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Gasoline: What's in it?

Molecules with 8 Carbons the

» Blend of ~300 hydrocarbons of many types, plus additives most common
= Varies from oil to oil, process to process.
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___---- Thus we have the “octane” rating

| M Parrafins (65%)

M Aromatics (4%)
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Aromatics: contain aromatic rings

M Naphthenes (28%)

Benzenes, toluenes, xylenes, etc.
High octane rating
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————————— --~ Naphthenes: cyclic alkanes
Cyclohexanes, cyclopentanes, etc.

______________ Parrafins: Straight & branched alkanes

Butane, octane, ethylpentanes, etc
Ironically, low octane rating in general
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Actual octane composition is 6-7 wt%

Notes: Data are from a well in Mongolia

This is the straight run gasoline cut (naphtha-

not actually gasoline yet, need to convert some parrafins to
aromatics)

But carbon number distribution is similar.

More on that later...



Octane Rating

» The "octane” rating is the ability to prevent knock

» Knock is when spontaneous ignition of gas/air mixtures happen in the engine’s cylinders.

* You hear the knock when spontaneous and normal flames collide.

« Determined by average of two standard tests in a special engine:
* Research Octane Number — Measured at low engine speeds
* Motor Octane Number — Measured at high engine speeds
* Octane Rating = (R+M/2) = as mentioned on the gas pump
 Define pure iso-octane as 100.
* (n-octane is -10!!1)
87 for regular unleaded, 89 for midgrade
» 91-93 for various premium fuels

* Octane rating is NOT power!!!
* Only need the smallest rating that prevents knock.

MINIMUM OCTANE RATING
(R+M)'2 METHOD




Other contents

= Many places mandate certain percentages of oxygenates

* Volatile organic compound (VOC) and CO emissions can be reduced for some older vehicles
« Oxygenates mostly added for winter-related emissions reduction
* but can increase NO,

 Ethanol, Methanol, n-Butanol, t-Butanol

* Methyl-Tert-Butyl-Ether (MTBE) — replaced lead, used because oxygenates were mandated by
Congress and preferable to Ethanol.

« Banned in most US States, Very little in Canada.
« Can get in drinking water, effects unknown, maybe cancer.

= Limits on sulfur, benzenes, aromatics, and olefins
 These can increase harmful VOC, CO, and toxic emissions
= Renewable fuel standards

« Some are explicitly ethanol
« Some are generic to renewable sources




Diese|

= A denser, more viscous blend of hydrocarbons
than gasoline

» Typical #2
diesel: . Vol i
g common in this sample
I However “cetane” = hexadecane
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Other Issues

= Cetane Rating measures ignition delay of diesel
« Shorter ignition is better
» Typical truck diesel is 40 cetane, premium is 47-50 cetane
» Emissions are different than gasoline
« NO, is significant, regulations gradually improving
* CO and VOC are insignificant
» Typical diesel fuels:
« No. 1 Diesel (45 cetane, similar to Kerosene, Jet A. "winter diesel”)
* No. 2 Diesel (most common type. 40-45 cetane. “summer diesel”)
* No. 3 Diesel (now defunct)
* No. 4 Diesel (industrial engines, not for mobile applications)
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The People’s Car

= US EPA has emissions standards on NOx from diesel engines
(some US states and the EU have stricter ones)

* There are standard tests that must be passed
« Cars are stationary, driving conditions are simulated (particular speeds, etc).
= Evidence had been mounting in Europe (2014) that the tests probably weren't that good
» General NOx levels higher than should be
« Tests on many cars in Europe showing higher emissions in road conditions than in test conditions.
» |nternational Council on Clean Transportation commissioned three studies:

* One was US based because those vehicles had higher standards and they wanted to show the
Europeans that it could be done

» Also wanted to find correlation between real world driving and the testing method.

« U West Virginia was able to test three diesel cars, driving from Seattle to LA, about 4000 miles
each




The People’s Car Pt 2
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B Route 1: highway
[ Route 2: urban (LA) I
| Route 3: rural-up/downhill :
L____|Route 4: urban (San Diego)

B Route 5: urban (San Francisco)
| | FTP-75 Bag-3' (Chassis Dyno)
=+ ==+ = Tir2-Bin5 Standard: 0.04 [g/km)] ||

[g/km]

I

X

NO emissions

Average

R

Vehicle A Vehicle B Vehicle C

0.0=

Figure 4.3: Average NO, emissions of test vehicles over the five test routes compared to US-EPA

Tier2-BinS emissions standard; repeat test variation intervals are presented as +1o0; Route 1 for

Vehicle A includes rush-hour/non rush-hour driving, ‘R’ designates routes including a test with
DPF regeneration event, ‘nd” - no data available



The People’s Car Pt 3

= Results
« “Vehicle A" — Violated US EPA standards consistently @15-35x limit

« “Vehicle B" — Violated US EPA standards consistently @5-20x limit
« “Vehicle C" - Violated US EPA standards only during hills, by 10x

» The researchers were surprised by the first two.

