Benzaldehyde 0.004/0.5 61 17 28
10% Benzaldehyde 0.5 88 71 81
20% Benzaldehyde 1 95 86 91
0.001 wt% Benzoic acid 0.001 57 - -
0.003 wt% Benzoic acid 0.001 53 - --
0.006 wt% Benzoic acid 0.001 49 - -
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TABLE A-5. LUMINOSTTY MEASUREMENTS AND BURN DURATIONS
FOR SINGLE-ADDITIVE ALICYCLIC COMPOUNDS IN METHANOL

Burn Visibility Percent
Avg. Luminosity, Time, Duration, Luminous
Additive Foot-Candles Sec. Sec. Flame
100% Cyclohexene 10 113 NA NA
5% Cyclohexenc 0.006 48 - -
10% Cyclohexene 0.005 47 - -
20% Cyclohexene 0.005/0.88 74 35 47
100% Cyclohexane 17.8 63 NA NA
5% Cyclobexane 0.002 46 - -
10% Cyclohexane 120.002 47 10 21
20% Cyclohexane 4/0.1/0.002 46 12 26
1009 Cyclohexanol would not ignite - NA NA
5% Cyclohexanol 0.002 52 - -
10% Cyclohexanol 0.005/0.13 92 25 27
15% Cyclohexanol 0.005/0.35 86 25 29
20% Cyclohexanol 0.005/1.1 98 40 41
100% Cyclopentane 21.3 42 NA NA
5% Cyclopentane 0.2/0.004 48 3 6
10% Cyclopentane 1.00.03/0.003 44 10 23
20% Cyclopentane 20/0.13/0.004 42 15 36
100% Methylcyclopentane 19.3 44 NA NA
59, Methylcyclopentane 1.0/0.2/0.004 44 5 1
10% Methylcyclopentane 2.2/1.10.004 45 15 33
20% Methylcyclopentane 14.5/0.25/0.004 45 20 44
100% Phenylcyclohexane would not ignite - NA NA
5% Phenylcyclohexane 0.005 46 - -
109 Phenylcyclohexane 0.045 45 - -
20% Phenylcyclohexane 0.005/0.22 43 3 7
100% Cyclopentene 10/19.5 30 NA NA
5% Cyclopentene 1/0.005 47 12 - 26
10% Cyclopentene 2/0.005 44 10 23
20% Cyclopentene 2.50.005 39 10 26
5% Decahydronaphthalene 0.005 48 - -
109 Decahydronaphthalene 0.009/0.2 75 10 13
20% Decahydronaphthalene 0.005/2.2 87 47 54
100% Cyclooctane 16.5 87 NA NA
5% Cyclooctane 0.005 48 - -
10% Cyclooctane 0.008 47 - -
20% Cyclooctane 0.025/2.3 &3 40 43
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TABLE A-5 (CONT'D). LUMINOSITY MEASUREMENTS AND BURN DURATIONS
FOR SINGLE-ADDITIVE ALICYCLIC COMPOUNDS IN METHANOL

Burn " Percent
Avg. Luminosity, Time, Yisibility Luminous
Additive Foot-Candles Sec. Duration, Sec. Flame
5% Dicyclohexylamine 0.004 41 - -
10% Dicyclohexylamine 0.004 48 - -
20% Dicyclohexylamine 0.004/0.87/2.1 148 88 59
5% Tetrahydronaphthalene 0.005/0.03 50 - -
10% Tetrahydronaphthalene 0.005/0.1 50 - -
20% Tetrzhydronaphthalene 0.005/0.03/0.4 40 5 13
100% Dicyclopentadiene 2 59 52 g8
5% Dicyclopentadiene 0.003/02 48 8 17
10% Dicyclopentadiene 1/.03 24 29 35
20% Dicyclopentadiene 1.50.4 100 82 82
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TABLE A-6. LUMINOSITY MEASUREMENTS AND BURN DURATIONS

