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1. Executive Summary

1.1. Scope

Butamax™ Advanced Biofuels, LL!Gs seeking to commercialize biobutahfar use in
blends with gasoline to be offered for sale wittiia State of California. Under
California law, a necessary prerequisite for tlismercialization is completion of a
Multimedia Assessment. This report has been peepas Tier | of that Multimedia
Assessment.

Butanol-Gasoline blends of up to 3.7wt% Oxygen (apimnately 16vol%) and meeting
certain additional requirements are approved byX8dEPA as substantially similar to
baseline gasoline under terms of the Octamix Waigsued under §211(f) of the Clean
Air Act Amendments. US EPA Regulations also reggmmpletion of health effects
testing (8211(b)) prior to commercialization; Bu&o™ is currently working to
complete this requirement.

The scope of this Multimedia Assessment is limtedasoline/biobutanol blends
containing 3.7wt% Oxygen (approximately 16vol%]}he form of iso-butanol and
meeting other requirements of the Octamix Waivet applicable California
reformulated gasoline requirements. While manyothel formulations fall within the
scope of the Octamix Waiver, they are not withia sisope of this Multimedia
Assessment.

1.2. Background

In 2006, BP and DuPont first announced their jefifitrts to develop biobutanol as a new
biofuel component for use as a gasoline blendstdtie motivation for this multi-year
effort is to develop a fuel that can be economycptbduced from renewable feedstocks
and which provides superior performance and conswaiae with the existing and

future vehicle fleet.

Compared to ethanol, biobutanol offers severalm@kadvantages —

= Biobutanol can be produced from the same feeds@aslkthanol through modest
retro-fits of existing corn and sugarcane ethaseéts. This will allow
production to be ramped up quickly by existing etiigproducers without impact

! Butamax™ Advanced Biofuels, LLC is a 50:50 joienture of BP and DuPont which was formed in July
2009 for the purpose of commercializing biobutatechnology that has been jointly developed by B&# an
DuPont.

2 For the purposes of this document, the term “tiaboi” is used to refer to all isomers of butanol
produced from biomass. BP and DuPont are workiegifically to commercialize the production of iso-
butanol, one of the possible isomers. Inclusiodaifi on other isomers of butanol is for refereong.

%53 FR 3636 (2/8/88).
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to feedstock producers. As technology developgfoduction of ethanol from
lignocellulosic feedstocks, biobutanol technologif ne extended to include
those feedstocks as well.

= Biobutanol’s chemical properties allow it to beraed at 16vol% in gasoline
while maintaining compatibility with the existinglB-capable vehicle fleet and
offering equivalent performance on criteria polhttamissions.

= Biobutanol has a higher energy density than ethatlolwing the iso-butanol in a
16vol% blend to displace about 13.6&6 the hydrocarbon gasoline, while the
ethanol in a 10vol% blend displaces only about 6.88the hydrocarbon
gasoline.

= The water-solubility and corrosivity of biobutansisufficiently low that
biobutanol/gasoline blends can be transported istiag pipelines without risk of
phase separation.

= Biobutanol has a blending RYBf 5.2psia, considerably lower than that of
ethanol (blending RVP of 19 psia). As a resulbpbitanol offers enhanced value
to refiners who are typically RVP-constrained dgrsummer blending season.

, 16vol%* (95500115600

[84v019% +16v0l%* (95500115600
BTU/gal and gasoline energy content is 115,600 Bj&aU/

=13.6%, where iso-butanol energy content is 95,500

] 10vol%* (75700115600

[90v0l% +10vol%* (75700115600
and gasoline energy content is 115,600 BTU/gal.

= 6.8%, where ethanol energy content is 75,700 BTU/gal

® The blending Reid Vapor Pressure (RVP) of iso-boitém5.2 psia compared to CARB Phase 3 gasoline
with a summertime RVP of 7.00 psia. (RVP is defiasdhe vapor pressure of an air-saturated sarhple a
100°F and a 4:1 vapor:liquid ratio.)

The blending value (vapor pressure or octane)aafraponent (e.g. ethanol) determines the effect a
blending component will have on a gasoline blenémit is blended into the base gasoline. A blegdi
value of a component is not necessarily the santieaaproperty of the pure component. Blendingigal
are often functions of the blend composition.

Example 1:

For example, the Research and Motor Octane nunfitnepsire ethanol are 109 and 90, respectively, with
(R+M)/2 = 99.5. However, when blended at a 10%un@ into a base gasoline, ethanol blending octane
numbers are 129 and 103, respectively, with a (R2M)116. To calculate the (R+M)/2 value of 10%
ethanol blended into a base gasoline with a (R+M)/28.5, the blending value of ethanol can nowsed
in the following simple equation:

(10%)*(116) + (90%)+(88.5) = 91.25
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The benefits of biobutanol as an Alternative Fuelracognized through its explicit
mention in the renewable fuels components of tidef@ Energy Independence and
Security Act of 2007 (EISA 2007). The categoriaatof a specific source of biobutanol
under EISA will be determined by the choice of f&edk (e.g., corn, sugarcane or
lignocellulosic matter) and the lifecycle greenh®gas benefit calculation.

The various butanol isomers have been used inhiiicals industry for a number of
years and the potential health effects have bedirstuglied. While commercial butanol
production has largely been through petrochemiatiyays, health impacts are a
property of the molecule that will be substantialhichanged for butanol produced
through biological mechanisms. Additional stud@be undertaken in support of this
multi-media assessment will focus on release pathwharacteristic of the fuels
lifecycle.

(Vol. % ethanol in blend)*(Blending Value of Ethdhe (Vol. % gasoline)*(Value of Gasoline)= Final
Property of Blended Gasoline

Example 2:

For example, the vapor pressure of pure ethart®@t- is 2.3 psia. Blending 10% ethanol into abas
gasoline with a vapor pressure of 8.0 psi doesaose the vapor pressure of the gasoline to decteas
7.43 (10%*2.3 + 90%*8.0 = 7.43). Instead thmafivapor pressure of the blend is actually close t
9.1psia, meaning that the blending vapor pressue¢hanol at 100 F is actually 19 psia! (10%*19.0 +
90%*8.0 = 9.1).

Page 10 of 71



Biobutanol Multimedia Evaluation Tier | Report

2. Biobutanol Background Information

2.1. Introduction

Butanol or butyl alcohol is an aliphatic alcohothva four-carbon structure and the
molecular formula of ¢H100. There are four isomeric structures for butahddutanol
(or n-butanol), iso-butanol, 2-

Table 2-1. Properties of Butanol Isomers butanol (or sec-butanol) and tert-
(* Average Blending Valuesource BP) butanol. With the exception of tert-
: butanol, the isomers occur
1-butanol iso-butanol 2-butanol naturally as a product of
RON’ 94* 109* 110* fermentation of carbohydrates.
MON® g1+ 90* 93* Several properties of the butanql
RAM/2° 87 100 102 isomers that can be produce_d via
fermentation are presented in
Density, 20°C [kg/rf] 810 801 808 Table 2-1
Boiling point (°C) 118 108 100 _
Heating value [MJIL]  27.0 26.6 26.g | 1-butanol is by far the most
. _ utilized of the butanol isomers. 1-
% heating Value of 84 83 83 Butanol is typically used as both
Gasoline . .
an industrial solvent and an
Oxygen (%w/w) 21.6 21.6 21.6 | intermediate feedstock for the

manufacture of other chemicals
including butyl acetate and butyl acrylate. Thesewvatives are used either as solvents or
as monomer components for surface coatings. Tdwerently is no significant usage of
any butanol isomers for fuels.

In more recent years, there has been increasiaresttin the potential use of biobutanol
as an advanced biofuel component. This interesb&as driven by the following
characteristics:

* A higher energy density than ethanol (26.6 MJ/Ldmbutanol vs 21.1MJ/L for
ethanol) offering improved fuel consumption

» Greater water stability than ethanol, facilitatthg introduction of biobutanol into
the supply chain and the option of transportingoiias/butanol blends by
pipeline

" Research Octane Number — one of two key measutsmkgasoline ignition quality, defined by ASTM
D2699

& Motor Octane Number — one of two key measuremaingsisoline ignition quality, defined by ASTM
D2700

° The numerical average of RON and MON. This isabi&ne rating that is required to be posted aailret
gasoline dispensers in the US.
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* Alower blending vapor pressure than ethanol fetihg the blending of
Biobutanol into gasoline, with ethanol having andeg RVP of 19 psia, and
Biobutanol having a blending RVP of 5.2 psia.

2.2. History of Biological Production of Butanol

To date, the biological pathway to butanol has grilm been via co-production with
acetone and ethanol in a fermentation process (Rramnthe ABE process féicetone
ButanolEthanol) using th€lostridia bacteria strain with various feedstocks such as
wheat and corn. The ABE route was chiefly displadedng the 1950s by more
economical petrochemical routes to manufacturenmlitéddowever, in recent years, there
has been a resurgence in the technology, partiguta€hina, due to high oil prices and
increasing demand in the chemicals market. Tharnmlisomer produced by the ABE
process is 1-butanol.

As a result of the increasing penetration of bitsfeend the opportunity butanol presents,
a number of companies have announced initiativiag)ath existing and novel
technological processes, to develop butanol patbregt are cost-competitive with
ethanol.

BP and DuPont have been working together since,d608raging DuPont’s
biotechnology and bio-manufacturing capabilitiedwBP’s fuels technology expertise
and fuels market know-how. In 2006 the companie®anced the creation of a
partnership to develop, produce and market a remx¢@tion of biofuels, with the first
planned commercialization being biobutanol. Untterpgartnership, there are currently
more than 70 patent applications in the areasaddy, fermentation processing,
chemistry and end uses for 1-butanol, iso-butandlzzbutanol. While the BP and
DuPont have secured various patents on differetainioliisomers, it is iso-butanol that
has been selected for commercialization. BP arflddtihave recently formed a joint
venture, Butamax™ Advanced Biofuels, for the pugpoScommercializing this
technology.

A technology demonstration facility in Hull, Nor@ast UK is currently under
construction and due to start up in 2010. Thidifgds being designed to process grain
(corn and wheat) and sugar (sugarcane juice andsses) feedstocks. Sugars derived
from these feedstocks will be fermented using tigamism being developed by
Butamax™ and the product purified with the intendechmercial purification scheme.
The facility will produce iso-butanol from all tltkesigned feedstocks; distiller’s grains
will be co-produced when operating on grain feetlsto Nominal production capacity of
this facility will be approximately 5000 gallonshfeat expected operating rates; as this is
a pilot unit it will be operated primarily to dewgl process design data with fuel
production secondary.

2.3. Legislative Incentives for Biobutanol
Federal law has established several incentivesifdiutanol —
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1. The Energy Independence and Security Act of 2003AR007) significantly
increases biofuel mandates to 36 billion gallon2082. The act also requires that
“Advanced Biofuels”, defined as fuels that reduéeclcle greenhouse gas emissions
by at least 50%, constitute at least 21 billioriagged of the total. Butanol’s potential
as a biofuel is apparent in the acts clear inctusic‘butanol or other alcohols as
produced through the conversion of organic mattenfrenewable biomass” in the
Advanced category descriptitin

2. EISA defines all corn starch based ethanol as aertional biofuel regardless of
GHG performance. Corn based butanol with prefe@eis characteristics would be
able to qualify for the Advanced Biofuel categgoyovided that it was able to meet
the 50% reduction in lifecycle GHG performance frgasoline.

3. Blender’s Credit. Whereas ethanol receives a $gadblender’s credit, butanol and
other alcohols are granted a $0.60/gal credit.s Traedit is set to expire at the end of
2010.

4. In addition, EPA regulations promulgated to implatthe Energy Policy Act of
2005 (EPAct 2005) assigned biobutanol an Equivaéaradue of 1.3 RINs relative to
conventional ethanol’s 1.0 RINs. This means thatgphysical gallon of butanol
blended counts as 1.3 gallons for compliance p@gobhe EPA intends to carry
over this provision into the new rules.

5. The 2008 Farm Bill included a $1.01 per gallon prctebn tax credit for all cellulosic
biofuels. Cellulosic butanol will qualify on a wohe basis for this tax credit.

Iso-butanol produced using the process under denedat by Butamax™ Advanced
Biofuels also offers enhanced value for gasolimatérs in California -- while it has a
carbon intensity (per megajoule) equivalent to etthavhen produced from the same
feedstock, it can be included at higher blend kewelasoline while maintaining
compatibility with the existing car fleeit€., vehicles compatible with 10vol% ethanol
will also be compatible with 16vol% butanol blend3his allows a greater proportion of
fossil fuel to be displaced by renewable fuel witheequiring turnover of the existing
vehicle fleet. As a result, iso-butanol facilimmompliance with the California LCFS by
allowing higher biofuel penetration to be accomntedan the existing vehicle fleet
while using existing distribution and retail inftagcture.

3. Production of Iso-Butanol

3.1. Iso-Butanol Production Process

The iso-butanol to be sold in California will eitH®e manufactured from a corn or from
sugarcane initially. Longer term, production af-lsutanol from lignocellulosic

19 section 201(1)(B)(ii)(VI) of the EISA legislation.
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feedstocks is expected. This report focuses om&od sugarcane routes as they are
much better defined at this time.

The process to produce iso-Butanol from corn hasrajor process steps:

1)

2)

3)

4)

5)

Feedstock processing and saccharification whiclvexts the corn starch to
fermentable sugars. The unit operations involvetthismistep are identical to
those in the Corn to Bio-ethanol process.

Fermentation to convert the sugars to iso-butasivigua proprietary
microorganism. The unit operations involved in tiisp are similar to those
in the Corn to Bio-ethanol process, substitutiothef microorganism is the
primary change.

Purification to recover the iso-butanol producnfrthe fermentation. The unit
operations involved in this step are different frhrase in the Corn to Bio-
ethanol process.

Solid/liquid separation to remove solids from tmeqess for disposal. The
unit operations involved in this step are identtcaithose in the Corn to Bio-
ethanol process.

Water treatment operations to allow water recyalsaccharification and
concentration of insoluble materials to remove thieem the process for
disposal. The unit operations involved in this siepidentical to those in the
Corn to Bio-ethanol process.

The process to produce iso-butanol from sugarcasddur major process steps:

1)

2)

3)

4)

Feedstock processing and the crushing of the saigaro release the sugar
juices. The unit operations involved in this step identical to those in the
Sugarcane to Bio-ethanol process.

Fermentation to convert the sugar to iso-butanioigua proprietary
microorganism. The unit operations involved in tiisp are similar to those
in the Sugarcane to Bio-ethanol process, substitudf the microorganism is
the primary change.

Purification to recover the iso-butanol produchfrthe fermentation. The unit
operations involved in this step are different frhmase in the Sugarcane to
Bio-ethanol process.

Generation of electrical power and steam to opéhetg@rocess from the
waste bagasse generated during the sugarcanengu$hie unit operations
involved are identical to those in the SugarcanBiteethanol process.
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3.1.1. Feedstock Processing

The feedstock processing operations for iso-butpramuction are identical to those for
Bio-ethanol. A brief summary is given below:-

Corn to iso-Butanol

In the Corn to iso-butanol process the corn iseditind ground into flour. Fresh water is
mixed with water recycled from the distillation sea of the process and added to the
flour along with a mix of enzymes. The enzymes @vhthe starch in the corn into
sugars. This process is identical to that usetercorn to Bio-ethanol process. The mix
of solids, sugars and water is then ready to badated into iso-butanol.