» Those two vehicles (although never mentioned in the report) were among the best of those in
testing conditions and they each had different a NOx reducer technology (Clue #7)

* A had a Lean NOx Trap
* B & C had urea-based Selective Catalytic Reduction
» The third car results were expected

« Previous EU data from a great many different cars showed that things got harder to manage
when on hills

* (This is why they wanted a new test.)
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The People’s Car Pt 4

* The UVW study noted “interestingly” high methane emissions in Vehicles A and B,
which was “surprising”

« Could not suggest an explanation, shouldn’t be that much there if the NOx reducers were
working even marginally well. (Clue #2)

* The report did not mention the brands... but... only one manufacturer used the Lean NOx Trap.
Only later it was revealed:

* Vehicle A: VW Jetta  Vehicle B: VW Passat Vehicle C: BMW X5
= Sept 2015: EPA makes formal finding against VW

« Couldn't explain it either, but demanded a fix anyway.
« VW later admitted it had a "defeat device”.
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The defeat device explained

» The Jetta had a Lean Nox Trap (LNT), cheaper. Two stage:
« Stage 1: Trap mode, where a catalyst “captures” NOx on surface
« Stage 2: Release mode, when the catalyst is full.
* Engine now does not burn all the fuel. The extra fuel passes to catalyst
* Extra fuel reacts with NOx to make N,, CO2, etc.
« Bad for fuel economy and performance

* The "defeat device” was the embedded software code that only ran Stage 2 when the steering
wheel wasn't turning but the wheels were. (testing conditions)

 Stayed in Stage 1 during normal use

» Once catalyst bed filled up (relatively soon after), all NOx from engine emitted directly with no filter
whatsoever

= For the Passat, it had the urea scrubber but only used it during tests

V8 MMACC






“Straight Run” or “Topping”

The distribution of the cuts
depends heavily on the crude

type ~ Gas & LPG
\ <32°c  "Naphtha” is old, non-standard term for an oily hydrocarbon blend.
In refining industry, it typically means “near to gasoline”, and/or is a “gasoline precursor”
\ 32-177°C — Sometimes in two cuts B .
Crude = Naphtha
—— |CDU |_//238°C — _ — = Kerosene/Jet
238-348°C Often called “Distillate” or “Diesel Distillate” Y .
5 @®-— Diesel
™ Crude
Distillation Unit Cannot make gasoline this
"Atmospheric” way (octane numbers too
DU or "Vacuum” low)
DU
348-538°C
Sometimes a cut above 538°C is taken called "Residuum” '
, — . , —@)— Fuel Oil
This strategy is simple but does not produce high profit margins.
(Lots of fuel oil, no gasoline) _
. Blending

(all cleanup steps skipped)




Crude Distillation Units

= At a BP facility




Different Crudes give Different Yields

Straight Run Crude Yields
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“Hydroskimming” or “Topping & Reforming”

* Now we can get

° I HZ
Clean up and improve Octane _ Naphtha
the qua“ty of the Cruc number _ gaphtlha Octane number O# 87- Gasoline
1 ruae ~50 ompilex 95-98 08
diesel ~CDU T Kerosene/Jet
- Rl 1= Hydrotreater .L—’ Diesel
atalytic Reforming and ‘

Isomerization \

Converts parrafins (C# 1-11) to  Remove sulfur, nitrogen,

aromatics (C# 6-11) to get olefins, and others.

octane number >87 Also called

"hydrodesulfurization”
Example: O e, ] J “H,
®— Fuel Oil

. Blending




"Cracking” or “Partial Upgrading”

Converts heavier hydrocarbons to more diesel or gasoline s & 1 PC
= (1das

I 7 . Naphtha
Naphtha > -
> Kerosene/Jet

— |CDU
Le> o
Hydrotreater o Diesel

Cracking: break C-C bonds

using H, Example: @/CHQC@CH%CHS o .
- , | C.H,

Vacuum Distillation Unit o butybenzene _— ropane
Split into more cuts suitable -
for cracking ™

FCCU and/or

VDU S HydroCracker

Yy

@®— rueoi

Fluid Catalytic Cracking Unit: Produces more gasoline
Hydrocracking: Produces more diesel ‘
. Blending




"Coking” or “Full Upgrading”

Crude

Solid Coke

86-99.5% C

Rest: Volatiles, S, H,O, Si, Fe,
Ni

"PetCoke” Uses:
Fuel (14,000 Btu/Ib)

—> coal 8,000-14,000
Steel Industry (coal booster)
Aluminum Industry
Gasification
Stockpile as Waste!

cbu

Naphtha
[ Complex

|

-~ Gas & LPG

.. Naphtha

+ Gasoline
> Kerosene/Je

C

v
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FCCU and/or

= HydroCracker

.
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Light Oils & Gases

>~ Fuel Ol

Heavy Oils

Vacuum Residue is heated, creating solids @ Bilending

“coke”, light oils & gases, and heavy oils.