‘FOR SINGLE-ADDITIVE ALKENES AND ALKYNES IN METHANOL

Burn Percent
Avg. Luminosity, Time, Yisibhity Luminous
Additive Foot-Candles Sec. Duratlon, Sec. Flame
100% Cyclohexene 10 113 NA NA
.5% Cyclohexene 0.006 48 - -
10% Cyclohexene 0.005 47 - -
20% Cyclobexene 0.005/0.88 74 35 47
5% 2-methyl-2-pentene 0.006 Ly - -
10% 2-methyl-2-pentene 0.004/0.008 85 - -
20% 2-methyl-2-pentene 0.0050.17 100 20 20
5% 2.methyl-1-butene 0.004 47 - -
10% 2-methyl-1-butene 0.05/0.006 48 - -
20% 2-methyl-1-butene 11.2/0.006 . 42 10 U
100% 2.4,4Trimethyl-1.pentene 15805 124 NA NA
59, 1.4 4-Trimethyl-1-pentene 0.005 52 - -
109 2.4,4-Trimethyl-1-pentene 0.010.005 53 - -
20% 2.4,4Trimethyl-1-pentens 12/0.0050.02 80 15 19
100% 4-Methyl-2-peuene 18 33 NA NA
5%, 4-Methyl-2-pentene 0.0056 48 - -
10% 4-Methyl-2-pentene 1.2/0.005 44 6 14
20% 4-Methyl-2-pentene 18/0.005 40 10 25
1009 1-Pentene a5 24 NA NA
5% 1-Pentene 0.005 . 45 - -
10% 1-Pentene 0.005 46 - -
209 1-Pentene 0.25/0.005 42 3 7
100% Cyclopenime 10/19.5 30 NA NA
59 Cyclopentene 1/0.005 47 12 26
10% Cyclopentene 2/0.005 44 10 ps)
20% Cyclopentene 2.5/0.005 39 10 26
59 Methacrylic acid 0.005/0.001 62 - -
109% Methacrylic acid 0.004)0.16 99 - -
209 Methacrylic acid 0.004/0.001/0.6 101 30 30
59, Methacrylic anhydride 0.004 48 - -
109 Methacrylic anhydride 0.004 43 - -
20% Methacrylic anlydride 0.004/0.45 114 48 42
100% 2-Methyl-1-pentene 27125001 81 - NA
5% 2-Methyl-1-pentene 0.004 52 - -
10% 2-Methyl-1-pentene 0.22/0.008 50 10 20
20% 2-Methyl-1-pentene 6.8/0.008 50 18 36
100% 2-Methyl-2-butene re) 31 NA NA
5% 2-Methyl-2-butene 0.2/0.005 48 2 4
10% 2-Methyl-2-butene 0.75/0.005 49 3 3
209 2-Methyi-2-butene 10/0.006 46 14 30
100% cis-2-Pentene 215 36 NA NA
5% cis-2.Pentens 0.004 56 - -
10% cis-2-Pentene 0.35/0.004 54 5 9
20% cis-2-Pentence 0.8/0.004 52 13 25
trans-Cimmamic acid 0.004 48 - -
trans-Cimnamic acid 0.004 47 - .
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FOR SINGLE-ADDITIVE AROMATICS IN METHANOL
Burn Percent
) Avg. Luminosity, Time, Yisibility Luminous
Additive Foot-Candles Sec. Durstion, Sec. Flame
100% Indan would not ignite - NA NA
1% Indm 0.005/0.18 47 3 6
2% Indan 0.008/1.1 48 8 17
3% Indm 0.00512 49 15 31
4% Indm 0.00511.5 51 18 35
5% Indm 0.02/1.6 48 23 48
6% Indn 0.0272.1 47 25 53
7% hdm 0.022.0 48 25 52
10% Indan 1.6 60 42 70
20% Indan 18 73 65 89
100% Fhenol would not ignite - NA NA
5% Phenol 0.004 45 - -
10% Phenol 0.005 46 - -
20% Phenol 0.0051.711.1 98 55 56
0.003 wt.% Ferrocene 0.0202 50 8 16
0.005 wi.% Ferrocene 0.02025 -49 10 20
0.013 wi% Ferocens 02103 51 23 45
Sarorured femrocene 03 48 20 42
100% Pyridine 14 55 NA NA
5% Pyridine 0.0020.14 53 - -
10% Pyridine 0.006/0.25 60 8 13
20% Pyridine - 000555025 70 35 50
5% Nephthalene 0.015 58 -
