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Motivation
ASCENT

Nv PM cause and effect
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e Naphthalenes in jet fuel have
been identified as disproportionate
contributors to nvPM emissions
compared to other fuel species
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G. Hoek et al., Environmental Health, vol. 12, p. 43, 2013.
R. H. Moore et al., Energy Fuels vol. 29, no. 4, pp. 2591 i 2600, Apr. 2015.
B. T. Brem et al., Environ. Sci. Technol, vol. 49, no. 22, pp. 1314917113157, Nov. 2015. 2



Motivation 7A7

Other Mono - Naphthalenes Naphthalene Removal
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Aromatics AN
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e On average, naphthalenes
constitute less that 2% of the total

composition of jet fuel , and less
than 10% of the total aromatic
content

e There are industry -standard
finishing processes that, with
minimal changes, could be used to
eliminate naphthalenes in jet fuel
feedstocks

Typical jet fuel composition

J. H. Gary, G. E. Handwerk, and M. J. Kaiser, CRCPress, 2007.
fPetroleum Quality Information System 2013 Annual Report, o Jan. 20133



Motivation

A U.S-wide cost-benefit
analysis of naphthalene

removal Is desirable to
iInform future Jet -A standard

policy
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Current work and s tatus I\~
@ Completed @ Near Term Objectives
@Select candidate refinery @Estimate reduction in
processes for naphthalene P nvPM due to reduced fuel (P)
removal naphthalene content
@Calculate Investment @Quantify climate and air
and operating costs  for P guality impacts
selected processes
@ Estimate the cost of @Cor_nplete integrated U.S.
removing naphthalene E societal cost/benefit
from the U.S. jet pool analysis of nvPMreduction

Estimate added refinery
emissions associated with P
additional jet fuel processing



@ Completed: =y A \e=4
Candldate refinery processes ASCENT

A Select candidate refinery processes that selectively remove jet

fuel naphthalenes while providing:
A Preservedaromatic content ; Minimal changes to fuel characteristics

A Limited incremental emissions ; Technical and economicfeasibility
Hydro -Treating Extractive Distillation
A Industry standard finishing process A Di-aromatics selectively removed
A Hydrogen and jet fuel reacted to: from jet fuel using a polar solvent
A Saturate di-aromatics A Naphthalene raffinate used or
A Remove sulfur / nitrogen burned elsewhere in the refinery
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Completed: ?A?

Calculated refinery process costs (1/2) -
A Determine U.S. refinery pool capacity requirements and:
A Associated utility and materials requirements for each refinery

A Process unitinvestment and integration  costs and uncertainty
A U.S. regional utility costs  , cost growth, and uncertainty

U.S. Refining Pool Capacity

A 1.6 Million barrels/day jet fuel refining
capacity

A 116 U.S. refineries considered oi. @
.. ol 7
A Capacities >1000 barrels per day of crude v
East Coast
oil refinery capacity
thousand barrels perday
@ 250andabove
@ 110to0 250
® 50to 110
* |essthan 50
AAnnual Energy Outl ook 2017 :Enexy tnformationcAgneinistratiom,dan.201@. 2050, ¢ U. S. -

fiGlobalDataO & G O&G. Downstream Analytics April 2017



Completed: =A:

Calculated refinery process costs (2/2 -
Capital Investment Costs Operating Costs
A Process unit and supporting units A U.S regional utilities historical
investment costs determined using and predictive data  collected

cost-curve methods
A Future utilities costs predicted as a

A Other costs considered: function of
A Utility system infrastructure A U.S. ElApredicted mean
A Integration costs A Stochastic term calibrated by
A Inflation & Location factors historical price fluctuations
Middle Distillate Hydro -treatment Capital Costs 32 Pacific Coast Electricity Price Estimation
_ $100 Ba1
2 _E
15 / 5530
= QO w
= / CcJ: 829
o $10 sa
0 T 208
) a5 ——Price Trend (Model Baseline)
L = Price Trend (High Economic Growth)
§ é 27 === Price Trend (Low Economic Growth)
$1 26 | 1 1 | 1 1 1 1
1 10 100 0 2 4 6 8 10 12 14 16 18
Process Unit Capacity (Thousand Barrels per Day) Year (Starting in 2016)

Uncertainties in cost accounted for as parameter probability distributions

J. H. Gary, G. E.Handwerk, and M. J. Kaiser, Petroleum Refining: Technology and Economics, Fifth Edition CRC Press, 2007. 8



@Com pleted: ?A?

The costs naphthalene removal (1/2) ASCENT

A Collect capital and utility costs for U.S. refining pool

A Estimate the integrated costs of naphthalene removal
A Societal, integrated cost estimate for U.S. produced jet fuel
A Quantify uncertainty distributions due to uncertainties in model inputs

ik $

U.S. Refinery Data U.S. NPV of Naphthalene

Location, unit capacity, complexity Capital / Operating Cost Removal

Via cost curve methods )
U.S. Historical Utility Data Cost Premium of
Natural gas, electricity, process water Refinery Emissions Index Naphthalene Removal

Via utility accounting and CO2e values

U.S. Predictive Utility Data Cost Breakdown Analysis

By region, refinery size, and complexity

Natural gas, electricity

Repeat for 116

U.S. Refineries Carlo Simulation




@Com pleted: ?A?