Product Yields by Process Type

By volume

Products for the same crude feed

100%

Arab Light Crude Yields

90% A
80% A
70% -
B60% -
50% -
40% A
30% A
20% -
10% A

0% -

Naphtha

Jet

Diesel

Fuel OIl

Straight
Run

Gasoline

Jet

Diesel

Fuel Oil

Hydro-
skimming
(Reform

Naphtha into

Gasoline)

Gasoline

Jet

Gasoline

Diesel

Jet

Diesel

Fuel Oil

Fuel Oil
Hydro-  Fluid. Catalytic
cracking Cracking
(Break heavy (Break heavy
cuts into cuts into
diesel/jet) gasoline)

Gasoline

Diesel

Coke
Fuel Oil
Coking

(Convert fuel

oils into
gasoline)

@ Fuel Gas
OLPG

0 Naphtha
@ Gasoline
m Jet

W Diesel

m COKE

H Fuel Qil




Refinery Types by Popularity

Coking

N\,

=

% Cracking

> Hydro-

T skimming

o

© Stralght

~—— Run
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% of Refinery Capacity
(Percentage of BP Refineries by Capacity)
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The genesis of our profession

Crude S Ges: .. Fetesessssassaaiiesasassassssssaanaas cescences eesccscccsscsccsaaaaasp Fuel gases
oil . y « Polymerization SRR SRR e e LN PO R
P f L ht - + feed . Polymerization gas (LPG)
. 4 naptha
rocess 1or |g GAS Y- -»|GAS PLANT| - - vnuveneennnes bl POLYMERZATION 4 > Aviation
. —»| SEPARATION - Alkylation feed - batine gasoline
Oils Saprnsnn s iR AR oo "
—| DESALTING « Hydro : : Alkylate s
t:lg:its:}ll‘a‘:: 1 desulfurization . “---»| ALKYLATION »| (NA )
a] CATALYTIC > Iso-naphtha _ SWEETENING Automotive
) " | iIsomerzamon : »| TREATING [~ gasoline
Light SR naptha . Light SRnaptha AND
- ELENDING
Heavy SR seeeee e Prfeanaamaataaaaaaaaaan Reformate
Oz naptha | HyorosuLFURZATION | camacme | > —p Solvents
& g "| (HDS) TREATING : REFORMING / >
s . Light hydrocracked naptha
& < | SRkerosene : Aght by v R Light cat cracked
8 = . naphthas
s" L cemsssscaa]ps HDS heavy naptha
= (2} SR middle . .
Desalted <0 distillate CATALYTIC [¢ -
- LS LR DER LE L LEL LR L B o
crude oil _ > HYDROCRACKING : . SRkerosene —y, > > Jet Fuel
. SR gas oil . ™ '"umm:g‘\“m _ | ISTILLATE }—> Kerosene
. a * | SWEETENING
— .' B o SRmiddle distillate m?mgm 5> Solvent
T 2 Distiliate
s BELBING [—> :
> fuel oils
- — HDS mid » ——> Diesel fuel oils
3 Light vacuum distillate | « |CATALYTIC Light cat cracked distillate~, | gist r_’
i + | CRACKING =
§ = Hageey vecwsss: dielifinte - heavy vacuum|distillate~g,
— =
o A - Heavy cat cracked distillate
- (& Jr | +
® (] <E T >
583 >2 <
3 §§ = s e oo eaaas QIO crbcked disHBNte (Des M| | Cateracked [l
o i ified oil
g = clarified ol | TrREATING Residual
< Vacuum ~ »| coune VISBREAKING — "l AND P queloils
ower ®| ceaseHaLTING BLRDSG
residue ‘ IThermalIy cracked residue
v ‘ Asphalt Vacuum residue _
t Atmospheric tower residue :
;g} | HYDROTREATING Dewaxed oil (Raffinate)| HYDRO- [~ Lubricants
K Raffinate TREATING
N | SOLVENT Deoiled wax AND —p Greases
ko Nt — DEWAXING
Lube feedstock SOLVENT ELENDING [—» waxes
| EBEXTRACTION