5% s-Butylbenzene 0.0050.25 49 5 10
10% s-Buryibenzene 0.005/4.0 54 i8 33
20% s-Burylbeuzene 0.005/025/45/1.6 61 37 61
100% 1-Phenyl octame would not ignite - NA NA
5% 1.Phenyl octane 0.005 43 - -
10% 1-Fhenyl octane 0.005 48 - -
204 1.Phenyl octzne 0.005 43 - -
100% Phenylcyclohexane would not ignite - NA NA
§% Phenylcyclohexane 0.005 46 - -
10% Phenylcyclohexane 0.045 45 - -
20% Phenylcyclohexane 0.005/0.22 43 3 7
100% Dimethyinzphthalene would not ignite - NA NA
5% Dimethyaphthalene 0.005 47 - -
10% Dimethyinaphthalene 0.005 45 - -
20% Dinethylnsphihalene 0.005 43 - -
100% 4+-Butylpyridine would not ignite - NA NA
5% 4t-Butylpyridine 0.005 48 - -
10% 4-t-Burylpyridine 0.00511.8 74 25 33
20% 4-1-Burylpyridime 0.005/1.8 113 70 59
0,003 wt.% Acetylferrocene 0.015 48 NA NA
0.005 wt.% Acetylferrocene o.012 48 - -
0.013 wt.% Acerylferrocene 0.015 48 - -
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TABLE A-7 (CONT'D). LUMINOSITY MEASUREMENTS AND BURN DURATIONS
FOR SINGLE-ADDITIVE AROMATICS IN METHANOL
- ) Burn Percent
Avg. Luminosity, Time, Yidblity Luminous
Additive Foot-Candles Sec. Duratilon, Sec. Flame
0.013 wr.% Bezoylpyridine ' 0.005 47 - -
0.025 wi.% Benzoylpyridine 0.005 48 - -
0.013 wt% Benzophenone 0.003 50 - -
0.025 wi.% Benzophenone 0.004 48 - -
Sanmaied corbazole 0.012/0.04/0.008 56 - -
0.013 wi.% 1,2,4,5-Benzenetetracarboxylic scid 0.004/0.006 48 - -
0.025 wi.% 1,2.4.5-Benzenesmracmrboxylic acid 0.005/0.02/0.006 50 - -
100% Toluene 6.1/8.8 40 NA NA
5% Toluene 0350.004 46 25 54
10% Toloene 55/0.004 45 37 82
20% Toluene 14 46 40 (Yellow) 87
5% Pyrrole 0.006/0.02 50 2 4
10% Pymrole 0.01/1.7 60 8 13
20% Pyrrole 0.0129 3 25 34
5% Aniline 0.005 48 - -
10% Aniline 0.003 46 - -
20% Aniline 0.006 44 - -
1-Indsnome 0.004 49 - -
1.Indanone 0.004 47 - -
1.Indanone 0.004 50 - -
1% Mesirylene 0.004 52 - -
2% Mesitylene 0.004/0.02 50 - -
3¢% Mesitylene 0.00402 49 5 10
4% Mesitylene 0.0040.45 52 12 VL
5% Mesirylene 0.004/0.95 48 20 42
10% Mesirylens 00572 52 38 7
209 Mesirylene 22 81 EE) 90
5% 1-Methynsphthalene 0.004/0.008 46 - -
10% 1-Methyhaphthalene . 0.006 45 - -
209 1-Methyinaphthalene 0.005%.015 40 - -
trams-Cinnzmic acid 0.004 48 - -
trans-Cirmamic acid 0.004 47 - -
$% Temuhydrenaphthalene 0.0050.03 50 - -
10% Tetralydronsphthalene 0.005/0.1 50 - -
20% Terairydronaphthalens 0.005/0.03/0.4 40 5 13
5% Indene 0.00112 51 2 43
10% Indene 2 65 48 4
20% Ind 4 66 56 85
0.001 wi% Pentamethylbenzaldehyde 0.004 52 b -
0.003 wr% Pentmethylbenzaldehyde 0.005 51 - -
0.006 wt% Pentamethrylbenzaldehyde 0.005 53 - -
0.001 wt% Penixmethylbenzene 0.001 52 - -
0.003 wt% Pentamethylbenzene 0.001 52 - -
0.006 wt% Peatamethylbenzzne 0.003 58 - -
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FOR SINGLE-ADDITIVE AROMATICS IN METHANOL