Sugarcane to iso-Butanol

In a sugar mill, sugarcane is washed, choppedshretided by revolving knives. The
shredded cane is repeatedly mixed with water amshexd between rollers; the collected
juices contain 10-15 percent sucrose. This prasadentical to that used in the
sugarcane to Bio-ethanol process. The juices dreofa fermentation vessel for
conversion into iso-butanol.

With either corn or sugarcane feedstocks, the amnofunater required is proportional to
the amount of feedstock consumed. The iso-butamoaless produces the same number
of megajoules of fuel per unit of feedstock ashlitteethanol process. Accordingly, the
amount of water consumed for feedstock procespieigMJ of fuel produced, is the same
for bio-ethanol and iso-butanol produced from thme feedstocks.

3.1.2. Fermentation

The fermentation processes used to make iso-buigswohilar to the Bio-ethanol
process. The principle difference is that a praprieorganism is used to convert the
sugar to iso-butanol rather than the yeasts usethl@ Bio-ethanol.

The sugars, solids (in the case of Corn to isodmijaand water from the feedstock
processing area are fed into the fermentation \@g$e fermentation vessel design is
similar to that used in Bio-ethanol production) €Tiko-butanol organism is added to the
fermentor and the conversion of sugar to iso-butakes place as per the following
equation —

Glucose / Sucrose (81.06) — iso-Butanol (GHyOH) + 2 CQ + H,O

Theoretically, 1kg of glucose will yield 0.411kg.%@3L @ 0.801kg/L) of iso-butanol
with an energy content of 13.7MJ (@ 26.6MJ/L).

The corresponding equation for the production ofdthanol —

Glucose / Sucrose (81,0¢) — 2 Bio-ethanol (gHsOH) + 2 CQ
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Theoretically, 1kg of glucose will yield 0.511kg.§@4L @ 0.794kg/L) of ethanol with
an energy content of 13.6MJ (@ 21.1MJ/L).

3.1.3. Product Purification

The purification section for a Corn to iso-butafaddility and that for Sugarcane to iso-
butanol facility are very similar though differ frotheir respective bio-ethanol
counterparts due to the unique characteristicsambutanol vs bio-ethanol. The iso-
butanol purification process employs traditionait mperations that provide for
competitive energy usage rates and cost-compeptiveuct purification rates.

On a Corn to iso-butanol plant the process for isdjpay the solids and water from the
fermentation product and recycling water back soghcharification section is identical
to that on a Corn to Bio-ethanol plant.

On Sugarcane to iso-butanol plants the procedsafiodling the water recovered from the
fermentation product is identical to that on a Sogae to Bio-ethanol plant.

3.1.4. Managing the Fermentation Process

The fermentation process on an iso-butanol prodadtcility will be managed in an
identical manner to that on a bio-ethanol facilifyhe iso-butanol process will employ a
genetically modified micro-organism (GMM) for therinentation. Additional process
controls necessary for management of the GMM adeesded irSection 9.4

3.2 Overview of iso-Butanol Feedstocks

3.2.1. Primary Feedstocks for Multimedia Review

The feed stocks used to manufacture iso-butanbb@ithe same as those used to
manufacture Bio-ethanol. In particular the follogifeedstocks will be used:-

« Corn
e Sugarcane
» Ligno Cellulosic Feedstocks (longer term only)

Corn and Sugarcane will form the feedstocks forfitlse€ generation of iso-butanol
processing facilities. The technology will be exted to include lignocellulosic
feedstocks as technology required for the prodoatiosugars from LC feedstocks (the
same technology required for LC ethanol productismeveloped.
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3.2.2. Feedstock Characteristics
The characteristics for the feed stocks are showlrable 3-1 below:

Feed Stock

Crop Description

Growing Conditions
Sub tropical and
temperate region.

Crop Yield

150 bu/acre

Ethanol

Yield

420 gal/acre

Tier | Report

iso_Butanol

Yield

330 gal/acre

?ljjsm Annual Cereal Food| Very wide range of or or or
Midwest) Crop growing conditions 9.4 1040 gal/ha| 820 gal/ha
from semi-arid to tonne/ha | (83 GJ/ha) | (83 GJ/ha)
humid
Tropical ratoon
grass. Once planted ﬁiro# Cvittgreingf\ tor, 770 gal/acrel 610 gal/acre
Sugarcane can be harvested Gg put, or or
3 rows best in deep, | 85 tonne/ha
(Brazil) annually for up to 7 well drained soil of 1910 gal/ha| 1510 gal/ha
years before re- medium fertility (152 GJ/ha)| (152 GJ/ha)
planting )
Fast growing . 1375 gal/ac| 1070 gal/ac
LC Feedstock ial Vary regionally — 15 or Or
(miscanthus) perenmial grasses on yiterent species tonne/acre| 3340 gal/ha| 2640 gal/ha

agricultural land

(266 GJ/ha)

(266 GJ/ha)

Table 3-1. Ethanol and iso-Butanol Feedstocks

3.2.3. Feedstock Economic Considerations

The cost of production of iso-butanol is heavilfluenced by the feedstock cost. The
following factors are key drivers in feedstock eaorcs:-

Crop Yield

Increasing the yield of the crop reduces the aféanal that has to be farmed and
harvested to provide the feed stock to the proogdsicility. This lowers the cost
contribution from leasing the required land and canimize direct and indirect land use
change impacts. In addition increasing crop yieldlces the transport distance and
hence logistic cost and fuel consumption in movimgfeedstock to be processed.

Iso-butanol production yields the same number ajajaules of fuel per unit (bushel,
tonne, etc) of feedstock as does bio-ethanol prediftom the same feedstock. As a
result, direct and indirect land use impacts waélltbe same, per MJ of fuel, as that for

bio-ethanol produced from the same feedstocks.

Fertilizer and Water Requirements

Decreasing the requirement for fertilizer and w&beithe crop reduces the overall cost of
the crop. Reduced fertilizer usage also improiesyicle greenhouse gas balance and
reduces the risk of water pollution due to fer&lizun-off. Reduced water use also
leaves more water available for other crops, widhnd human consumption.
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Iso-butanol production yields the same number ajajaules of fuel per unit (bushel,
tonne, etc) of feedstock as does bio-ethanol predifrom the same feedstock. As a
result, water and fertilizer use requirements fmculture will be the same, per MJ of
fuel, as that for bio-ethanol produced from the sdeedstocks.

3.3. Iso-Butanol Standardization and Fuel Quality

Table 3-2below compares some of the basic gasoline pr@setdi ethanol and iso-
butanol. Of note is the relatively high Researdta®@e Number (RON), and Motor

octane Number (MON) of both iso-

butanol and ethanol compared to

. RON* 92 129 109
gasoline. However, the RON and MON
of pure iso-butanol is lower than that off mon* 82 103 90
pure ethanol. At the 16vol% blend levg aninock o 16 100
iso-butanol provides nearly the same | Index* (R+M)/2 '
octane uplift as a 10vol% ethanol blend rve* (psia) (75 3&#}2‘3 19 5.2

. . | Density, 20 °C R
One of the advantages of iso-butanol ig [kg/m?] 20775 794 801
its hlgher heating value Compared to Boiling point (°C) <210 78.3 108
ethanol. Thisis prlmarlly_ due to the Heating value s " .
lower oxygen content of iso-butanol [MIIL] : - :
compared to ethanol, and this allows | % heating Value 100 66 83
. . of Gasoline
higher volumes of iso-butanol than -
. . 0,

ethanol to be blended into gasoline for | ©¥gen Coww) | =2.0 34.7 21.6

any given oxygen conterd,g.,a 16 Table 3-2. Fuel Properties
volume% iso-butanol blend has an * plending valuesgource BP)

0 TCARB Phase 3 gasoline is typically 2.0wt% oxyge7\61%
oxygen content Of_3'7 wt % and an ethanol) through 2009, increasing to 3.5-3.7wt%gexy(10vol%
ethanol and gasoline blend with the ethanol) in 2010
same oxygen content only has 10

volume % ethanol.

Many of the above properties are discussed belaware detalil.
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Octane and Vapor Pressure for Iso-butanol Blends

The effect of blending iso-butanol into an unleadsgllar gasoline (ULR) and an E10
ethanol blend were investigate@lable 3-3shows the effect of this blending on two key

Material, wt% Fuel1 Fuel 2 Fuel 3 Fuel 4
ULR 100 83 90 73
Iso-butanol 0 17 0 17
Ethanol 0 0 10 10

Research

Octane Number 95.6 97.8 98.8 101

sl Crgize 855 | 86.2 86.9 87.6

Number

Reid Vapor 867 | 824 | 982| 864

Pressure, psi

Table 3-3. Octane and RVP Blending Data

fuel properties, octane and Reid
Vapor Pressure (RVP). From Fuel
2 in the table, it can be seen that
iIso-butanol increases the Research
Octane Number (RON) and Motor
Octane Number (MON) when
blended into the ULR base, Fuel 1.
Iso-butanol also possesses the very
favorable property of decreasing

the RVP of the ULR when blended
at 17wt%.

From Fuel 3 in the table, it can be seen that wdtib@nol at a 10% blend also increases
RON and MON, it has the disadvantage that it irmeedahe RVP of the base fuel.
However, blending 17wt% iso-butanol and 10wt% etthaictually lowers the RVP to
essentially the same RVP as the original ULR fuelis synergic property of iso-butanol

can be seen with Fuel 4 in the tdble

1 Fuel 4 is included in this table for illustrationly. It's oxygen content exceeds that curreniiigveable

under EPA regulations.
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Distillation
225 )
200
175 4  T70 depression w/ biobutar
Q 150 ™ /
o 125
e
2 100
5 T50 depression w/ EtOH
50
25 T T T T T
0 20 40 60 80 100
% distilled
—e— Base fuel —s— 10% Ethanol —m— 16% high octane butanol
Figure 3-1. Distillation Impacts
Distillation

Figure 3-1shows distillation curves for a base gasoline,\&[P@ ethanol blend and a
16vol% iso-butanol blend produced from this bassotiae. Of note is the similarity of
the base gasoline low end volatility compared ®16 vol% iso-butanol blend (This is
indicated by the close overlap of the two distilatcurves between 0 and 50% distilled).
The E10 curve indicates increased low end volafitihe E10 curve is below the other
two between 0 and 50% distilled). Normally thisulbindicate good cold start
performance. However, in the case of E10, thetgréaw end volatility is caused by the
formation of low boiling azeotropes composed ofethl and hydrocarbons. These
azeotropes are rich in ethanol and depleted indogibons, creating a more lean fuel/air
mixture. At cold start conditions, an enrichedlfaie mixture is needed for good

ignition; this shift in composition makes the vapess ignitable than if it were all
hydrocarbons, resulting in reduced cold start perémce. By contrast, the iso-butanol
blend has low-end volatility similar to the hydrdoan base gasoline and the low-end
vapor is not rich in iso-butanol content; iso-butlaazeotropes form at higher
temperatures, as indicated in this data by theesdspon of T70. This T70 suppression is

not important for cold start driveability perforncm
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Oxidation Stability of iso-Butanol Blends

Oxidation stability of gasoline blends containisg-butanol showed some differences
compared to base fuel.

Standard oxidation stability tests (ASTM D525) wpegformed on blends of iso-butanol
in an unleaded regular gasoline containing refiraelgitives but no deposit control
additive. Results shown in

Table 3-4indicated that iso-butanol did not have a negatiyeact on this property at 15
wt% blend level, nor does ethanol show a negatheact on the oxidation stability at
10% blend level. However, a blend containing hsthbutanol (15%) and ethanol (10%)
did show some non-linear effetis Specifically, iso-butanol/ethanol showed a dligh
decrease in stability (shorter induction periolt)is well known that gasoline oxidation
stability is highly dependent on blend components that stability can be improved by
the addition of antioxidant additives.

The data for Fuel 3 in

Table 3-4. Oxidation Stability Shows that this iso-butanol blended fuel meetsthieent
ASTM specification for gasoline without the useaoti-oxidants. However, if the fuel
did not meet the >240 minutes induction periodntiiés anticipated that the stability of

the fuel could be increased using current
ULR 85 90 75 100 technology anti-oxidant additives.
iso-Butanol 15 0 15 0
Ethanol 0 10 10 0
ASTM D525
induction period | 255.8| 297.00 178.8 2516
(minutes)

Table 3-4. Oxidation Stability
Iso-butanol Water Tolerance and Phase Separation wiout and with Ethanol

Scoping water tolerance and phase separationdests-butanol - gasoline blends were

conducted at 65 °F. Blends of gasoline Remaining Aqueous Phase, 65F
containing 0 to 25vol% iso-butanol were| 16 :
mixed with water and equilibrated at 65 Mpe |,
°F. Although any level of water could £ 12 | o s vre] |
have been used, a level of 1.3% wasa | § ° ~
convenient amount that resulted in 2 06
sufficient volumes of aqueous and 2, 04 \
hydrocarbon phases that could each be 02 1
analyzed. The hydrocarbon and aqueoy 0 ‘ — AN

0 2 4 6 8 10 12 14 16 18 20 22 24 26
phases were separated and analyzed fo iso-butanol in HC phase, wid%
iso-butanol, and the hydrocarbon phase

Figure 3-2. Water Absorbtion of iso-
Butanol/Gasoline Blends

12 This blend was tested for illustration only. dtriot compliant with Federal or California reguas as it
exceeds permissible oxygen levels.
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was analyzed for wateiFigure 3-2 shows that as the level of iso-butanol was in@@as
the amount of water that the gasoline blend was &bhbsorb also increaseg ( the
remaining aqueous phase decreased) and Figush8vas the concentrations of iso-

butanol in the aqueous phase for each
iso-butanol/gasoline blend tested. From
Figure 3-2 andFigure 3-3at an iso-
butanol concentration of 17 wt%, the
level of water absorbed is approximately
0.6 wt9%. Figure 3-4 shows the water
concentration in the corresponding
hydrocarbon phase.

The distribution of iso-butanol between
the hydrocarbon and aqueous phases w;
calculated from the concentration data.

Alcohol in Aqueous Phase, 65F

Alcoholin AQ phase, wt%
o - N w » [6)] (2] ~

6 8 10 12 14 16 18 20 22 24 26
Alcohol in HC phase, wt%

2 4

o

Results are displayed Figure 3-5as
the distribution coefficient. Iso-
butanol’s overall low water sensitivity

Figure 3-3. iso-Butanol Extraction from Gasoline
into Water

indicates that its gasoline blends have the pakfur pipeline shipment.