Crude Distillation Unit

x Propane, Propane, Butane
ey | Butane, H,0 Fuel Gas
Crude Feed Main
P To Flare
< Naphtha |

Reflux Drum

Naphtha

Praduct

A

Preheat {------

Hot Products or Pump Around ] > Watel’ Phase
M:ri; i C ru d € S:ur Water
e Water Crude ol g
Sour Water -/-_-_—____-}_ 1>\_a:_——r-> KERQ Praduct
Crude g S .
Dis¥haton = - e Side column used for extra
e ——L" fe——r ok Lo heating and heat integration.
) (| ——> Gas Oil . .
sugooum ) ﬂ Wain Unjt \Z—Tﬂ¢ ot Direct steam heating
 aE——— / " e Steam Crude
Booster Pump R :[:\ iy o

I
&l 45 e #
. o rodu
Hot Praducts 0 | S ) Steam ;
Pump Around Direct Steam Heating i
Crude Healter P Residua

'/ | \,—_> or
o CA— Q \ o Eual Oil
; Product



Catalytic Reforming

Four stages of reactors (UOP Design) 14% Aromatics Separate gases from
Stacked vertically for catalyst flow Naphtha after 55% Parrafins light & heavy oils
Parrafins > Naphthenes + H, hydrotreating 31% Naphthenes :
Naphthenes > Aromatics + H, (sulfur, nitrogen, & olefin
Aromatics + H, = Lighter Aromatics removal). . i

Skl Recyf:le gas

idafeed  FoRich s
! NetGas ! Y
Reygfgator | =i Rec;)verv = \&“’ o
Combined Feed xg
Exchanger

¥

Light Ends

N Stabilizer

73% Aromatics

Re?;?a‘i;astfd 26% Parrafins
1% Naphthenes
Catalyst loops e ol = . .
Gravity flow Four stages of interheating, ——  Awomatics
McMaster ~500C at each outlet

7 . . .
J [~ "'s
Univeric () "MACC  Reforming reactions are endothermic



Hydrotreating

Chevron's Variant of Hydrotreating

Multiple reactor beds (Exothermic)
Optional depending on space and specific final blends
Recycle gas is coolant at intermediate injection points

o ) Make-Up Hydmgen // To Gas Recovery
Liquid Phase Reactions / u

H, + S compounds = H,S , i-[_:_]_p

~
~
~

H, + N compounds - NH; - C
Unstabllized

Also Ni and V converted H?ﬁa;:m s . Naphtha _
Scrubbing . Can convert to
u .
Stripper gasoline
Cold H.P. < Steam
arator
(H,S —foils I S
Naphtha,  Fresh NH,) =2 Saleable
Middles, or [Feed ] Ll-_). diesel
- Hot H.P, LP.
Heavy Oils Filter Separator Separator

(high pressure 15 1125 recovery  (drop to atmospheric
process) & Rough oil split ~ pressure)




Fluid Catalytic Cracking

UOP FCC Process Gas- - - '
Toaditional Vercion Fractionation like Concentration .- Further Fractlonat!on to make finer
others Unit -~ splits
Flue gas has calorific value 14 Flusas J—p Fuel Gas
700-780°C  --__ _ System : C.-C, ta Treating
Also has SO, NO,, Reactor Mal | b
... needs treatment Regenerator ' Eulflrl::n f=—p Debutanized Gasoline
Saleable Gasoline
[ Maphtha
Burn catalyst with air i i . .
- p—p Light Cycle Oil Saleable Home Heating Oil

Regenerate it

. Heavy Cycle Qi

High and low olefin

Main-Column Bottoms | - .
. T‘_\.‘ Traditional FCC PetroFCC
- Heavy Recycle (Optional)
Catalyst is Fluidized by : S—— rea— i
Updraft Feed Adr Fresh Feed Recycle if you :ﬁﬁ NS
X want less heavy T NGCS 24

Qil is vaporized by hot catalyst Heavy oils oils i =
Catalyst recovered by cyclone From CDU or Coker I
A/ g

Fuel il




Makeup
Hyd
— o Recycle
. Product + Gas
Heavy olls Fresh I N
From CDU or  [Feed ecyel
Coker e
Gas | Light
§ "‘l . | WNaphtha
2 Heavy
-7 = [
Some Cracking - ‘J * = Naphtha
Higher portion of heavy oils E = Kerosena
o _ o " —=Diesel
ﬁ;ﬁt‘?tﬂﬂ?ﬂ' = Recyde Hea /Y Complete Cracking of Heaviest
Different Catalysts for Different Products rocu \l-/ Oils Oils
- Kerosene - > Optional: Don't use if you want
% of Final to make lubricants
Products -~ Naphtha Second-Slage Product