Burn Femnt
Avg. Luminosity, Time, Visibility Luminous
Additive Foot-Candles Sec. Duraton, Sec. Flame
0.001 wr% Benzoic acid 0.001 57 - -
0.003 %1% Benmic acid 0.001 53 - -
0.006 wr% Benzoic acid 0.001 49 - -
100% Borane-pyridine complex 3 55 49 &9
5% Barzne-pyridine complex: 0.050.002 82 - -
10% Borme-pyridine complex 02/0.02/05 &3 138 33
20% Berae-pyridine complex 032 47 42 89
100% Nitrobenzene 082 59 59 NA
5% Nirobenzens 0.003 43 - -
10% Nirobenzene 0.003 45 - -
20% Nitrobenzene 0.0030.6 'l 28 35
100% Benzaldehyde ) 5 83 83 NA
5% Benzaldehyde 0.0040.5 61 17 28
109 Benzeldehyds 0s 8 71 81
20% Benzaldehyde 1 95 86 91
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TABLE A-8 LUMINOSITY MEASUREMENTS AND BURN DURATIONS

FOR SINGLE-ADDITIVE ETHERS IN METHANOL

Burn Visibility Percent
Avg, Luminosity, Time, Duration, | Luminous
Additive Foot-Candles Sec. Sec. Flame
5% Methyl-t-buty! ether 0.005 47 - NA
10% Methyl-t-butyl ether 0.008 46 - -
15% Methyl-t-butyl ether 0.11/0.005 48 - --
20% Methyl-t-butyl ether 0.33/0.006 44 15 H
5% t-Amyl methyl ether 0.005 47 - -
10% t-Amy! methyl ether 0.005 47 - -
20% t-Amyl methyl ether 0.05/0.02 44 - -
5% Diethyl ether 0.005 49 - -
10% Diethyl ether 0.006 47 - -
20% Diethyl ether 0.025/0.006 46 - -
100% Dimethoxytetracthylene glycol would not ignite - NA NA
5% Dimethoxytetracthylene glycol 0.005 47 - -
10% Dimethoxytetracthylene glycol 0.005 47 - -
20% Dimethoxytetraethylene glycol 0.004 52 - -
100% Tetrahydrofuran 22 47 NA NA
5% Tetrahydrofuran 0.008 48 - -
10% Tetrahydrofuran 0.005 48 - -
20% Tetrahydrofuran 0.008 46 - -
100% Butylethyl ether 18 51 NA NA
5% Butylethyl ether 0.005 50 - -
10% Butylethyl ether 0.005 49 -- -
20% Butylethyl ether 0.008 48 - -
5% t-Butylethyl ether 0.005 50 - -
10% t-Butylethyl ether 0.006 49 -- -
20% t-Butylethyl ether 0.35/0.012 43 18 38
100% Buryl ether 15 74 NA NA
5% Butyl ether - 0.004 48 - -
10% Butyl ether 0.004/0.001 69 - -
20% Butyl cther 0.004/0.001/0.005 88 - -
100% Dimethoxymethane 0.02 43 NA NA
5% Dimethoxymethane 0.004 49 - -
10% Dimethoxymethane 0.004 49 - -
20% Dimethoxymethane 0.005 45 - -
100% Furan 20 29 NA NA
5% Furan 0.005 51 - -
10% Furan 0.15/0.005 47 1 2
20% Furan 10.5/0.5/0.005 44 22 50
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TABLE A-9. LUMINOSITY MEASUREMENTS AND BURN DURATIONS
FOR SINGLE-ADDITIVE HETEROCYCLIC COMPOUNDS IN METHANOL

Burn Yisibility Percent
Avg. Luminosity, Time, Duration, Luminous
Additive Foot-Candles Sec. Sec. Flame

100% Pyridine 14 55 NA NA
5% Pyridine 0.002/0.14 53 - -
10% Pyridine 0.006/0.25 60 8 13
20% Pyridine 0.005/5.5/025 70 35 50
100% 4-t-Butylpyridine would not ignite - NA NA
5% 4-t-Butylpyridine 0.005 48 - -
10% 4-t-Butylpyridine 0.005/1.8 74 25 4
20% 4-t-Butylpyridine 0.005/1.8 118 70 59
0.013 wi.% Benzoylpyridine 0.005 47 - -
0.025 wi.% Benzoylpyridine 0.005 48 - -
Saturated carbazole 0.012/0.04/0.008 56 - -
100% Tetrahydrofuran 2 47 NA NA
5% Tetrzhydrofuran 0.008 48 - -
10% Tetahydrofuran 0.005 48 - -
20% Tetrahydrofuran 0.008 46 - -
5% Pyrrole 0.006/0.02 50 2 4
10% Pymole 001117 &0 8 13
20% Pymole 0.0129 73 25 M
5% Furfurylamine 0.005 47 - -
10% Furfurylamine 0.005/0.32 88 8 9