Scoping water tolerance and phase separationvtes¢ésalso conducted on iso-butanol -
ethanol - gasoline blends at 65 °F. Increasinguautsoof iso-butanol were mixed with

Water in Hydrocarbon Phase, 65F
14

12

14 //

0.8

3

0.6

0.4 1

Water in HC phase, wt%

0.2 1

0

0O 2 4 6 8 10 12 14 16 18 20 22 24 26

iso-butanol in HC phase, wt%

Figure 3-4. Water Solubility in iso-Butanol /
Gasoline Blends

E10 gasoline and then either 1.3% or 2.6%
water were added to all of the blends.
Again, these levels of water are
convenient amounts for this series of
experiment. The water needed to be
increased to 2.6vol% for some blends
because gasoline blends containing
ethanol absorb larger amounts of water
and 1.3% water was not always sufficient
to induce the formation of separate
agqueous and hydrocarbon phases for
analysis i e., the 1.3vol% water was
completely absorbed by the higher iso-
butanol blends). This can be seen in

Figure 3-6 where 1.3 vol% was sufficient to cause two phase the amount of iso-
butanol in E10 reached 5vol%, but for 10vol% isdamo! in E10, the level needed to be
increased to 2.6vol% water to induce phase sepatrati

13 water added (1.3%) minus water remaining (aquebase Figure 3-2 (0.7) * water concentration in the
aqueous from Figure 3-3 (1.00 - 0.06 = 0.94)):vt% — 0.7wt%*0.94~ 0.6 wt%. ,
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Distribution Coefficient, 65F

Alcohol in HC phase, wt%

‘ @ iS0-BUOH —— Linear (|so-BuOH)‘

_ 45 >
T 4
L.
T 35 Zatl
e 3
o 25 {
T 2
I
S 15
=g 2
X
05 v
0
0 2 4 6 8 10 12 14 16 18 20 22 24 26

Figure 3-5. Distribution of iso-Butanol
Between Water and Gasoline

Tier | Report

The resulting hydrocarbon and aqueous phases
were analyzed for iso-butanol, ethanol and
water. Figure 3-7 shows the amount of water

in the hydrocarbon phase increased as the iso-
butanol concentration increased. Comparing
Figure 3-4 andFigure 3-7,it can be seen that
the absorbed water concentration was higher
with ethanol present. Referring back to

Figure 3-6, it can be seen the remaining
aqueous phase was higher at low
concentrations of iso-butanol, but decreased at
higher concentrations of iso-butanol. From
Figure 3-8, it is seen that the amount of

ethanol extracted into the aqueous phase decreatfenhcreasing iso-butanol
concentration. These observations indicate tlmabiganol acts as a co-solvent for
ethanol. Figure 3-9 shows that iso-butanol in the aqueous phase rdacpeak of about
12% when the iso-butanol was at a 5wt% concentraéind then it plateaued to about
6wWt% at higher levels of iso-butanol in the hydmtoan.

Aqueous Phase Remaining from E10 Base Gasoline, 65 F

1.3% initial
35 ‘\\ water

3
25 \
‘2 6% initial wates

2 S
~

Aqueous Phase, wt%

) N

0 4 8 12 16 20 24

iso-Butanol in HC, wt%

28

Figure 3-6. Absorbtion of Water into E10 /
iso-Butanol / Gasoline

Water in Hydrocarbon from E10 Base Gasoline,
65F

15 ] /

14 /

o,s—/
s

Water in HC phase, wt%

iso-Butanol in HC phase, wt%

0 4 8 12 16 20 24 28

Figure 3-7. Water Solubility in E10 / iso-
Butanol / Gasoline Blends
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Ethanol in Aqueous Phase from E10 Gasoline,
65F

70

S 60

H

& 50 \e\

< 40

S 30 A \\

©

£ 20 A |

i o
10
0

0 4 8 12 16 20 24 28
iso-Butanol in HC, wt%

Figure 3-8. Ethanol Extraction to Aqueous
Phase with E10 / iso-Butanol / Gasoline
Blends

Iso-Butanol in Aqueous Phase from E10, 65F

12 A

NEVAN
/AN

Iso-Butanol in AQ phase, wt%

0 4 8 12 16 20 24 28
iso-Butanol in HC phase, wt%

Figure 3-9. Iso-Butanol Extraction to
Aqueous Phase with E10 / iso-Butanol /
Gasoline Blends

3.3.1. Iso-butanol Fuel Energy Content

As cited above iiBection 3.3 the fuel energy content of pure iso-butanol is
approximately 95,400 BTU per gallon (26.6 MJ/DhiF'is 83% of the energy density of
gasoline, while the energy density of ethanol iy 6% that of gasoline.

The fuel energy content of a 16 volume% iso-butdnhehd is approximately 112,300
BTU per gallon, and this is comparable to the epeantent of an E10 blend which has
an energy content of 111,500 BTU per gallon. Taisiparison of energy content
between E10 and 16vol% iso-butanol implies thasaomers will experience slightly
better (<1%) fuel economy with the butanol blenchpared to E10.

4. Storage and Distribution of Iso-butanol

4.1. Material Compatibility

4.1.1. Iso-Butanol Elastomer Compatibility

Elastomer compatibility testing for chemical grasiebutanol blended at 20% in
unleaded regular gasoline showed slightly mad@4) swelling than the ULR itself.
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Elastomer swelling tests were conducted by soaegimens of elastomer in fuel at
ambient temperature for two weeks. Density andoDwater hardness tests were
performed before and after soaking in fuel. Rasate shown ifrigure 4-1. Elastomer
Swell Effects andrigure 4-2. Elastomer Hardness Effects.

Butamax™ Advanced Biofuels has not tested for efast compatibility with mixtures
of ethanol and iso-butanol in CARB gasoline.

This testing has evaluated representative elas®foeswell and hardness impacts due
to exposure to mixtures of ethanol and iso-butéerided CARB gasolines as
percentage changes. For all four elastomers teSfH = chlorinated polyethylene,
epichlorohydride, Hypalonand Viton" B, a blend of 20% iso-butanol in unleaded
regular gasoline (ULR) showed more swelling chaihgaé the base ULR. However
differences between ULR and the iso-butanol bleetevemall, <1%. Compared to
ethanol blends at 10% and 20%, results varied dkpgmon the elastomer, but
differences were small <3 %. Hardness changes geerally inversely related to
swelling (i.e. increased swelling gave decreasedress) as typically observed. The
differences observed for gasoline blends contairsagbutanol are not expected to have
a negative impact on the vehicle systems. Howkgeause of the wide variety of
materials used in vehicles, additional testingehigles is planned.

Elastomer Swell

15

0

(=]
S \—I—'—I—-g 0i-BUOH 20
g 5 m EtOH 10
2 @ EtOH 20

_10 i

¥
_15 |
-20

CPE Epichloro Hypalon Viton B

Figure 4-1. Elastomer Swell Effects

> Test representative elastomers for swell and hardiss impacts due to exposure to
mixtures of ethanol and iso-butanol blended CARB gsolines.
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Durometer Hardness Change

2 A mULR 2

O i-BuOH 20
m EtOH 10
-2 o EtOH 20

Hardness Change, %
o

CPE Epichloro Hypalon Viton B

Figure 4-2. Elastomer Hardness Effects

4.1.2. Butanol Material Compatibility — Literature Search

Butamax™ Advanced Biofuels has not located any literature data on ewebut
compatibility with fiberglass tank resins and sealants.

» Test for compatibility of California gasoline blended with iso-butanol with
fiberglass tank resins and sealants.

It is known to the industry that ethanol blended gasoline can have a detrimewtabeffe
automotive materials and componéfits

However, for several years automotive manufacturers and their suppliers have
manufactured vehicles tolerant to E10 blends, including several million fléxidle
vehicles which are compatible with E85 fuel.

The effect of iso-butanol on automotive components is less well known. A literature
search was conducted to shed light on this topic, and the search returned twsothaticle
are somewhat relevant to this topic.

The first of these papers is a German language paper that reviews thalgsbat and
ethers on fuel properties and material compatibflityvhile this paper did highlight the

1 R. Pierce and P. Moses, Effects of Fuel Exposurehyrsical Properties of Selected Plastics, SAE
International, International Congress and Exposi{it990), 900632.

15 Shiotani, Kinoshita, Goto, Saito, Research abqyilisability of Biomass Ethanol for Motor Fuel,
Society of Automotive Engineers of Japan, Academaicture Meeting, May 20, 2005.
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effect of butanol on gasoline volatility properties, it only mentioned that alcowols c
have a negative effect on material compatibility without citing any exeeral data.

The second paper investigated aluminum corrosion with alcohol and alcohol blends. The
author found that alcohols £C,) will react with aluminum to form alkoxid&s These
alkoxides can then go into solution and result in a fresh aluminum surface susceptible to
further corrosion. In addition, the author found that a minute level of water inhibits this
reaction, and he determined the minimum water content (MWC) needed to prevent this
corrosion in alcohols and their mixtures. The results indicate that pure ethanol and
butanol have the same MWC to prevent corrosion. He also found that alcohol mixtures
have a higher MWC needed to prevent corrosion than pure alcohols alone.

MWC for Ethanol, Butanol, and a 50/50 Mixture Each
Ethanol — 0.3 volume % (at 120°C)

Butanol — 0.3 volume % (at 120°C)

Ethanol and Butanol (50/50 vol. % blend) — 1.2 volume % (at 120°C)

Unfortunately, the paper did not investigate the influence of gasoline on this @orrosi
mechanism. As a result, it cannot be inferred that aluminum corrosion will ocdusby t
same mechanism when ethanol and/or butanol are blended with gasoline.

BP’s theory for explaining how MWC inhibits aluminum corrosion is as follows. When
aluminum is exposed to a water and alcohol solution, the water will react with the
aluminum surface to form aluminum oxide. This aluminum oxide is an adherent layer,
and it does not dissolve into the alcohol, but instead acts as a protective skin that inhibits
the alcohol from reacting with the aluminum. When the MWC is reached or exceeded,
the protective layer is sufficient to completely inhibit the alkoxide reaction.

4.2. Storage and Storage Stability

Iso-butanol and its gasoline blends are stable under normal conditions of storage and use.
During BP’s multi-year study of iso-butanol blended fuel, no blend in underground
storage, vehicle tank, or laboratory vessel ever demonstrated instability. @seenef

this is the induction period oxidation test results of >240 minutes which indicate one year
stability to gum formation at ambient temperatures, see

Table 3-4.

6 A. Marhold and A Lanik, Alternative Kraftstoffkompenten — Anwendungseigenschaften und Verhalten
in Motoren, Erdoel-Erdgas-Zeitschrift, 98. Jg., M382.

T, Tsuchida, Corrosion Behavior of Aluminum in Mik Alcohol Solutions, Corrosion Engineering 53,
71-80 (2004)
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Hazardous polymerization will not occur, nor should hazardous decomposition products
be produced. ISection 3.3 it was noted that oxidation stability testing demonstrated
that the iso-butanol did not significantly impact the oxidation stability sblyze.

Additional precautions for storage and handling of iso-Butanol/gasoline blends are
substantially the same as recommended practices for gasoline and etsahiogdga
blends. Specific examples follow --

As with gasoline and ethanol blends, avoid all possible sources of ignition (spark
or flame) and excessive heat. In addition, avoid highly reactive matechlgasu
oxidizing and reducing agents.

Store iso-butanol and its gasoline blends in segregated and approved areas.

Light hydrocarbon vapors can build up in the headspace of tanks. These can cause
flammability/explosion hazards even at temperatures below the noasialdbint

(note: flash point must not be regarded as a reliable indicator of the potential
flammability of vapor in tank headspaces). Tank headspaces should always be
regarded as potentially flammable and care should be taken to avoid static
electrical discharge and all ignition sources during filling, ullaging angbksagn

from storage tanks.

The flammability range of biobutanol blends (and also ethanol blends) at
moderate levels of oxygenate (k20%) is dominated by the gasoline

component. The lower and upper flammability limits of these blends are expected
to be the same as gasoline. (e.g., The upper flammability limit of gasoline i
exceeded at temperatures above about -40 °F. Therefore confined vapor spaces
over the liquid at or above this temperature are not ignitable.) Consequently,
biobutanol blends are expected to posses the same fire hazards as gasoline. BP
knows of no situations where iso-butanol blend is expected to pose a greater fire
hazard than gasoline or moderate ethanol gasoline (E10) blends.

Bio-produced iso-butanol itself is expected to have essentially the same f
hazards as industrial grade iso-butanol. Iso-butanol’s fire hazard is welhknow
and its MSDS gives appropriate handling, storage and fire fighting information.

When the product is pumped (e.g. during filling, discharge or ullaging) and when
sampling, there is a risk of static discharge. Ensure that the equipment used is
properly earthed or bonded to the tank structure.

Electrical equipment should not be used unless it is intrinsically safe (i.@otvil
produce sparks.)

If product comes into contact with hot surfaces, or leaks occur from pressurized
fuel pipes, the vapor or mists generated will create a flammabilitypboszn
hazard.
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=  Empty containers represent a fire hazard as they may contain flammadiletp
residues and vapor.

= Never weld, solder or braze empty containers.

4.3. Distribution and Blending of Iso-butanol

Iso-butanol and its gasoline blends can be distributed in the same manner as ethanaol,
gasoline, and their blends. However, due to the inherently better water toleraisoe
butanol blended gasoline compared to ethanol blended gasoline, the potential exists to
ship iso-butanol blended gasoline through pipelines. This water tolerance can be se
below inFigure 4-3. This figure shows the water tolerance at multiple temperatures for
iso-butanol blended gasoline at several different concentrations, including 1i6wel%
butanol. As the temperature increases from <Hi® 65°F, the saturation level of water
in the iso-butanol blended fuel increases. For the 16vol% iso-butanol blend, the
saturation level at -4%F is approximately 2.5 wt%, and this increases to approximately
5.5 wt% at 65F. In contrast a typical E10 fuel in the marketplace today will undergo a
phase separation when it reaches is saturated level of approximately 0.4 wt%.

Water Saturation Level in Gasoline-Butanol Blends
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Figure 4-3. Water Saturation — Impact of Temperatue

Corrosion is also a concern for pipeline shipments. The OCTAMIX waiver requires a
specified corrosion inhibitor to assure protection of vehicles. Pipeline speoifica
include a test of corrosion performance, the NACE test. BP’s experieriee in t
preparation of gasoline/iso-butanol blends for its test programs has shown thatGike NA
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specification can readily be achieved with typical industry practicatéouse of
commercial corrosion inhibitors.

4.3.1. Conductivity

The conductivity for pure ethanol and iso-butanol can be found in the litéfategre
ethanol has a conductivity of 135 pS/m, and pure iso-butanol has a conductivity of 950
pS/m. However, several factors will influence the conductivity of final Et01&vol%
iso-butanol blended gasolines. These include the purity of the alcohols aftenfation

and distillation, the type of denaturant (in the case of ethanol), and the gasséne ba
fuels. The conductivity of E10 and 16vol% iso-butanol gasoline is a knowledge gap that
will be addressed in the Tier Il plan.

» Determine the electrical conductivity of E10 and 1%ol% iso-butanol/gasoline
blends.

4.4, Retail Site EQuipment

Equipment used for dispensing of fuel into motor vehicles is regulated by a number of
agencies. Different agencies regulate different pieces of equipmenteonsith their
missions, including fire prevention, human exposure, water and soil pollution and air
pollution.

» UST Rules- Covers underground storage tanks and piping with focus on protection
of ground water resources. Regulated by U.S. EPA under 40 CFR Part 280. Part
280.32 of these regulations requires that equipment have demonstrated material
compatibility with the substances being stored and handled. The EPA wpkacce
equipment listed by a nationally recognized testing laboratory (NRTL) such a
Underwriter’s Laboratories (UL) or third party testing as proof of gdgirement.

*  Human Exposure— OSHA regulations 1910.106(g), 1910.303 and 1910.307 cover
dispensers, nozzles, breakaways and pumps. These regulations require equipment
listed by a nationally recognized testing laboratory (NRTL) such as Wnitkats
Laboratories (UL).

* Vapor Recovery Requirements- Subject to EPA regulation under the 1990 Clean
Air Act and California ARB regulation. ARB certifies equipment for confarosa
with vapor recovery requirements and will only test equipment listed by a alition
recognized testing laboratory (NRTL) such as Underwriter’s LabdeatQuL).