Catalyst Selected
McMaster

’ -
T ®MACC
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Chevron’s Two-Stage “lsocracking” Process
Nearly 100% conversion of heavy oils



Two drums in parallel modes solids in the drum are hard
Alternate between collection must be drilled out

: . . Fuel 6
and discharge ‘. Coke Drums J/ Coke Drums | e
—3> Butane/Butene

——> Light Coker Naphtha
—> Heavy Coker Naphtha
—> Light Coker Gas Oil
-3 Heavy Coker Gas Oil

Hot solids collect in drums
Gradually crack into small .
solids and oils

Product
Recovery =

Oil and gas portions that remain
can be extracted here
Another distillation unit

Hot solids
rich slurry

Heavy
residues

©

Fired Heater Fired Heater Vacuum Residue
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Gasoline Blend Requirements

Gasoline requirements vary from

county to county in the US
Politically volatile.

Different blends for
different seasons
cold winter fuels #
hot summer fuels

Kaual

vithau
” Oahu
Molokai

L g
Lanai ® G.Maui
Kahoolawe™

Hawali’

B Oxygenated Fuels
B cAcBG
[[7] caoxycBG

] Conventional
McMaster s
University B8 .>
ENGINEERING ‘%J MCC

- [7ZZ7] N RFG w/Ethanol

U.S. Gasoline Requirements

North Dakota

Minnesota mandates 20% ethanol

_-- >10% not covered under warrantees
US EPA has not granted approval for E20
So it hasn't actuglly happened.

Montana
Wisconsin C tI t O/
urren u )
South Dakota x LH. |~
Idaho l Michigan New York
. Mass.
ing lowa
[ fie3
Nebraska Pennsylvania onn.
QOhio
lllinois hllana
Nevada "(’é" LJ.
W.Va. o7 4
Utah Colorado Kansas , '
Kentucky Virginia 2oy
Arizona | Tennessee North Caroling}
- Ofahama Arkansas
. New Mexico o
i
\ 7 Georgia
N ‘ Alabama
\
Texas ississippi
\
A 7 L Florida
\ ’/ﬁl ‘ )
\ 7 3
\ 7 Louisi
ouisiana
\
\
\ °
\
ExxonMobil

S RFG w/Ethanol
[ InvcBa
[ 70RVP

[ ] 7.8 RVP, MTBE-No Increase

[ 78RvP

distribution problems, &

As of January, 2009

, WA cHmReG wiethanol -\ <ty standards for small areas
Drive up costs since smaller market,

p is not intended to provide legal advice or to be used as guidance for state and/or federal
wirements, including but not limited to oxy fuel or RFG compliance requirements.
ExxonMobil makes no representations or warranties, express or otherwise, as to the accuracy or
completeness of this map.

K.W. Gardner
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Gasoline Pipelines

Vancower Gafitima

Vigtoria® ) &

5/ WASHINGTON D.C
-)' G 4 /Pt Wilmingion
Torrance/CarsaryWilmington : \ A; y ,/..‘ s ;‘,
Rosarito Meameali 2 — F ‘ F’ Savannah
Ensen Ada =% By | E'.‘ { 3 .
Canada tends to export the crude, import N | ® conse
the gasoline
Most of the gasoline is piped northward ..., BAHAMAS
from the Gulf of Mexico region. o
Canada does refine, just not as much LEGEND:
= Qil pipeline Inter-Country oil pipeline label
=== Oil pipeline (planned/under construction) Cross-Border oil pipeline label
Te - u — Gas pipeline , ) Inter-Country gas pipeline label
at %I £'§>MCC ‘ === Gas plpellrfe (planned/under construction) CrossBorceyr gas pipeline label
ERING. ,‘ﬁg — Products pipeline ' Inter-Country products pipeline label
S === Products pipeline (planned/under construction) Cross-Border products pipeline label




Pipeline & Delivery

= Open secret: refiners put their product in the same pipeline
« Many refiners and refineries, few pipelines for vast regions
« Can separate different types in the pipeline in time (plugs)
« Some interfacial mixing between premium, regular, etc.
* Pretty good guesses about who made what at what time. But:
« Conventional gasoline often blended from a mix of refiners

» Petrocompany pulls “generic” gasoline at terminals, then brands them.
« Adds own formula of surfactants, anti-knock
« Add ethanol (can't pipeline ethanol!)

* Truck to service stations from there

= Some companies own their own exclusive pipelines, but this is limited.