I 20% Furfurylamine 0.006/2.4 101 35 35
100% Pyrrolidine 33 65 NA NA
5% Pyrrolidine 0.005 51 - -
10% Pymolidine 0.006/0.02/0.002 76 - -
20% Pyrrolidine 0.009/0.2/0.003 79 5 )
100% Piperidine 16 70 NA NA
5% Piperidine 0.005 53 - -
10% Piperidine 0.005/0.001 88 - -
20% Piperidine 0.006/0.045 85 - -
5% Pymrolidinone 0.004 47 - -
10% Pymrolidinone 0.004 46 - -
20% Pyrrolidinone 0.004 43 - -
100% Furan 20 29 NA NA
5% Furan 0.005 - 51 - -
10% Furan 0.15/0.00 47 1 2
20% Furan 10.5/0.5/0.005 44 22 50
100% Borane-pyridine complex 3 55 49 89
5% Borane-pyridine complex 0.05/0.002 82 - -
10% Borane-pyridine complex 0.02/0.020.5 63 138 33
20% Borane-pyridine complex 032 47 42 89
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TABLE A-10. LUMINGSITY MEASUREMENTS AND BURN DURATIONS

FOR SINGLE-ADDITIVE ALKANES IN METHANOL

Burn Percent
Avg, Luminosity, Time, Visibllity Luminous
Additive Foot-Candles Sec. Duraton, Sec. Flame
5% 2.2-Dimesthyibutene 0.008 47 - -
10% 2,2-Dimethyibxaame 0.2/0.006 44 3 7
20% 2.2-Dimethylbutans 75/0.10.006 43 5 12
100% Heptane 25 52 NA NA
5% Hepuxne 0.004 43 - -
10% Heptane 0.020.004 46 - -
20% Hepune 0.10.005 42 15 36
100% Octxne 19 (L] NA NA
5% Octane 0.006 49 - -
10% Octane 0.008 45 - -
20% Ocune 0.164.006 45 3 7
100% 1-Phemyl octme would not ignite - NA NA
5% 1.Phenyl octane 0.005 43 - -
10% 1-Fhenyl ocume 0.005 43 - -
20% 1-Phenyl ocune 0.005 43 - -
100% Iscoctene 20 55 NA NA
5% Iscoctane 0.005 50 - -
10% Isooctane 0.7/0.005 45 8 18
20% Isooctane 40.005 42 20 48
100% Cyclohexane 17.8 63 NA NA
1| 5% Cyclohexsme 0.002 46 - -
10% Cyclohexane 12/0.002 47 10 21
20% Cyclohexane 4/0.1/0.002 48 12 29
100% Phenylcyclobexme would not ignite - NA NA
5% Phenyicyclohexane 0.005 45 - -
109 Phenylcyclohexsne 0.045 45 - -
20% Phemylcyclohexane 0.005022 43 3 7
100% Pentane 23 43 NA NA
5% Pentane 0.005 45 - -
10% Pentzne 0.005 46 - -
20% Pentane 0.3/0.005 43 4 9
100% 3-Methylpeniane 38 45 NA NA
5% 3-Methylpentane 0.005 45 - -
10% 3-Methylpentane 0.05/0.005 45 1 2
20% 3-Methylpentme 75/0.005 42 8 19
100% Isopentzmne 30 38 NA NA
5% Isopentane 0.005 47 - -
10% Isopentane 0.005 46 - -
20% Isopentane 0.40.005 41 3 20
5% 4-Methyloctame 0.005 57 - -
10% 4-Methyloctane 0.01 58 - -
20% 4-Methylociene 0.04 57 - -
100% Hexme 25 §7 NA NA
5% Hexane 0.004 49 - -
10% Hexane 0.012/0.004 46 - -
20% Hexane 2.7/0.004 45 18 40
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TABLE A-11. LUMINOSITY MEASUREMENTS AND BURN DURATIONS
FOR SINGLE-ADDITIVE ALKENES AND ALKYNES IN METHANOL