* Weights and Measures Approvals- BP has met informally with California DMS
metrology staff and has been advised that their primary concern is whethexblend
fuel will conform to ASTM D4814. Butamax™ Advanced Biofuels believes that
16vol% iso-butanol blends can be made within D4814 specification requirements. It

18 International Critical Tables of Numerical DatdyBical Chemistry and Technology*(Electronic
Edition) Edited by Washburn, E.W. Originally pudhied from 1926-1930, and released by Knovel in 2003
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is likely that NTEP (National Type Evaluation Program, an activity of thioNal
Council on Weights and Measures) approval would be required before the fuel can be
commercially sold.

» Leak Detection Equipment— Leak detection equipment is developed and tested
under guidance of the NWGLDE (National Working Group on Leak Detection
Equipment). Third party testing will be required by the CA State Water @ontr
Board to demonstrate that the leak detection equipment will function as required b
State and Federal rules.

» Fire Codes— Enforced by state fire marshals. Fire codes set by NFPA/IFC and
require UL listed equipment. In CA, IFC is the model code on which CA State Fire
code is based. Per these rules, iso-butanol blends will require NRTL “listégl” ta
pipes, pumps, shear/impact valves, dispensers, vapor recovery equipment, hose
breakaways, hose swivels, hoses, nozzles, electrical leak and level sensors,
pressure/vacuum valves and vapor flow meters.

Gasoline with iso-butanol levels at 16 vol% currently does not have UL certfidati

retail station equipment. This includes the underground storage tanks, pumps, dispensers,
and break away valves as outlined above. UL approval is generally required as a pre-
requisite for new equipment to achieve certification for conformance with apjaic

regulatory requirements. There is no established process for achieviogadgbr

legacy equipment. UL has stated publicly that it will not retroactivel{elggacy

equipment.

BP will work with its equipment vendors and UL to gain approval for a 16 vol% iso-
butanol blend. This will not be easy. One potential path forward is to use the testing
protocols currently being used by industry to gain approval for E10+ blends. At this
time, the UL approval path for iso-butanol blended gasoline is not fully defined, and BP
will communicate progress as this approval path is defined and executed.

4.5. Storage Emissions from Terminals (Vapor recovery)

It is anticipated that the same vapor recovery practices and equipmentigwsedtfor
ethanol and its gasoline blends can be used for iso-butanol and its gasoline blends.

> BP will perform a review of applicable terminal vapor recovery requirements.

4.6. Fire Fighting Protocol

The fire fighting protocol for iso-butanol and its gasoline blends is the same & tha
ethanol and its respective blends. In case of a fire, water fog, alcolsthmé$oam, dry
chemical, or carbon dioxide extinguisher can be used. Use of a water jet is not an
appropriate extinguishing media.

Both the liquid and vapor from these alcohols and their gasoline blends are flammabile,
and the vapor may cause a flash fire. Further the vapors may accumulate in low or
confined areas, and travel a considerable distance to a source of ignition.
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Combustion products may include the following: carbon oxides (CQ) (€@rbon

monoxide, carbon dioxide) and other hazardous substances. Exposed firefighters must
wear MSHA/NIOSH approved positive pressure self-contained breathing ayspartn

full face mask and full protective clothing.

5. Use of iso-Butanol

5.1. Performance Characteristics

5.1.1. Low Level Blends

In its early stages of butanol research, BP conducted vehicle testing ortyaofarie

butanol isomers at several different concentrations. This discussion on low lexdsl ble
includes data from vehicles fueled with 11.5 and 16.8 vol% iso-butanol (Phase 1 and
Phase 2, respectively). Although BP does not plan to commercialize an 11.5 vol% blend,
these data are included below with the data on 16.8 vol% iso-butanol for completeness.

Iso-butanol (11.5 and 16.8 vol%)-gasoline blends were used to fuel four vehicles.
Monitoring of gross driving performance; inspection of engine cleanlinesssiems and

fuel economy testing were conducted. No gross material incompatibileies w

observed. Engine cleanliness of intake valves, fuel injectors, throttle platd &lhet oi

cap were not negatively impacted. Emissions and fuel economy testing showed the
expected reduction in total hydrocarbon emissions and fuel economy, and these data are
presented in Section 5.3.2.

Vehicles and Inspections

Characteristics of the four vehicles selected for the fleet ara qivieable 5-1 The

Toyota, 4TO1, and the Chevrolet, 4CV1, were premium recommended vehicles. (The
vehicle ID numbers are explained belowliable 5-1) The accumulated mileage

includes both Phase 1, exclusive iso-butanol gasoline blend, and Phase 2, rotation with
retail fuels. Prior to start of testing the following inspections were made:

* Intake-valve deposit (IVD) ratings were made on the assembled enigine w
boroscope using the standard CRC (Coordinating Research Council) scale.

» Throttle plate and oil filler cap sludge ratings were performed on the pantsyed
from the engine using a CRC rating scale.

» Injector flow and spray ratings were performed on the injectors dismardladtie
engine on the standard flow rig using Stoddard solvent as the fluid.

Following Phase 1, these inspections were repeated to determine changeslafizee
use of the iso-butanol blend. Vehicles were driven on local roads under prevailing
weather conditions by BP employee drivers for both phases. Operational and
performance problems, if any, were reported by each driver.
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Table 5-1. Fleet Vehicle Characteristics

Engine Fuel Odometer, = Accumulated  Start Date, D

Make / Model System Initial/Final Mileage Phase 1
Chrysler / 2.7 L, 6-cyl, 69,828 / .
Concorde 2004 | DOHC 73,689 3861 26 April 2007  ACHY2
Ford / 75,719/ i
Focus 2004 2.0L, 4-cyl 79,098 3379 28 March 2007 4F0O1
Toyota / 1.8, 4-cyl, 59,087/ :
Celica 2004 | DOHC, WT-i | 61,291 2204 3 April 2007 | 4TO1
Chevrolet /
3.8 L, 6-cyl, 53,447 /
Monztgoaarlo supercharged 61,291 2896 9 May 2007 4CV1

Iso-butanol Fuel Blend

Properties of the iso-butanol gasoline fuel blends are givEahte 5-2 The fleet

initially began using a 11.5 volume % blend and then was changed to a 16.8 volume%
blend. The base gasoline was a retail, summer grade non-oxygenated gasioline wi
added n-butane to adjust Reid vapor pressure (RVP).

Table 5-2. Fuel Inspection

Propert :SSIZ_:; tgqoé Iso-butanol Blend
perty i) (16.8 vol%)

Research Octane No. 94.2 97.1
Motor Octane No. 83.6 85.9
Antiknock Index 88.9 91.5
API Gravity 58.33 56.32
Specific Gravity, 60/60 0.7454 0.7534
Reid Vapor pressure, psi 11.49 8.75
Initial Boiling Pt, °F 74.2 79.0
10% Distilled, °F 103.2 131.0
30% Distilled, °F 148.9 173.0
50% Distilled, °F 188.3 199.1
70% Distilled, °F 222.9 216.8
90% Distilled, °F 340.5 312.1
Final Boiling Pt, °F 399.7 380.7
AP-NA4M additive, g/gal 0.48 0.48

Results and discussion

No driveability problems were reported during either Phase 1 or 2, 11.5vo0l% iso-butanol
and 16.8vol% iso-butanol, respectively.
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Engine Inspections

Table 5-3shows the results of IVD ratings and their changes. The results anetpdese
as least square means (LSM) of the ratings because the engines do nottak lsanee
number of valves. The LSM statistic is used to make comparisons as if akghguh
the same number of valves.

Table 5-3. IVD Ratings

Vehicle  Number Initial IVD CRC Final IVD CRC Change +

of Valves Rating*, LSM Rating*, LSM 95% ClI
4CHY2 12 8.22 9.12 0.90+0.23
4FO1 8 8.92 9.32 0.40+0.28
4TO1 8 8.24 8.55 0.31+ 0.28
4CV1 6 9.37 8.82 -0.55+0.33
Fleet 8.69 8.95 0.27 £0.14
* CRC rating scale: 10 = clean; 1=extremely dirty

The fleet average results showed a slight increase in cleanlinelsullt be noted that

the one vehicle that did not show a cleanliness improvement had a supercharged engine
and its initial CRC rating was much higher than the other vehicles (i.e. idstiaetéest

in a very clean condition).

Table 5-4shows results of fuel injector ratings. No significant changes in flow wariat
were observed. Also all spray patterns were normal and no injectors showed leaks.

Table 5-4. Fuel Injector Ratings

Vehicle Number of Initial Flow Final Flow Change *
Injectors Variation*, LSM Variation*, LSM 95% ClI

4CHY?2 6 -0.3 0.7 1.0+13
4FO1 4 2.1 0.7 -1.4+1.6
4701 4 -1.6 -1.1 06+ 1.6
4CV1 6 -0.2 -1.2 -1.0+1.3
Fleet 0.0 -0.2 -0.2+0.71
* Percent variation compared to standard injector

Table 5-5shows results of fleet average sludge ratings. For the 4FO1 vehicle the area
above and below the throttle plate was black plastic so it could not be rated. These are
ratings are based on the other three vehicles. No statistically cagmiéhanges in

sludge ratings were observed.
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Table 5-5. CRC Sludge Ratings, Fleet Average

Rating Area Initial Final Rating*, Change +
Rating*, average 95% ClI
average

Above throttle plate 9.91 9.83 -0.08 + 0.30

Below throttle plate 8.90 8.99 0.09+0.19

Top of plate 9.87 9.87 0.00 + 0.01]

Bottom of plate 9.27 9.20 -0.07 £ 0.16

Oil fill cap 9.71 9.92 0.21 +0.59

* CRC scale: 10 = clean; 1 = heavy sludge.

Use of blends of iso-butanol in gasoline up to 16.8% showed no gross negative impacts
on vehicle operation or engine cleanliness.

5.1.2. High Level Blends

While initial commercialization plans focus on a 16vol% iso-butanol blend, a limited
amount of work has been performed to begin assessing the feasibility of higher blend
levels. This work provides an initial indication that there is potential to expand iso-
butanol to higher blend percentages. This Tier | report does not purport to cover all of
the items that would need to be addressed before approval of a higher level blend could
be achieved.

The purpose of this scoping-level program was to define a preliminary, opggrabged

limit on the maximum butanol concentration that can be used in gasoline for conventional
(i.e., non-FFV) vehicles. The study was to focus only on short-term operalstivyfa

(e.g., driveability, acute vehicle malfunctions, etc). Two critical opetalaictors were
identified for the study, as described in the principle objectives:

= Determine the threshold iso-butanol concentration in gasoline for conventional (non-
FFV) vehicles above which air/fuel ratio (AFR) excursions exceed acceitalib
and cause the vehicle to display dashboard malfunctions indications (MILS) due to
excessive fuel oxygen.

= Determine the limits of iso-butanol concentration and ambient temperature wher
cold-start and warm-up driveability performance of conventional (non-FFV)leshic
is degraded due to the volatility reduction which results from splash-blending butanol
into conventional gasoline.

The adaptability of vehicle AFR control systems was investigated in on-roathas&l
dynamometer driving tests which required the control systems to adapt twifihetd to

78 volume % butanol (14 to 17.5wt% oxygen, or four to five times the oxygen content of
E10). The study found that the closed-loop fuelling / AFR control systems of modern
vehicles are remarkably robust, adapting to the oxygen levels of high-butanol fuels
without malfunction over a wide range of driving conditions.

Page 35 of 71



Biobutanol Multimedia Evaluation Tier | Report

The driveability investigation employed US industry-standard CRC methodsgsdhke
cold-start and warm-up driveability of gasolines splash-blended with 5 to 60 s@{% i
butanol; both summer and winter base fuels were included in the study. The in#stigat
found that cold-start and warm-up driveability performance of splash-blended hig
butanol fuels was remarkably good; 20 vol% blends were virtually indistinguisinafvie
base gasoline, and 30 vol% blends were acceptable over the majority of testtigepera
A practical limit near 40 vol% was apparent, as driveability performancentbega
degrade rapidly above this level. A notable exception to this conclusion was the single
direct-injection car in the study, which for low test temperatures expedenc
unacceptable driveability at concentrations in the range of 20 to 30 vol% iso-butanol.
Even considering the most severe car in the study, the results indicatedhaharcial

offer for splash-blended high-butanol fuels is a practical possibilityhyaf continued
investigation.

Splash blending experiments, while instructive, are limited as they do not peymit a
tailoring of the hydrocarbon portion of the fuel to match the increasing volume of iso-
butanol. Future experiments, with fully-blended fuels would be expected to show even
less impact from increasing butanol content. Additional studies are required on
emissions and durability before commercialization of such high level blendseca
considered. Butamax™ Advanced Biofuels is not seeking approval for high blends at
this time.

5.2. Use of Additives

Butamax™ Advanced Biofuels does not foresee iso-butanol and its gasoline blends to
need any additive chemistries that are not already commerciallgtaedor ethanol and

its gasoline blends. Testing to date has shown that additive requirementsbiataisor
blended gasoline are essentially the same as for ethanol blended gadakneanTbe

seen in the IVD data presentedSaction 5.1.1where the tests were run at typical level
of detergent, 1.1x LAC.

5.3. Potential Impacts during Fuel Use

5.3.1. Iso-butanol Impact on Air Quality

Any projected impacts of iso-butanol on air quality will need to be assessatidras
completion of emissions studies undertaken as part of this multimedia assessment

5.3.2. Exhaust Emissions

The vehicle fleet trial discussed$®ection 5.1.1also included emissions and fuel

economy testing. Following Phase 2 of the fleet test the vehicles wera duneld .5%
iso-butanol gasoline blend and driven for a few weeks in normal operation until
emissions testing could be scheduled. The standard Federal Test Proceduea@TP)

the highway driving cycle emissions and fuel economy tests were performednsing

11.5 volume % iso-butanol blend and the corresponding all hydrocarbon base gasoline.
Table 5-6andTable 5-7show the respective results as percentage changes from the base
fuel. The dynamometer load setting for vehicle 4FO1 was lower, about 20%, than
standard for this vehicle when testing both fuels. This difference does not ieflixenc
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results because the load conditions were the same for both fuels that were co@pared

an absolute basis the FTP emissions and fuel economy will not correspond to the exact
FTP protocol. For this small fleet, statistically significant flaetrage reductions of

total hydrocarbon emissions were observed for both FTP and highway cycleTtesse
results are in accord with expectations of a general reduction of THC @msisghen
oxygenates are present in gasoline. No other emissions changes wareadiati

significant. Statistically significant fleet average reductionsi@h €conomy were

observed for both the FTP and highway cycle tests. The magnitude of the reducsions wa
approximately in accord with the lower energy content of the fuel blend (2.7%).

Table 5-6. FTP Emissions and Fuel Economy Results*

Vehicle CO % Change THC % Change | NOx % Change FE % Change
+95% CI +95% CI +95% CI +95% CI
4CHY2 13+24 11.0+6.0 6.5+ 20 1.6+£22
4FO1** 26 + 20 4.6+20 -5.1+23 3.2+1.6
4701 -1+28 11+8.3 5.8+21 50+ 1.7
4CV1 -6 £ 29 5.1+15 -5.8+23 24124
Fleet 9+24 9.2+5.0 05+11 3.2+0.97

* Statistically significant differences imold. Positive numbers are reductions
compared to hydrocarbon base fuel. Percentagdsaaesl on g/mi for emissions and
mi/gal for fuel economy.
** Dynamometer settings lower than standard fohtdoels.