The costs naphthalene removal (212 )  AscenT

Process Unit Comparison of Naphthalene Removal Cost Premium

v == ‘ é

Hydro -treatment _ ol ;
9.51¢/gal (8.73,10.26)" % | % |
Extractive Distillation oo |
7.73 ¢/gal (6.81, 8.60)" & 5 o ]

N
—
|

* 950% Confidence Intervals

I L
Hydro-Treatment Extractive Distillation

Naphthalene Removal Process Unit

o

A U.S. societal cost estimate  (shown above) assumes funding structure is
equivalent to U.S. federal bonds

A Open-market cost premium will be higher due to expected return on
investment for investors, taxation, and loan guarantees. Mean cost premiums:
A Hydro-Treating: 18 ¢/gal
A Extractive distillation: 13 ¢/gal
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@ Near term objectives: 7A7
Link between naphthalene and nvPM ASCENT

A Detailed-chemistry reactor network for nvPM estimation

A Reaction Mechanism Generator (RMG) used to generate the jet-fuel
combustion reaction mechanism

A Soot inception and microphysics estimated through the combustor model
A Fuel composition study to estimatenapht hal eneds di f f
Impact on soot production

Fuel 1
l Dilution air
Upstream ’ - Combustion
Conditions - Kb Products
Well-stirred Reactor Plug-flow Reactor
Dilution Schedule g\
_______________________ 1 PM
: Inception » Coagulation | | Growth || Oxidation I - ehte
nvPM Model - - - -7 B
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@ Near term objectives: |
Quantification of climate and AQ impacts

SA-

NSCENT

Radiative Air Quality Climate Description

Source Impact Impact

Reduced nvPM Reduced Reduced soot emissions from jet
Mortality engine tailpipe

Refinery
Emissions

Contrail Effects

Reduced
Sulfates*

Warming Increased CO,, light end
--- emissions from hydrogen
production / utilities

. Mixed Increased hydrogen fuel content

__ Decreased soot particulate size
Reduced Warming Reduced fuel sulfur content from
Mortality refining

*Hydro -treatment will remove the majority of Sulfates. Extractive Distillation has limited impacts on sulfates.

A Tools used for estimated climate / AQ impacts
A Climate: APMT-I Climate
A AQ: North American nested domain simulations using
GEOS-Chem Chemistry Transport Model
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@ Near term objectives: |
Integrated cost/benefit analysis

Premium
Refinery
Processing

Premium fuel
combustion

Air Quality
Impacts
(Mortalities)

CostBenefit Analysis
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All costs/benefits of the
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opolicyo are

bla

Climate
Impacts
(Damages)
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Summary -

AAAAAAAAAAAAAAAAAAAA

A A U.S.-wide cost -benefit analysis  of Naphthalene Removal is
desirable to inform future Jet-A standard policy.

A Removal of jet fuel naphthalene has the potential to significantly
reduce nvPM emissions, therefore reducing aviation's climate and
AQ impacts

A Completed

A U.S. Societal Cost estimate  are 9.51¢/gal (8.73, 10.26) for
hydro-treatment and 7.73 ¢/gal (6.81, 8.60) for extractive
distillation

A Next Steps

A Detailed -chemistry chemical reactor network used for nvPM
estimation

A Existing tools used to estimate climate / AQ impacts

TTTTTTTT
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BACK-UP SLIDES
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(12 Process 1: Hydro -treatment TAT

A Refining process used for sulfur, nitrogen, and metal
removal, and saturation of aromatics and olefins

A Feedstock is reacted, at mild temperatures (~360° C)
and pressures (501 100 bar), with high -purity hydrogen

Relative Activity of Reaction Families REACTOR HIGH PRESSURE STRIPPER
(Most Active A Least Active) Hudrogen

makeup Hudrongen recyele EUEI 9=

N
7, S

Sulfur Removal + Olefin Saturation
Halogen + Oxygen Removal
Nitrogen Removal + Aromatic Saturation

Uns=tabilized
light diztillate

Dezulfurized product

Hydrogen Consumption: 100 — 400 scfbl” L
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@ process 2: Extractive distillation TAT

A Refining process by which the desired extract is
separated from the feed via solution with a polar solvent

A Aromatic extract first separated from feed, then mono -
aromatics and naphthalene's are separated via distillation

ED Column Recovery

Relative Solubility of Components

(Most Active A Least Active) =
‘Steam
Raffinate

Aromatics (Mono A Di)
S, N, O, Halogen impurities

-
Naphthenes / Cycloalkanes Feed+||—Jg:"

Alkanes

FIGURE 2.2.5 Shell Sulfolane process: extractive distillaton.
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