Percent
Additive Avg. Luminesity, | Burn Time, Visibility Luminous

Foot-Candles Sec. Dursation, Sec. Flame
100% 1-Pentyne 16.5 25 NA NA
5% 1-Pentyne 0.012/0.005 47 - -
10% 1-Pentyne 3.4/0.005 47 7 15
20% 1-Pemyne 16.5/0.005 44 12 27
100% 1-Hexyne 14.2 30 NA NA
5% 1-Hexyne 0.005 49 - -
10% 1-Hexyne 2.20.005 48 15 31
20% 1-Hexyne 13/0.005 41 22 54
5% Indene 0.001/12 51 22 43
109 Indene 2 65 43 74
20% Indene 4 66 56 85
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TABLE A-12. LUMINOSITY MEASUREMENTS AND BURN DURATIONS FOR ADDITIVE

COMBINATIONS IN METHANOL
Burn Visibility Percent
Additive Avg. Luminosity, Time, Duration, Luminous
Foot-Candles Sec. | Sec. Flame
15% Gasoline (California M-85) J_.S/O.lS,O.ﬁ 46—— 4 74
5% Ethanol + 5% TBA —EOOS 53 -2 . -
5% Ethanol + 10% TBA 0.005/0.02 52 - -
10% Ethanol +5% TBA 0.006 53 - -
10% Ethanol + 10% TBA 0.004/0.025 51 - -
10% Ethanol + 20% TBA 0.005/0.20 60 8 13
20% Ethanol + 10% TBA 0.005/0.13 50 - -
209 Ethanol + 20% TBA 0.005/0.6 61 15 25
56 Ethanol + 5% MTBE 0.005 49 - -
10% Ethanol + 10% MTBE 0.006 47 - -
20% Ethanol + 20% MTBE 0.65/0.008 49 17 35
5% Cyclopentene + 1% Indan 0.6/0.01/0.5 46 10 22
§% Cyclopentene + 2% Indan 1.4/0.02/1.3 47 20 43
5% Cyclopentene + 3% Indan 13/0.05/1.6 48 25 52
5%, Cyclopentene + 5% Indan 2201512 46 36 78
6% Cyclopentene + 3% Indan 2.1/0.05/1.6 49 25 51
6% Cyclopentene + 4% Indan 20.121.6 46 30 65
6% Cyclopentene + 5% Indan 2.1/0.1511.6 48 40 83
59, Mathyicyclopentane + 1% Indan 0.08/0.025/0.12 48 - -
5% Methylcyclopentane + 2% Indan 0.12/0.006/0.9 47 10 21
5% Methylcyciopentane + 3% Indan 0.18/0.006/13 47 20 43
5% Methylcyclopentane + 4% Indan 0.2/0.04/1.9 45 25 56
5% Methylcyclopenmne + 5% Indan 0.1572.1 46 25 54
6% Methylcyclopentane + 2% Indan 0.2/0.006/12 47 10 21
6% Methylcyclopentane + 3% Indan 02/0.051.3 47 18 33
6% Methylcyclopeatane + 4% Indan 05/0.11.4 47 30 &4
7% Methylcyclopentane + 3% Indan 021/0.08/15 49 25 51