Table 5-7. Highway Emissions and Fuel Economy Resul  ts*

Vehicle CO % Change THC % Change | NOx % Change FE % Change
+95% CI 1+ 95% CI +95% CI +95% CI
4CHY2 8+15 10.2+6.1 1.4+22 1.8+1.9
4FO1** 13+15 3.6 +17 -4.9+24 29+15
4TO1 -3.3+17 10+8.4 48+21 43+ 1.6
4CV1 3+18 26+15 -21 £ 27 22+21
Fleet 54+8.2 7.9.£4.9 4.7+12 2.9+0.86

* Statistically significant differences imold. Positive numbers are reductions
compared to hydrocarbon base fuel. Percentagdsaaesl on g/mi for emissions and
mi/gal for fuel economy.

** Dynamometer settings lower than standard fohtoels.

Use of blends of iso-butanol in gasoline up to 11.5vol% showed no gross negative
impacts in emissions. Fuel economy reduction was within the range expected for the
lower energy content of the blend.

» Perform exhaust emissions testing for 16vol% iso-tanol blends in California
reformulated gasoline versus 10vol% ethanol blends California reformulated
gasoline to determine whether any adjustments to thPredictive Model are
required to model 16vol% iso-butanol blends. Detanine impact on Ozone
Reactivity and Potency-weighted Toxics emissions.
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5.3.3. Effects on Toxic Air Pollutants

The impact of iso-butanol on toxic air pollutant emissions from motor vehicles will be
evaluated per Federal EPA CAA Section 211(b) requirements for fuel additive
registration. The Tier | vehicle emissions evaluation is fully defined in ROCFS52,

and requires the identification of combustion emissions. These include hydrocarbons
with twelve 12 or fewer carbon atoms. Aldehydes and ketones with eight or fewer
carbon atoms, and ethers and alcohols with six or fewer carbons atoms. Thisogvaluat
needs to be conducted both with and without exhaust aftertreatment.

This evaluation has not been completed, and it is currently a knowledge gap that will be
addressed in the Tier Il report. The toxic emissions for a CARB gasoline thhesttie
16vol% iso-butanol needs to be compared to a CARB gasoline blended with 10vol%
ethanol.

» Determine toxic air pollutants in automotive exhaususing EPA Section 211(b)
methodology with California reformulated gasolinesblended with 10vol%
ethanol and with 16vol% iso-butanol.

5.3.4. Evaporative Emissions

The impact of iso-butanol on vehicle evaporative emissions has not been determined. No
substantial change is anticipated for 16vol% iso-butanol blends compared to 10vol%
ethanol blends at the same RVP.

» Determine the composition of the headspace of 1096lethanol and 16vol% iso-
butanol blended California reformulated gasoline bénds over a range of
temperatures and calculate differences in potency-eighted toxics and reactivity.
Hlegadspace samples to be generated using the methlodyy attached as Appendix
F.

The impact of iso-butanol on permeation emissions from vehicle fuel systeorsastly

being determined. A first phase of testing has recently been completedbtath

evaluation currently in progress. The program compared the permeation impact of 9vol%
iso-butanol blends against that of a 6vol% ethanol blend on vehicle fuel systems from
three high volume models. In addition, a 50:50 mix blend of the 9vol% Isobutanol and
6vol% blends were also tested to examine the impact of mixing the oxygenates. Test

' This methodology was used by ARB for work published on Ethanol Fate, Transport,
and Health Risk Analysis and published as Appendix 7 to Analysis of the Air Quality
Impacts of the Use of Ethanol in Gasoline on October 4, 1999
(http://www.arb.ca.gov/fuels/gasoline/ethanol/ethfate/ethfatg.htm
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fuels were blended to meet California CARB phase 3 specifications and thg testi
followed the CRC E-6%8"*' protocol used to determine ethanol’s fuel permeation.

Phase 2 of the permeation study will repeat the process evaluating 7 vehisiestems

on 16 vol% Isobutanol, 10 vol% Ethanol and a 50:50 blend mix. The goal of phase 2 is
to demonstrate no-harm from the use of 16 vol% Isobutanol in CARB Gasoline. The
Scope of Work document for the Phase 2 study is attached to this docuppeadix

D.

» Determine permeation emissions of 16vol% iso-butahoelative to 10vol%
ethanol in CARB gasoline per the program describeth Appendix D.

5.3.5. Iso-butanol Impact on Drinking Water Quality

The perceptibility of iso-butanol in drinking water has recently been evaluaged i
human-panel study conducted by TRC, Inc. (2007). The study measured the human odor
detection and taste detection thresholds of neat butanol in drinking water using edstanda
protocol identical to that previously used to evaluate MTBE (TRC, 1993).

In the above study the odor detection threshold for neat iso-butanol is reported to be
29ppm. The taste detection threshold is reported to be 9ppm. These values are more than
700 times and more than 200 times greater than the respective odor and taste detection
thresholds reported for MTBE.

Odor detection threshold values for neat ethanol in drinking water are reported to range
from 0.2 ppm to 100 ppfA Taste detection

threshold data for neat ethanol in drinking water oD CR

were not located in the published literature. Conventional Gasoline 0.94 1.24
_ _ B10 0.66 0.86

Iso-butanol is substantially less potent than MTB 0.34 0.50

in its odor and taste properties and falls within th_F10 :
Table 5-8. Odor Detection and Odor

reported range of odor threshold values for Recognition Thresholds

ethanol.

Odor threshold values for finished fuels, including B10 and E10, were also compared in
the human-panel study conducted by TRC, Inc (2007). Mean odor detection (OD) and
recognition (OR) threshold values (ppm) for conventional gasoline, B10, and E10 are
listed Table 5-8

2 Haskew, H., Liberty, T.F. and McClement, D., “Fiarmeation From Automotive Systems”, CRC
Project No. E-652004

Z Haskew, H., Liberty, T.F. and McClement, D., ,F@armeation from Automotive Systems: EO, EB,
E10, E20 and E85", CRC Project No. E652806

22 ASTM, Compilation of Odor and Taste Threshold \ésData, Committee E-18, ASTM Data Series DS
48A, 1978.
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6. Release Scenarios

6.1. Defining Release Scenarios

Fuel releases may occur during the production, transportation, storage, handling,
distribution, and use of fuel-grade iso-butanol or gasoline blended with iso-butanol. |
this chapter, a variety of potential fuel release scenarios are presdihtese scenarios
follow a life-cycle approach using examples as provided in the report on “Potential
Scenarios for Ethanol-Containing Gasoline Released into Surface and Subsurface

Waters™?3,

Figure 6-1 andFigure 6-2illustrate the life-cycle phases of bulk iso-butanol production,
transportation, storage, and blending, as well as the distribution and use of thd blende
gasoline/iso-butanol fuel. The potential release scenarios during eactaphase
summarized in Table 6-1. Each scenario includes brief description of release
assumptions, site characteristics, likelihood of occurrence, risk assesssuest and

risk management. The similarities between iso-butanol and ethanol, a referelnare
also listed for each release scenario.

6.2. Normal Releases

Iso-butanol will be biologically produced from grains, sugarcane, or cetiuttaterials.
The biomass pretreatment, fermentation, separation, and refining prdoessetgrade
iso-butanol production will be very comparable to those for ethanol. However, the
microorganisms used in the production may be different species than those used to
produce ethanol. Details on the production process are descriBedtion 3.1

Controls necessary for managing the organisms employed in the fermentatesspare
addressed iection 9.4

Production process impurities may be present in bulk fuel-grade iso-butanol. withese
typically be generated as byproducts from fermentation and will ggneaaibist of

other three to five carbon alcohols. Unlike ethanol, fuel-grade iso-butanol does not
require the addition of toxic or noxious denaturants to make it unfit for human oral
consumption. Therefore, those harmful denaturant compounds associated with typical
fuel ethanol releases may not be observed in soil and water impacted with bulk digel-gra
iso-butanol.

B Rice, D.W., S.E. Powers, and P.J.J. Alvarez. 196®L-AR-135949
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6.3. Off-Normal Releases
6.3.1. Storage, transportation, and distribution of bulk fuel-grade iso-
butanol

At the production plant, the refined bulk fuel-grade iso-butanol will typicallydredtn

large capacity, above ground storage tanks (ASTs). Because iso-butanol can be
transported through pipelines, blending with gasoline at refineries is pikfdrr this

case, bulk iso-butanol transport to refineries would primarily be through marge ar
railway tanker cars. The bulk iso-butanol will be stored in ASTs at refindtiesalso
possible that terminal blending will be required in some locations, in which case,
transportation modes will be identical to ethanol. Bulk iso-butanol would be transported
to terminals through marine cargos, rail cars, and tanker trucks. The bulk iso-butanol
would likewise be stored in ASTs at these facilities.

Releases may occur from these ASTs, associated AST piping, distributiangspahd
the various transport vehicles.

6.3.2. Storage, transportation, and distribution of blendeal gasoline/iso-
butanol fuel

Blended gasoline-iso-butanol fuel will be stored in ASTs at refineries, andlyassi
terminals where and if it is blended at those facilities. From refin¢hniedlended fuel

will be transported through pipelines to distribution terminals in the same maniser a

done for gasoline fuel. Distribution of the blended fuel to retails sites williidasbe

similar to current methods through tanker trucks. At the retail site, thevifube stored

in underground storage tanks (UST), generally 10,000 and 20,000 gallons in volume, and
eventually dispensed at the fueling pumps.

The transportation, storage and dispensing of blended gasoline-iso-butanollfoet wil

be materially different from the way ethanol fuel is handled. This includesses from
ASTs, associated AST piping, distribution pipelines, tanker trucks, USTs, and dispensing
equipment. These releases of iso-butanol fuel can impact the environment,gréyticul

soil and groundwater.

Aromatic hydrocarbons: benzene, toluene, ethylbenzene, and xylene isomexs &89 E
common groundwater pollutants associated with the petroleum hydrocarborseleas
Iso-butanol blended with gasoline will contain these constituents. Groundwatelingod
studies indicated that the rapid ethanol biodegradation in the subsurface may slow down
BTEX biodegradation and, therefore, result in a prolonged dissolved BTEX plumes. Itis
expected that iso-butanol may also impact the environmental fate of BTE)onons,

but to a lesser degree than ethanol. Ongoing environmental fate studies (seexAppend
Environmental Fate Studies Scope of Work) are examining the effects of ismlouta

BTEX biodegradation and comparing to the effects of ethanol.
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» Complete environmental environmental fate studieswrrently in progress
(described in Appendix E).

6.4. Use

During the use of iso-butanol fuel in vehicles and watercraft, releadss ¢m¥ironment
may occur through two types of emissions -- exhaust and evaporative. Exhassbresni
are the uncombusted iso-butanol fuel exiting the tailpipe, and the evaporativieesniss
are those volatilized and leaked from the vehicle/watercraft fuel trdine emissions
from an individual vehicle or watercraft are relatively low. The extent ofdleases
from all the vehicles or watercraft in California, however, may be mgrefisant but
scattered. The characteristics of the emission releases amdodiht the use of iso-
butanol fuel are discussed$ection 5.3
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Figure 6-1. Lifecycle Use of Iso-butanol - RefingrBlending
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Figure 6-2. Life-cycle use of butanol - terminal ending
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Table 6-1. Lifecycle Assessment of Iso-butanol Relses

Likelihood of Risk Management Similarity to

Scenarios | Release Assumptions| Site Characteristics Occurrence Risk Assessment Issues| Options Ethanol
Production
Release of | Large volume Assumes bulk iso- | Small likelihood of Toxicity to ecological Engineered containmentRelease
bulk iso- (>30,000 gal) iso- butanol release into| occurrence. California | receptors in direct contact to control potential scenario
butanol butanol releases to soilsrelatively pristine currently has few with the release. Any iso-| release, such as AST | identical to
from an and groundwater from | subsurface biofuel production butanol that infiltrates to | leak detection system. | fuel ethanol.
AST ata an AST or associated | conditions. facilities. This scenarig groundwater will act as a| Spill prevention and Attenuation
production | piping at an iso-butano| Petroleum represents a release | source of groundwater | containment similar.
plant. production plant. hydrocarbons are | that could occur only | contamination. Existing | contingency (SPCC) | Toxicity may

assumed to be
historically absent.

once biomass iso-
butanol production
facilities are
constructed in the state
in the future.

biological characteristics
data indicate that iso-
butanol may be relatively
rapidly attenuated in the
subsurface environment.

plans typically in place.

vary.

Storage, Transportation, and Distribution

Release
duringbulk
iso-butanol
transport by
rail or
highway
(from
production
plant to
refinery or
distribution
terminal)

Assumes that a rupturg
of a rail tank car or
tanker truck releases a|
large volume of bulk
iso-butanol (10,000 —
30,000 gal) to soil and
groundwater or surface
water. While iso-
butanol is highly
soluble, it will tend to
distribute near the

water surface because|i

is less dense than

water.

Assumes bulk iso-
butanol release into
relatively pristine
conditions.
Petroleum
hydrocarbons are
assumed to be
historically absent.

Moderate likelihood of
occurrence. Because
California may have
few iso-butanol
production facilities,
most iso-butanol used
will initially be
imported into the state

Toxicity to ecological

receptors in direct contac|
with the release. Any iso-

butanol that infiltrates to
groundwater will act as a
source of groundwater
contamination. Potential

to impact surface aquatic

ecosystem. It is likely tha
volatilization as well as
biodegradation will be
important mechanisms in
the rapid attenuation of
the bulk iso-butanol.

Rail car and truck

t tanker releases are
typically treated as an
emergency response
action and generally
require no long-term
monitoring.

Release
scenario
identical to
fuel ethanol.
Attenuation
similar but
reduced in
surface water
compared to
ethanol (lower
solubility).
Toxicity may
vary.
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Table 6-1. Lifecycle Assessment of Iso-butanol Rases (Cont.)

Likelihood of Risk Management Similarity to
Scenarios | Release Assumptions| Site Characteristics Occurrence Risk Assessment Issues| Options Ethanol
Storage, Transportation, and Distribution (Cont.)
Release Assumes that a rupture Assumes a bulk iso4 Low likelihood of Toxicity to ecological Requires bulk iso- Release
duringbulk | of a marine tanker ship butanol release into| occurrence. receptors in direct contact | butanol to be shipped in scenario
iso-butanol | releases a large volumgthe near-shore However, the with the release. Potential tomarine tankers with identical to
transport by | of bulk iso-butanol coastal marine shipment of iso- impact surface aquatic release prevention fuel ethanol.
marine (>100,000 gal) into environment. butanol as marine ecosystem. It is likely that | constructions. Attenuation
cargo tanken marine surface waters. cargo will increase | volatilization, dispersion, similar but
(from While iso-butanol is because refineries | and dilution as well as reduced
production | highly soluble, it will and distribution hubs| biodegradation will be compared to
plant to tend to distribute near will prefer receiving | important mechanisms in ethanol (lower
refinery or | the water surface larger quantities to | the rapid attenuation of the solubility).
distribution | because it is less densg minimize handling bulk iso-butanol. Toxicity may
terminal) than water. rail cars and tanker vary.
trucks.
Release of | Large volume Fuel hydrocarbons | Moderate likelihood | Toxicity to ecological Engineered containmentSimilar to
bulk or (> 20,000 gal) bulk iso{ are assumed to be | of occurrence. receptors in direct contact | to control potential ethanol release
blended butanol or blended fuel historically present with the release. The iso- | release, such as AST | scenario at
iso-butanol | release from an AST of and may be present butanol is assumed to leak detection system. | distribution
from an associated piping to as free product interact with soils impacted| Spill prevention and terminals.
AST (or soil and groundwater at trapped in the with existing fuel containment Attenuation
associated | a petroleum refinery | subsurface. hydrocarbons (ongoing contingency (SPCC) similar.
piping) at a | site. environmental fate testing toplans typically in place.| Toxicity may
refinery examine - seéppendix E). | Manage the location of| vary.
Previously immobile iso-butanol ASTs to
hydrocarbons may now be | avoid known areas of
mobilized to groundwater. | petroleum hydrocarbon
An existing fuel releases. Remediate the

hydrocarbon groundwater

fuel hydrocarbon
releases.

plume may be expanded.
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Table 6-1. Lifecycle Assessment of Iso-butanol Relses (Cont.)

Site Likelihood of Risk Management Similarity to
Scenarios Release Assumptions Characteristics Occurrence Risk Assessment Issues Options Ethanol
Storage, Transportation, and Distribution (Cont.)
Release of Large volume Fuel hydrocarbons | Moderate likelihood | Toxicity to ecological Engineered containment Release
bulk or (> 20,000 gal) bulk are assumed to be | of occurrence. receptors in direct to control potential scenario
blended iso- | iso-butanol or blended historically present contact with the release.| release, such as AST | identical to
butanol from | fuel release from an | and may be present The iso-butanol is leak detection system. | fuel ethanol.
an AST (or AST or associated as free product assumed to interact with| Spill prevention and Attenuation
associated piping to soil and trapped in the soils impacted with containment similar.
piping) at a groundwater at a subsurface. existing fuel contingency (SPCC) Toxicity may
distribution distribution terminal. hydrocarbons (ongoing | plans typically in place. | vary.
terminal environmental fate Manage the location of
testing to examine - see| iso-butanol ASTs to
Appendix E). Previously| avoid known areas of
immobile hydrocarbons | petroleum hydrocarbon
may now be mobilized to releases. Remediate the
groundwater. An existing fuel hydrocarbon
fuel hydrocarbon releases.
groundwater plume may
be expanded.
Release of Assumes a rupture of @Assumes blended | Moderate likelihood | Toxicity to ecological Engineered containment Release
blended iso- | pipeline releases a iso-butanol fuel of occurrence becausgreceptors in direct to control potential scenario
butanol medium volume release into blended iso-butanol | contact with the release.| release, such as pipelingunique to
during (>10,000 gal) of relatively pristine can be transported Any blended iso-butanol| leak detection system. | blended iso-
transportation | blended iso-butanol | subsurface through pipeline in fuel that infiltrates to butanol fuel.
through a fuel to soil and conditions. California. groundwater will act as a Attenuation
pipeline (from | groundwater. Petroleum source of groundwater similar to
refinery to hydrocarbons are contamination. Existing similar ethanol
distribution assumed to be biological characteristics releases.
terminal) historically absent. data indicate that iso- Toxicity may
butanol may be relatively vary.
rapidly attenuated in the
subsurface environment
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Table 6-1. Lifecycle Assessment of Iso-butanol Relses (Cont.)

Likelihood of Risk Management Similarity to
Scenarios | Release Assumptions| Site Characteristics Occurrence Risk Assessment Issues Options Ethanol
Storage, Transportation, and Distribution (Cont.)
Release of | Assumes that blended| Assumes release Moderate likelihood of| Toxicity to ecological Truck tanker releases | Release
blended iso- | iso-butanol is occurs onto roadside occurrence. receptors in direct contact are typically treated as| scenario
butanol transported by tanker | environments where with the release. Any an emergency responsgidentical to
during truck to a retail site. fuel hydrocarbons blended iso-butanol fuel | action and generally | fuel ethanol.
tanker truck | Assumes a large are historically that infiltrates to require no long-term | Attenuation
transport volume (~5,000 gal) is| absent. groundwater will act as a| monitoring. similar.
(from a released to soil and source of groundwater Toxicity may
distribution | groundwater or surface contamination. vary.
terminal to | water bodies. Potentia Concentrations of BTEX
retail sites) | for a release to streets in groundwater may
and urban storm drains. initially be somewhat
higher than for standard
gasoline spill (cosolvency
examined in ongoing
environmental fate testing
- seeAppendix E).
Release of | Assumes that blended| Assumes a small A likely and common | Toxicity to ecological UST over-fill buckets | Release
blended iso- | iso-butanol fuel is mass of petroleum | release scenario. receptors in direct contact associated with scenario
butanol at a | spilled during UST hydrocarbons with the release. The isoq{ upgraded USTs should identical to
retail site filling at a gas station. | historically present butanol is assumed to minimize these fuel ethanol.
during UST | A low-volume (< 50 in the subsurface interact with soils releases. Attenuation
filling gal) is released to soil | and may be present contaminated with similar.
and groundwater. as free product existing petroleum Toxicity may
Potential for a release | trapped in the hydrocarbons (ongoing vary.

to streets and urban
storm drains.

subsurface.
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Table 6-1. Lifecycle Assessment of Iso-butanol Relses (Cont.)

Likelihood of Risk Management Similarity to
Scenarios | Release Assumptions| Site Characteristics Occurrence Risk Assessment Issues Options Ethanol
Storage, Transportation, and Distribution (Cont.)
Release of | Assumes a small Assumes release | A likely and common | Potential to release a largeCurrent requirement for Release
blended iso- | puncture of the UST off may occur into release scenario. cumulative mass of USTs to use double- | scenario
butanol at a | associated piping subsurface Evaluation will be blended iso-butanol fuel | walled containment identical to
retail site resulting in a low environments with | important to estimate | due to the large number ofreduce the likelihood of fuel ethanol.
from a small | volume release of or without historic | potential impacts to USTs in operation and thgethis scenario. Attenuation
UsT blended iso-butanol hydrocarbon fuel groundwater resources.potential for small leaks similar.
puncture fuel (<3 gal per day). | contamination. to go undetected. The isg-
butanol is assumed to
interact with soils
contaminated with
existing petroleum
hydrocarbons (ongoing
environmental fate testing
to examine - see
Appendix E).
Release of | Assumes a large Assumes release Moderate likelihood of| Typically, larger UST Current requirement for Release
blended iso- | puncture of the UST off may occur into occurrence. leaks are rapidly detected,USTs to use double- | scenario
butanol at a | associated piping subsurface and corrective action is | walled containment identical to
retail site resulting in a high environments with initiated. The iso-butanoll reduce the likelihood of fuel ethanol.
from large volume release of or without historic is assumed to interact this scenario. Attenuation
UsT blended iso-butanol fuel hydrocarbon with soils contaminated similar.
puncture fuel (~<10 gal per day). contamination. with existing petroleum

hydrocarbons (ongoing

environmental fate testing

to examine - see
Appendix E). Previously
immobile hydrocarbons
may now be mobilized to
groundwater. An existing
fuel hydrocarbon
groundwater plume may

be expanded.
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Table 6-1. Lifecycle Assessment of Iso-butanol Relses (Cont.)

Likelihood of Risk Management Similarity to

Scenarios | Release Assumptions| Site Characteristics Occurrence Risk Assessment Issues| Options Ethanol
Storage, Transportation, and Distribution (Cont.)
Use
Release of | Assumes very small | Assumes pristine A likely and common | The biodegradation and | Increase engine Release
blended volume of fuel released freshwater lakes and release scenario volatilization of iso- combustion efficiency. | scenario
iso-butanol | through exhaust as rivers butanol in surface waters identical to
from uncombusted free is expected to be rapid. fuel ethanol.
watercraft | product. Small increases in nutrient Attenuation
emissions loading and decreases in similar.
into surface dissolved oxygen
water concentrations may occur.
bodies.
Tailpipe Assumes iso-butanol | Assumes A likely and common | Iso-butanol emissions Release
emissions | vapors and combustion widespread non- release scenario. preferentially partition scenario
from vehicle | products will partition | point source into water and will be identical to
or into atmospheric deposition with expected to rainout. The fuel ethanol.
watercraft | moisture. various amounts of biodegradation of iso- Attenuation
(using recharge to butanol in surface waters similar.
blended groundwater and is expected to be rapid.
iso-butanol) runoff to surface
to surface water bodies.
soils and
waters.
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7. Environmental Transport and Fate of Iso-butanol

According to the risk assessment report (includefippendix B: US EPA Profiler

Estimation) published under the framework of Screening Information Da{&s IBS)

program by Organization for Economic Cooperation and Development (OECD), iso-butanol
is manufactured at 16 plant sites in the United States of America (all li@ngoal-based
processes) and is considered a high production volume chemical. This report included the
current state of knowledge of iso-butanol from an extensive literature rep@vgored by the
US EPA, Risk Assessment Division. The SIDS data can be used to "screen'nineathand

set priorities for further testing or risk assessment/managemeiitiest The US EPA

considers the OECD/SIDS testing program to be an integral part of the U.S&tidome
chemical testing program under TSCA.

The OECD SIDS report concluded thhsd-butanol is currently of low priority for furthe
[environmental] work due to its low hazard profiend thathese [human health] hazards
do not warrant further work as they are related teversible, transient effects that may
become evident only at high exposure levels.

In addition, the US EPA PBT Profilés used to predict the potential of iso-butanol to persist
or bioaccumulate in the environment, and its toxicity to human health and the environment.
The PBT Profiler is a research tool to identify chemicals that may netbeif evaluation for
potential persistence, bioaccumulation, and toxicity. The details of the REIEPr

estimation for iso-butanol are also included\ppendix B: US EPA Profiler Estimation

The EPA PBT profiler estimation verified thab-butanol is estimated not to be persistent in
the environment, iso-butanol is not expected todmoumulate,and iso-butanol is not
chronically toxic to fish

The data from the OECD SIDS report and the PBT profiler are presented in titis s@c
discuss the iso-butanol environmental fate, transport, and exposure.

7.1. A Multimedia Framework for Fate, Transport and
Exposure

Iso-butanol may be present in the environment through releases from wasts sineam
manufacturing and processing, through spills during bulk liquid storage and trangppésit
well as through leaks during the distribution and use of gasoline-iso-butanoleneés blso-
butanol is also a naturally occurring substance associated with the natmeaitiion of
carbohydrates, fruits, animal wastes, and microbes, and as a plant volatile.

The primary routes of environmental releases are from surface spills andacd$eaks. In

the case of surface spills, iso-butanol can be volatilized into the atmospherbeddsdn

soil, and dissolved in water. When released into the subsurface, iso-butanol can belabsorbe
onto soil and potentially dissolved in groundwater. Once exposed in the atmosphere, iso-
butanol can be degraded through photochemical reactions and aerobic biodegradation. Iso
butanol can also be biodegraded in the unsaturated soil (aerobically), surface wate
(aerobically or anaerobically), and groundwater (typically, anaerdbpbloat aerobically as

well).
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Human exposure to iso-butanol may occur in the work environment, while using iso-butanol
fuel, or by contact with soil or water impacted with iso-butanol. Workplace exposiumng dur
manufacture, storage, transportation, and handling of iso-butanol is limited based on those
processes being enclosed and mitigated through design of equipment, process contr
equipment, administrative controls, or personal protective equipment. The current
Occupational Safety and Health Administration (OSHA) permissible expbsutr¢PEL) for
iso-butanol is 100 ppm (300 mgfjras an 8-hour time-weighted average (TWA)
concentratioff. The OSHA PEL for ethanol is 1,000 ppm as an 8-hour TWA. Since iso-
butanol is flammable at a concentration range of 1.7% to 10.6%, precautions are taRen to |
open vapor concentrations in the workplace.

Consumer exposure to iso-butanol as a fuel component during the dispensing and use is also
limited and is similar to the exposure posed by ethanol fuel or gasoline. Cuspriging
equipment should mitigate any liquid exposures to the consumer in manners identical to
ethanol-based fuels or gasoline. Fuel dispenser vapor recovery units shoulclikévgate
emission exposures while dispensing.

Iso-butanol and other gasoline-iso-butanol fuel components can impact soil and groundwater
from fuel releases. While immediate exposures to the impacted soil shouldtbd Imi
frequency and duration, long-term exposure may be possible if the gasoline-iso-fughnol
components impact and dissolve in groundwater. People who use the contaminated
groundwater may thus be exposed.

7.2. Data Needs for Multimedia Transport

A series of physical, chemical, and biological processes control thenthteaasport of iso-
butanol in the environment. The major physical processes include partitioning thhetatee
and fuel, volatilization from water and fuel, as well as sorption to soil. A mutarteansport
study requires physical-chemical properties, photo-oxidation rates, and biodiegrddsa to
calculate the distribution of the iso-butanol mass in air, water, soil, and s¢chmadia and

its persistence in the environment if a fuel release occurs. Tablist3-the physical-
chemical properties of iso-butanol and ethanol for comparison. The environmentabbeha
of iso-butanol may also impact the fate of other fuel hydrocarbons in bngaso-butanol

fuel blend. The effects of iso-butanol on the partitioning and biodegradation of petroleum
hydrocarbons are also being evaluated and are discussed in this report.

Iso-butanol may be rapidly photodegraded (oxidized) in the atmosphere, but is meestabl
soil and water. Biodegradation is the dominating process of mass reduction in the
environment for petroleum hydrocarbons and ethanol. The susceptibility of iso-butanol to
biodegradation is an important characteristic in estimating the fateaarsghart of iso-

butanol in the environment. Field measurement of iso-butanol in fuel impacted aquifers
appears not available yet. The only field data related to iso-butanok#iarcis the

Hazardous Substances Data Bank (HSDB) that iso-butanol has been observed at levels
ranging between 142 and 652 ppm in the Hyashida River, which contained effluents from the

2429 CFR 1910.1000, Table Z-1
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leather industry?. The evaluation of the fate and transport of iso-butanol fuel in the
environment is limited to model estimation and laboratory research. Currenthprenental
fate studies examining the biodegradability, mechanistic pathways, arniorsa@md
partitioning characteristics are being conducted by Butamax™ Advano&cBi (see
Appendix E).

Table 7-1. Physical-Chemical Properties of Iso-butal and Ethanol

Property Iso-butanol ® Ethanol
Molecular weight 74 46
Melting point (°C ) -108 -114.1°¢
Boiling point (°C) 108 78.5
Relative density 0.806 at 15°C 0.79

Vapor pressure (hPa) 25°C 13.9 65 to 75.3
Water solubility (g/L) at 25°C 85 miscible
Partition coefficient n-octanol/water (log,K 0.79 -0.31°
Henry’s law constant (atm ¥mol) 1.19x106°  5.131t08.77 x18™ ¢

%so-butanol data obtained from OECD SIDS report
PEthanol data obtained from Glenn Ulrich, 1999
‘Data obtained from California EPA

dData obtained from Ueberfeld, 2001

7.3. Abiotic Properties Influencing Iso-butanol Migration in
Environmental Media

7.3.1. Volatilization of Iso-butanol

According to the US EPA 2004 User’s Guide for Evaluating Subsurface Vapor éntint
Buildings, chemicals with a Henry’s Law constant greater than 1.8 att-n¥/mol are
categorized as volatile. The Henry's Law constant for iso-butanol slagdd to be

1.19x10° atm-nt/mol and is therefore considered slightly to moderately volatile based on this
definition. Ethanol has a Henry’s Law constant of 5.13 to 8.77 afr@-n/mol, and is
considered not volatile. By comparison, many gasoline components are considetk] vola
including benzene which has a Henry’s Law constant of 5.58 atho-n/mol. Similar to

ethanol, iso-butanol is less likely to volatilize from water into the atmosphleee. T
atmospheric partial pressure of iso-butanol (13.9 hPa at 25°C) is five timeghaweathanol

(65 to 75.3 hPa), thus the evaporative emissions of iso-butanol from non-aqueous liquid fuel
in direct contact with air should be much less significant than those of ethanolETi2 O

SIDS report included a model estimation of iso-butanol volatilization from acguvater

bodies and concluded thatlatilization is a minor transport and removal pcess of iso-

butanol from surface waters

% .S. EPA, 1986
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7.3.2. Partitioning of Iso-butanol between Water an  d Fuel

The solubility of iso-butanol is 85 g/L and its n-octanol/water partition aeffi is 0.79 (log
value). Ethanol is miscible in water and has an n-octanol/water partitidiceogfof -0.31

(log value). Therefore, iso-butanol is an order of magnitude less solubleecintiagt

ethanol. If a bulk iso-butanol spill enters water, high dissolved iso-butanol conicerstican

be expected, but it should only be a fraction of the concentration of ethanol which would be
observed from a bulk ethanol release. Ethanol concentrations exceeding 10,000 ppm (1 vol%)
were observed after a bulk fuel-grade ethanol release at a termineth¢Bk<003). If this
scenario had been a bulk iso-butanol release instead of ethanol, the expecteghislio-but
concentration would have been expected to be an order of magnitude lower given the lower
solubility (partial vs. complete miscibility) and n-octanol/wateripart coefficient (order of
magnitude difference) between iso-butanol and ethanol, respectively.