»
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TABLE A-12 (CONT’D). LUMINOSITY MEASUREMENIL> ANU DURN DURA LLUID

FOR ADDITIVE COMBINATIONS IN METHANOL

Burn Visibility Percent
Avg. Luminosity, Time, Duration, Luminous
Additive Foot-Candles Sec. Sec. Flame
1% Toluene + 1% Indan 0.005/0.15 48 - -
2% Toluene + 2% Indan 0.25/0.04/12 49 11 2
3% Tolusne + 3% Indan 0517 50 35 70
4% Toluene + 2% Indan 0.1505/13 48 39 81
4% Toluene + 4% Indan 0.772.8 48 42 88
100% Cycloalkane/olefin mixP 13.8 93 - -
5% Cycloalkane/olefin mix 0.004 51 - -
10% Cycloalkans/olefin mix 0.2/0.004 51 - -
20% Cycloalkane/olefin mix 0.88/0.35 49 33 67
100% Olefin mix® ) 15.5/11/5.5 99 - -
5% Olefin mix 0.004 53 - -
10% Olefin mix 0.015/0.005 50 - -
20% Olefin mix 1/0.2/0.005 48 15 31
5% Chevron a-olefins (Cg-C11) 0.005 50 - -
10% Chavron a-olefins (Cg-Cy1) 0.005/0.01 51 - -
20% Chevron a-olefins (Cg-Cy1) 0.005/0.62 76 25 33
5% C5-Cg mixd 0.005 53 - -
10% Cs5-Cg mix 0.11/0.005 50 - -
20% Cs-Cg mix 1.8/0.005 80 12 15
0.006 wi% Ferrocens + 5% Cyclopentene + 5% Indan 0.75/0.1712 49 38 78
2% Cyclopeniene + 2% Toluene + 2% Indan 0.1/0.04/1 49 12 24
100% Hydrocarbon grade DCPD® 8 58 57 98
5% Hydrocabon grade DCPD 0.002/0.1 50 4 g |
10% Hydrocarbon grade DCPD 02/1 59 30 51
20% Hydrocarbon grade DCPD 0312 66 44 61 |
100% Palyester grade DCPDf 3 63 62 98 |
§% Polyeser grade DCPD 0.002/0.1 103 5 5 ]
10% Polyester grade DCPD 0.003/1 67 31 46
20% Polyester grade DCPD 2/0.103 131 102 iy
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TABLE A-12 (CONT’D). LUMINOSITY MEASUREMENTS AND BURN DURATIONS
FOR ADDITIVE COMBINATIONS IN METHANOL

Burn Percent
_ Avg. Luminoslty, | Time, Visibility Lumincus

Additive Foot-Candles Sec. Duraton, Sec. Flame
100% Dicyclopentadirne 978 3 57 50 28
5% Dicyclopentadiene 97 0.0030.1 84 1 1
10% Dicyclopeniadiens 97 0.00371 7 2 36
20% Dicyclopentadiene 97 0.05/1.5/03 101 80 29
100% DP5-1601 \ 2 81 78 96
5% DPS-160 0.0030.03 44 - -
10% DP5-160 0.005/0.6 79 36 45
209 DP5-160 0.05/1 o 2 55
100% DP6-461 6 7 n %
5% DP6-46 0.020.1 - & - -
10% DP6-46 0.111.5 52 24 46
20% DP6-46 0.5/ 66 61 92

indicate luminosity did not reach minimum threshold visibiliry (0.2 foot<candles)

b40%, hexane, 11% cycloheptme, 10% cyclopentene, 10% cis-1,2-dimethylcyclopentme, 10% 1,1,3-
trimethyleyclohexme, 10% n-propyleyciohexme, 4% cis-1,2-dimethylcyclohexsne, 4% cyclooctane, ard 1% 4-
methylcyclohexene

€15% hexane, 10% 1-penteme, 10% cis-2-pentene, 10% 4-methylpentene, 10% cyclchexene, 5% 1-hexene, 5% 1-
octene, 25% 2-heptene, 15% cycloheptene, 1% 2-methyl-2-butene, 1% 3,3-dimethyl-1-butene, 1% (cis & wans) 4-
methyl-2-pentene, 1% 2-methyl-1-pentene, 1% 2-methyl-2-peniene, 1% (cis & wans) 4-methylcyclohexene, and 25%
combinazion of 1-nonene, 1-decene, sod 1-undecene

3309 2.methyl-2-butcae, 15% (cis & wans) 4-methyl-2-pentene, 10% pentane, 10% hexzme, 10% 2-methyl-1-butene,
10% cis-2-pentzne, 10% 2-methryl-2-pentens, md 5% 2.methyl-1-pentene

£76.0% DCPD, 15.8% Cjq codimers, 4.8% Cyy codimers, 2.1% Cgq codimers, 0.8% cyclopentadiene, and 0.4% Cg
and Cg hydrocarbons

181.6% DCPD, 12.5% Cq codimers, 3.9% Cyj codimers, 1.6% Cg codimers, and 03% cyclopenieas

£95% DCPD, 2% cyclopenadiene, 1.5% Cs acyclic dienes, and 1.5% cyclic diene md wrimers

ha0g, C ¢ hydrocarbons, 25% methyl md dimethyl indenes, 17% Co momasics, 16% indene, xnd 2% Cg aromarics
ig1 89 DCPD. 8.1% cyclopenumne plus 2-methyleyclopentane, 1.9% cyclopentene, and 1.1% cis-piperylene; the
balance had less than 1% each of trans-piperylene, n-pentame, isoprene, 1-pentene, 2-methyl-1-buteae, 2-methyl-2-
butene, benzene, other Cg hydrocarbons, md about 25%, other undetermined compounds
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