Because the gasoline-iso-butanol fuel mixture may contain 16% by volumeselglaigh
iso-butanol concentrations are also likely to be observed in groundwater frombéeheel
release. In a static system, where the fuel blend is allowed to equilibtiateater, the
concentration of a soluble compound can be calculated using a partitioning mass balan
model, such as the Rixey model developed at the University of Houston. The Rixeysnodel
used to estimate the dissolved iso-butanol and ethanol concentrations from relaakg% of
v/v iso-butanol fuel and a 10% v/v ethanol fuel, respectityure 7-1 shows the predicted
equilibrium alcohol concentrations as functions of the total hydrocarbon conaantresioil.
The details of the simulation areAppendix C: Equilibrium Dissolved Iso-butanol/Ethanol
Concentration Estimation. The dissolved iso-butanol concentration is skgbédter than
ethanol when the total soil hydrocarbon concentration is less than 15 g/kg. As tkeitotal
hydrocarbon concentration increases, the iso-butanol concentration starthtarrea
asymptotic value at its selective solubility while the ethanol concemtredntinues
increasing.

A typical UST release of a blended fuel may result in a total soil hydrogaoncentration

of less than 10 g/kg. The calculated equilibrium iso-butanol and ethanol cotioastha

water are around 8,000 mg/L. Experience indicates that the theoretical ague@mrations

could be an order of magnitude higher than those that would actually be observed in the field
measurement due to water dilution by natural groundwater flow (hon-statitions). The

rate of alcohol diffusion from gasoline may also limit its dissolution intowatesrefore, the
dissolved iso-butanol concentration from a gasoline-iso-butanol blend is untiketgeed

1,000 mg/L.

Page 54 of 71



Biobutanol Multimedia Evaluation Tier | Report

200000

1
Isobutanol —— Ethanol

20000
15000 1
10000 1
5000 -

180000 A

160000 A

140000 A

Isobutanol or Ethanol
(mg/L

120000 - 0 10 20
TPH (g/kg)
100000

80000

60000

Isobutanol or Ethanol (mg/L)

40000

20000

0

0 20 40 60 80 100 120 140
TPH (g/kg)

Figure 7-1 Equilibrium dissolved alcohol concentraibn in subsurface water

7.3.3. Cosolvency

The presence of ethanol in water can significantly increase the solabiigtroleum
hydrocarbons. The phenomenon is referred as ethanol cosolvency. Laboratory batc
equilibrium experiments on this topic concluded the following.

“Benzene, Toluene, Xylenes and other hydrocarbonaantrations can be
significantly enhanced when ethanol concentratiomsthe aqueous phase are
greater than 10% by volumdenzene is enhanced by a factor of 1.2 at 10% v/v
ethanol. Enhancements increase in proportion tamohconcentration and are much
greater for lower solubility compounds (e.g., entement for 1,2,4-trimethylbenzene
>> benzene). These results are also consistent pvghiious studies (Heerman and
Powers, 1998).2°

Because of the high dissolved ethanol concentration threshold for noticeable cgsolvenc
effects to occur, BTEX solubility may be enhanced only under the scenario of adlulk f
ethanol release onto existing liquid non-aqueous phase hydrocarbons in soil. Spillaaf etha
fuel blends (containing 10% v/v ethanol) are unlikely to produce sufficiently higblksis
ethanol concentrations to generate an obvious increase of petroleum hydrocarbon
concentrations in water.

% Rixey 2005
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The solubility of iso-butanol is 85 g/L (10.5% by volume using a relative density of 0.806
g/cnt) and, therefore, the expected dissolved iso-butanol concentration may be orders of
magnitude less than this theoretical maximum of 10.5% v/v, even from a bulk iso-butanol
release. Based on comparison to the threshold level for ethanol (Rixey, 2005), the lower
expected dissolved iso-butanol concentration is unlikely to materially enhancie e
hydrocarbon solubility. Therefore, cosolvency appears not to be a concern forasotbut
However, a laboratory batch equilibrium test will be conducted to verify thisilspien (see
Appendix E).

7.4. Aerobic and Anaerobic Biodegradation of Iso-butanol

It is well documented that the biodegradation of hydrocarbons by natural memengis

the primary mechanism for the natural attenuation of fuel spills in aquiteesm@jority of

the hydrocarbons, such as BTEX and alcohols, can be readily biodegraded under various
oxidative-reductive (redox) conditions. This includes aerobic (oxygenated) enemtsas
well as reductive environments (nitrate reducing, iron reducing, sulthieing,

methanogenic, etc. conditions).

The aerobic iso-butanol biodegradation has been reported in several testy¢hadnducted
following specific US or OECD test guidelines. The aerobic biodegradabilispdiutanol is
calculated from either the consumption of oxygen (biochemical oxygen demandsdgorea
the mass reduction of test substrate during a standard time frame. Thsteidc
biochemical equation of iso-butanol aerobic biodegradation is shown in

C,H,OH +60, - 4CQO, +5H.,0 Equation 7-1 The theoretical oxygen demand of iso-

butanol is 2.59 mg £per mg iso-butanol.

C,H,OH +60, — 4CQ,+5H,0  Equation 7-1

For reference, the corresponding aerobic biodegradation equation is given as
C,HOH +30, - 2CO,+3H,0  Equation 7-2 The theoretical oxygen demand of

ethanol is 2.09 mg £per mg ethanol.

C,H.OH +30, - 2CQ,+3H,0  Equation 7-2

Table 7-2 summarizes the aerobic iso-butanol biodegradation tests that antéepr@sthe
OECD SIDS report. The OECD SIDS report concluded based on those publishéhtlata
these data indicate that iso-butanol is readily Begradable”(with the presence of oxygen).
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Table 7-2. Summary of Iso-butanol Aerobic Biodegradtion Studies®

Biodegradation percentage

Reference
5 dayq 10 dayq 15 dayq20 dayq 30 days

64% | 73% 76% 72% 20-day BOD test, (Price et al4)97

0,
14% 74% (d7a‘)1//§8 OECD 301D Closed Bottle test (Waggy et al. 1994)

61% [ 75% 55% | 30-day BOD test at 30°C( Dias anck#teer ,1971)
55% 73% 75% OECD 301D Closed Bottle (Huels AG, 1978)
@ The table is compiled using data adopted from the OECD SIDS report.

Currently, ongoing studies conducted by Butamax™ Advanced Biofuels are egthat
aerobic and anaerobic biodegradability of iso-butanol under various redox conditions.
Furthermore, the biodegradation pathways, kinetics, identification of breakdown products
and microbial characteristics are being elucidated in these studieli ésee&ppendix E).

7.5. The Estimation of Iso-butanol Transport in
Environmental Media

The PBT profiler estimation (see Appendix B) concluded‘tiha¢leased to the

environment, iso-butanol is expected to be founégominantly in soil. It is also expected

to be found in water, but not in sedimentAlso, “iso-butanol is estimated not to be
persistent in environment.”A similar evaluation of ethanol concluded that “If released to the
environment, ethanol is expected to be found predominantly in soil. It is also exjedoted t
found in water, but not in sediment.” Also, “Ethanol is estimated not to be persistent in the
environment.”

The OECD SIDS assessment conducted a fugacity modeling (Levedtiljagion using the

EPA EPIWIN (v.3.10) tool. Input parameters are summarized in Table 7-3. Elpasla®to

air, water, and soil were assumed. Media-specific half-lives wezetedlor calculated by the
model. The model used a half-life of 37.3 hours for atmospheric photo-oxidation, while
biodegradation half-lives in water, soil, and sediment were 360 h, 360 h, and 1440 h,
respectively. Biodegradation half-lives were selected by the model basieel on

biodegradation sub-models within EPIWIN (v.3.10). All other parameters usedhweer

model default values. The results support the above conclusions regarding the movement of
iso-butanol in the environment with 4.85% distributing to air, 51.6% to water, 43.4% to soil
and 0.091% to sediment.

The OECD SIDS assessment of ethanol using fugacity modeling (LHv&@towed ethanol
movement in the environment with 57% distributing to air, 34% to water, and 9% to soll
(sediment was not evaluated). However, the release assumptions used a ratial6DI0DO
air:.water:soil based on usage patterns and expected release scenamposad wpequal
releases for iso-butanol.
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Table 7-3. Fugacity Modeling Input Parameters For $o-Butanol And Ethanol

Property Iso-butanol Ethanol 2
Molecular Weight 74.12 46.07
Melting Point -108°C -114°C
Boiling Point 108°C 78.3°C
Water Solubility 85,000 mg/L Fully miscible
Log Kow 0.79 -0.31
Henry’s Law Constant 1'1m933;r‘?0?tm' 2.52e-4 atm-rfimol
Atmospheric Photo-Oxidation Half-Life 37.3 hours 203 hours
Biodegradation Half-Life in Water 360 hours 182 hours
Biodegradation Half-Life in Sail 360 hours Not given
Biodegradation Half-Life in Sediment 1440 hours 210 hours

& Data taken from Mackay et al, 1996 in OECD SIDS.

7.6. Impacts of Iso-butanol Biodegradation on Petroleum
Hydrocarbon in Groundwater

Ethanol fuel release studies reported that the presence of ethanol in wateaffsmilthe
environmental fate of petroleum hydrocarbons. Ethanol is more prone to biodegradation than
petroleum hydrocarbons. Microorganisms may preferentially degradeoktieéative to

petroleum hydrocarbons in the subsurface. The rapid biodegradation of ethanol in
groundwater may also consume electron acceptors which otherwise are ubked for
biodegradation of petroleum hydrocarbons. This secondary impact of ethanol orupetrole
hydrocarbons was reported in several laboratory studies and fiefd. tetthematical

modeling estimated that the ethanol biodegradation can slow down BTEX biodegradat

and, therefore, prolong the groundwater contamination plume from an ethanol fueffelease

Iso-butanol is also readily biodegradable in the subsurface, and may retaiatgradation
of petroleum hydrocarbons in groundwater. Very limited data are availableltatevine
impacts of iso-butanol biodegradation on the petroleum hydrocarbons fate and trianisyor
subsurface. However, ongoing environmental fate studies conducted by Butamax™
Advanced Biofuels are evaluating the potential impacts of iso-butanol ortékenfa
petroleum hydrocarbon degradation (8e@endix E).

27 power 2001
% Mackay 2006
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8. iso-Butanol Toxicity

8.1. Human/Ecological Risk

Human Health: A robust battery of mammalian toxicity studies indicates that iso-
butanol has a very low hazard profile (OECD SIDS dossier). Test data irntliaate

human exposure to iso-butanol in neat or concentrated form may produce skin and eye
irritation, and CNS depression. These potential health effects, typical ofcragall
alcohols, are transient, reversible, and occur only at very high exposures. Ethanol
produces the same profile of transient health effects, also at very high exposures

Ecological: Iso-butanol has a low order of toxicity to fish, amphibians, aquatic
invertebrates, plants, algae, bacteria and protozoa. Iso-butanol is classffieaday
biodegradable” under aerobic conditions (according to OECD criteria). The ociaiieol
partitioning coefficient (log k) for iso-butanol and its calculated bioconcentration
factor indicate that bioaccumulation in food webs is not expected. Based onlLevel |
distribution modeling it is estimated that the majority of iso-butanol reldastne
environment will partition into water and soil. After soil exposure, iso-butanol is
expected to migrate readily through soil to groundwater and can - dependant on
degradation - transported to deeper soil areas with larger water loadsjwatem
contamination is possible. Given its limited water solubility and relatiwsiyrholecular
weight, a Henry's law constant of slightly > 1 P&/mnol was calculated, indicating that
iso-butanol will only slowly evaporate from water surfaces into the atmasphee
photochemical removal of iso-butanol as mediated by hydroxyl radicals oetatrgaly
slowly (Ty2 > 24h).

The human health and ecological risks posed by the use of iso-butanol as a biofuel is
expected to be minimal.

8.2. Acute Oral and Acute Dermal Toxicity

Iso-butanol has a low order of acute toxicity by all routes (OECD SIDS dos$iee

oral and dermal LE) values are > 2,000 mg/kg (rat). The oral and dermal LD50 values

for ethanol are reported to be in the range of 7,000 to 9,000 mg/kg (rat) and 13,000 mg/kg
(rabbit), respectively.

8.3. Toxic Air Pollutants and Human Health

Effects of iso-butanol on toxic air pollutant levels and the resultant impactfithene
human health — requires information fr&action 5
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8.4. Aquatic Toxicity

Endpoint Effect concentration (i-Butanof®) Effect concentration (Ethanof?)
: Pimephales promelas (e.g.Salmo gairdnetiPimephales
Fish 96-h LGy > 1000 mg/L promela3 96-h LG, > 1000 mg/L

e.g.Artemia salina
(e.g.Daphnia magna Strau®aphnia | 24-h LG, = 1000 mg/L

Pulex Ceriodaphnia reticulate Artemia Salina with a 24hr LC50 of 1833
Aquatic 48-h LG, >1000 mg/L mg/l.
Invertebrate

Daphnia magna Cerodaphnia sp

21-d NOEC > 20 mg/L 10-d NOEC = 9.6 mg/I (10 day

reproduction)

Scenedesmus subspicatus Chlorella vulgaris

48-h EGo/ EGo> 100 /1000 mg/L | 96-h EGo= 1000 mg/L
Green Algae

Scenedesmus quadricauda Lemna gibba

EC; > 100 mg/L 7-d NOEC =280 mg/|

Table 8-1. Comparison of Ecotoxicity data for i-Btanol (CAS# 78-83-1) and Ethanol (CAS# 64-17-5)

Acute aquatic fish, aquatic invertebrate, and algae toxicity data ataldedor iso-
butanol. An acute test with fathead minnows reported a 96-hoyraf© 1000 mg/L.
Forty-eight hour EG values of > 1000 mg/L were reported for different water column-
dwelling invertebrate species. In conclusion, the results, reported show thatasol

is, with high probability, not acutely harmful to aquatic organisms.

A chronic test (evaluation parameters: mortality of the parent animpaisdrection rates
and appearance of the first offspring during the test period) resulted in a NQ&EC
mg/L for Daphnia magna

Table 8-1also shows the reprehensive ecotoxicity endpoints for ethanol for
comparison (from the OECD SIDS document). This illustrates the low aquaticihaz
potential for both of these two alcohols.

We were not able to find literature, which is available to the general public,
demonstrating that ethanol-gasoline blends might be more toxic to aquatic mganis
than either neat ethanol or 100% gasoline. We suggest a two tiered approach to
investigate this possibility. In Tier 1, we would evaluate the results of the phas

29 OECD. 2004. SIDS initial assessment report for SIA8+ isobutanol (CAS No: 78-83-1). Berlin,
Germany

30 OECD. 2004. SIDS initial assessment report for SI2A8+ Ethanol (CAS N@4-17-5. Berlin,
Germany
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partitioning/cosolvency study (study #3) which is already planned. This stuldpa®s

if butanol- or ethanol- gasoline blends may increase aqueous concentrations ofljyotentia
toxic fuel constituents (e.g. enhancing solubilization, migration of the moncatiosm
benzene, toluene, ethyl-benzene and xylenes). We are predicting that the ialibstant
lower butanol water-solubility (85 g/l at 25°C) relative to that of ethanol (108$¢ilvte)

will result in a much lower partitioning of potentially toxic fuel constituents the

aqueous phase. If the test results support this prediction, we do not believe that additional
aguatic toxicity testing on Bul6 are needed and that the existing data base onat00% is
butanol and gasoline is sufficient for the purpose of conducting the risk assessment.
However, if concentrations of these constituents are be found to be elevated in the
aqueous phase of butanol-gasoline blends over E10, we would institute Tier 2) which
would include conducting a series of aquatic toxicity tests on Bul6 and E10 with the
appropriate internal controls. A test plan describing the methodology would be sdbmitte
to MMWG for review and comments prior to test initiation.

8.5. Toxicity in Aerated Soil

Although terrestrial ecotoxicological data on iso-butanol were not availaited read
across data from 1-butanol were now identified in a report of the interngpi@ggbm

on chemical safefy. The IPCS report states the seed germination in lettuce (Lactuca
sativa) and cucumber (Cucumis sativus) was inhibited by 50% at a conoentfat:
butanol of 390 mg/l and 2500 mg/l, respectiVélyFurthermore, 1-Butanol had an
antisenescence effect on the leaves of oat seedlings (Avena sathath riaintained
chlorophyll levels and prevented proteolysis in the Hark

This terrestrial ecotoxicological data is not extensive and speciesdtr@i not routinely
used in today's risk assessments. But the data follow the general trend of supporting —
especially by including the existing aquatic toxicity data — that butanatasbmers
should not represent a significant risk. Given that spills and leaks to subsurface soil ar
the most important exposure scenarios, terrestrial plants are not ligeptoes. In this
respect, toxicity data for microorganisms are more important becaosgbral activities

on biodegradability might be influenced. A very recent study, which elucidated@erobi
biodegradation of butanol and gasoline blends, revealed that the addition of alcohols to
gasoline resulted in positive synergic effects on fuels biodegradation in soibsgrd w
matrices, whereas results suggest that, in soil, butanol better enhanced ¢geduiation

of gasoline than ethari8l The IPCS report’s read across data on 1-butanol clearly
revealed that it would be highly unlikely that bacteria would be affected by batatol

its isomers in the field. Protozoan are more susceptible than bacteria, buaositpty
effects on protozoan populations are likely from spills and effluent since theregptal

3L IPCS No. 65, World Health Organization, Geneva&7.9
32 Reynolds, 1977; Smith & Siegal, 1975
¥ gatler & Thimann, 1980

34 Mariano et al., 2009
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no-observed-adverse-effect levels are high (alsdabk 8-2below): 1-Butanol at a
concentration of 20 mg/l in water reduced nitrification; a concentration of 5 rag/tive
no-observed-adverse-effect level for nitrificaffton1-Butanol does not bioaccumufite

Species Concentration / Parameter Reference
Protozoa
Uronema parduczi (ciliate) | 8 mg/l (20-h no-observed-adverse-| Bringmann &
effect level / total biomass Kuehn (1981)
Chilomonas paramaecium | 28 mg/l (48-h no-observed-adverser Bringmann &
(flagellate) effect level) / total biomass Kuehn (1981)
Entosiphon sulcatum 55 mg/l (72-h no-observed-adversef Bringmann &
(flagellate) effect level)/ total biomass Kuehn (1981)
Bacteria
Pseudomonas putida 650 mg/l (16-h no-observed-adverseBringmann &
effect level)/ total biomass Kuehn (1976)
Bacillus subtilis 1258 mg/l (EC50) / spore YasudaYasaki
germination et al. (1978)
Culture on acetate 7400 mg/l / no degradation inhibition Chou et al.
substrate (21978)

Table 8-2. Toxicity Data for Microorganisms

There are no relevant ecotoxicity data on terrestrial animals; hovesviar terrestrial
plants, significant exposure to butanol is unlikely. The butanol IQgK0.79 indicates
that terrestrial animals are exposed exclusively to the pore water @illtHeis possible
to generate effect data on soil animals, directly exposed via pore wdfer soil, based
on the equilibrium partitioning method using existing aquatic toxicity data arsbihe
water partition coefficient (Ki.-watep. EXisting butanol aquatic toxicity data can be
considered to calculate predicted no effect concentration of soil organismseb&haus
Ksoil-waterca@N be calculated once study #2 (soil sorption) is conducted and results are
available.

The following formula will be used:

PNEGsil = (Ksoil-water/ RHGs0i)) X (PNEGyater X1000%)
* Assessment factor to address uncertainties

Explanation of Symbols
PNEG.wer Predicted No Effect Concentration in Water [mg |

RHO; Bulk density of wet soil 1700 kg x’n
K soil-water Partition coefficient soil water [Prx m?]
PNECi Predicted No Effect Concentration in Soll [mg X*kg

35 Nazarenko, 1969

36 Chiou et al., 1977
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9. iso-Butanol Life Cycle Impacts

9.1. Life Cycle Assessment

As indicated in Section 1.2, iso-butanol will initially be produced from the same
feedstocks as ethanol through retro-fits of existing grain and sugamathanol assets.
As with bio-ethanol, factors such as agricultural feedstock selection, co-product
production and use, and the source of electricity and steam are the most significant
contributors to the overall Life Cycle Assessment (LCA) results. lodke of a retrofit,
these aspects of the biorefinery are likely to remain unchanged and so thedu@8 are
likely to be similar.

In addition, individual iso-butanol facilities, just like bioethanol facilities attaty, will
have their own site specific greenhouse gas (GHG) emission and energy use profil
Depending on the many factors listed above, there is a rather wide range in GHG
emission results for bioethanol plants today. While the differences among various
bioethanol processes can be significant, the difference between the GH® e prishle

of an existing ethanol facility and this same facility retrofitted to predsw-butanol are
expected to be small. However, this assertion will be tested by conductingiaof L2
iso-butanol production system and comparing it to the existing production system for
bioethanol.

» Complete the LCA for retrofits of typical existing grain and sugarcane based
ethanol plants to iso-butanol production.

LCA is currently being used as an iso-butanol process development tool during the
piloting phase. LCA is used alongside process development and economic evaluation to
guide the research and development team to the most sustainable iso-butanolalesign.
this way, different iso-butanol process options are compared to each other from an
engineering, economic, and environmental perspective. Iso-butanol process @ptions ¢
then be compared to external benchmarks like conventional gasoline and bioethanol in
order to compare LCA results to other potential fuels and fuel additives on theé.marke
This comparison is done on the basis of a unit of energy delivered by the fuel.
Greenhouse gas emissions and non-renewable energy use are the environmental
indicators of primary focus.

The current iso-butanol production process is similar to the dry grind corn gramok
process, as described$ection 3.1 Preliminary results based on generic process models
indicate that iso-butanol will have comparable greenhouse gas emissions and non-
renewable energy use to bioethanol based on the site and process specificatmmsder
described below. More quantitative LCA results will be available in theveraion of

the Biobutanol Multimedia Evaluation Report. A detailed discussion of greenhouse gas
emission results at each point in the value chain for iso-butanol compared to bioethanol
will be included.
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9.2. Emissions to Air

Production of volatile organics other than iso-butanol are also associated with the
fermentation process. These will be characterized as part of the pilodcesp and
appropriate abatement controls will be included in the commercial productign desi
meet local, State and Federal air quality emissions limits. &atgcand odor
assessments will be included as part of process development and engineerifg contro
will be provided in the final design to prevent any offsite impacts to the local
communities in which these facilities are located. As the production procesgss f
butanol are largely identical to those for ethanol produced from the same feedssock, it
anticipated that VOC emissions, other than the substitution of iso-butanol for ethanol,
from production of iso-butanol will be substantially unchanged.

Photochemical Ozone Creation Potential (POCP) is a measure of the igbétinBal of

a chemical to form ozone in the atmosphere. POCP is not measured directly lous rathe
developed from atmospheric and chemical mechanistic models. As a result, reported
POCP values for a single chemical may vary considerably with atmospheriaamdit
including meteorology, amount of sunlight, and the concentration of nitrogen oxides and
other volatile organic compounds already in and being newly emitted to the @iP. PO
values for butanol ranging from around 25 to 60 can be found in the literature.
Representative values of 44.6 for ethanol and 59.1 for iso-butanol (both relative to ethane
at 100) were published by R. G. Derwent, &t al

9.3. Solid Waste and Emissions to Water

Iso-butanol production facilities will be sited, constructed and operated in accerdan
with local, State and Federal environmental permit requirements. The ismhbtacess

is currently in the piloting stage so the actual solid waste and wast@ns@t=ion data

are not available at this time. However, water will be recycled and reuties éatent
possible to reduce the amount of wastewater that needs to be treated. &mastuliti
wastes steams will be minimized through the development of value adding co-products
such as DDGS or burned for energy recovery. The design goal is to reduce torthe exte
possible the amount of solid wastes and wastewater that will require fuetienent.

The exact chemical and composition characteristics of these byproductssividlam

depend on the agricultural feedstock used and final processing steps which can be
influenced by local siting requirements and available markets for the valueyaudi
products. In general, the solid waste and water emissions from an iso-butanalipnoduc
plant will be generally similar to those associated with the same plantitwas

producing ethanol.

%"R. G. Derwent, et al., Photochemical Ozone Creation Potentials for a Large Mafmbe
Reactive Hydrocarbons under European Conditidtreospheric Environmenvtol. 30,
No. 2, 1996.
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9.4. Management of Genetically-Modified Microorganisms

The proprietary microorganism to produce iso-butanol will be genetically engineere
enable the conversion of sugars into iso-butanol. The microorganism is currently under
development and organism-specific health and environmental safety information is not
available at this time. However, the recipient microorganism will betsdléased on

its history of safe use in industrial biotechnology and/or in other food and feed industries
All candidate host microorganisms are non-pathogenic and have histories ugesafed

are listed as eligible for exemption under 40 CFR part 725.420

The engineered production organism will be regulated by U.S. EPA via the 40 GER Par
700, 720, 721, 723, and 725 (Sexble 9-1). EPA has already conducted human health
and environmental risk assessments on 10 recipient microorganisms and found them to
represent a low potential ri¥k These microorganisms are classified as Tier 1 and

40 CFR Part(s) Title qualify for an exemption under

| Authority, Definitions, Scope and TSCA as long as certain
Parts 700-723: épp“cabﬂltg for_FinaI Rule TRev microorganisgn and facmty
eporting Requirements and Review : o
Part 725: B s fO?Microorgamsms containment criteria are met.
Subpart A: General Provisions and Applicability N'on-exe.mpt microorganisms
Subpart B: Administrative Procedures will require that a human and
Subpart C: Confidentiality and Public Access to environmental risk assessment
: :\;\fom’ll)atllog — be conducted and submitted to
icrobial Commercial Activities i
SRR Notification Requirements EPA for gpproval. In either
: . case, a risk assessment for the
Subpart E: Exemptions for Research and Development . . . .
Subpart F: Exemptions for Test Marketing production microorganism will
Subpart G: General Exemptions for New Organisms | 0€ conducted.
Subpart L: Addif[i_onal Procedures for Reporting_on
’ Significant New Uses of Microorganisms

Table 9-1. Microbial Products of Biotechnology; Fnal Regulation
Under the Toxic Substance Control Act (40 CFR)

For Tier 1 microorganisms, US EPA requires that the microorganism and the moduct
facility must meet specific criteria. For the microorganism, the gealkéfinges must be

well characterized, limited in size, free of toxic sequences and poorly nadibiiz

These changes must be well documented and records must be maintained in support of
this documentation. For the facility, a contained structure is required whicictse

release of the microorganism to the environment. This includes a deactivation ste

which is required to contain the microorganism. Records demonstrating theveffess

of the deactivation and containment measures must be maintained. Access fbtthe fac
must be controlled and documented engineering controls and procedures must be in place
to contain and prevent exposure to workers and the community.

3 US EPA, Microbial Products of Biotechnology: Firalle (62 FR 17910),
htt p: // ww. epa. gov/ bi ot ech_rul e/ pubs/ bi orul e. ht m
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A pilot facility is being built and operated to develop the basic design and opetati
information for the commercial production facilities. Although EPA has deteadhthat
Tier 1 microorganisms represent a very low risk to human health and the environment,
additional environmental fate and worker safety studies will be conducted on the
microorganism during the pilot stage and a product stewardship review will be
undertaken prior to commercial plant operations in insure compliance with the EPA
requirements.

10. Tier | Conclusions

The hazardous properties of the different butanol isomers have been widely studied and
reported in the technical literature. These properties are intrinsic tatheute and
independent of the production pathway.

The Butamax™ Advanced Biofuels production process for iso-butanol will be identical
in most respects to existing technology for bio-ethanol production, resulting in
comparable carbon intensities for iso-butanol as for ethanol produced from the same
feedstocks.

Limited data currently available indicate that 16vol% iso-butanol/gesbliends will
have vehicle emission characteristics similar to those of 10vol% ethandligasends
while displacing twice as much petroleum gasoline and providing consumers with
comparable fuel economy.

Additional data needs focus on lifecycle aspects that are unique to the usbuthiso-
as a gasoline component —

> Test representative elastomers for swell and hardiss impacts due to exposure to
mixtures of ethanol and iso-butanol blended CARB gsolines.

» Test for compatibility of California gasoline blended with iso-butanol with
fiberglass tank resins and sealants.

> Determine the electrical conductivity of E10 and 1%ol% iso-butanol/gasoline
blends.

> BP will perform a review of applicable terminal vapor recovery requirements.

» Perform exhaust emissions testing for 16vol% iso-tanol blends in California
reformulated gasoline versus 10vol% ethanol blends California reformulated
gasoline to determine whether any adjustments to thPredictive Model are
required to model 16vol% iso-butanol blends. Detenine impact on Ozone
Reactivity and Potency-weighted Toxics emissions.

» Determine toxic air pollutants in automotive exhaususing EPA Section 211(b)

methodology with California reformulated gasolinesblended with 10vol%
ethanol and with 16vol% iso-butanol.
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» Determine the composition of the headspace of 1096lethanol and 16vol% iso-
butanol blended California reformulated gasoline bénds over a range of
temperatures and calculate differences in potency-eighted toxics and reactivity.
Headspace samples to be generated using the methlodyy attached as Appendix
F.

» Determine permeation emissions of 16vol% iso-butahoelative to 10vol%
ethanol in CARB gasoline per the program describeth Appendix D.

» Complete environmental fate studies currently in pogress (described in
Appendix E).

» Complete the LCA for retrofits of typical existing grain and sugarcane based
ethanol plants to iso-butanol production.
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12.1. Appendix B: US EPA Profiler Estimation
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12.3.  Appendix D: Iso-butanol Permeation Scope of Work
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