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Decarbonizing Transportation
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Transportation Expected to Dominate 2050 Energy Use

Energy-related CO2 emissions by energy sector (EIA AEO2020 Reference case)

billion metric tons
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Path to decarbonization: Improving both vehicles and fuels
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Adapted from A. Elgowainy et al., Cradle-to-Grave Lifecycle Analysis of U.S. Light Duty Vehicle-Fuel Pathways,” 2016. Web. doi:10.2172/1254857
ICE = internal combustion engine; FFV = flex fuel vehicle; FCEV = fuel cell electric vehicle; BEV90 and BEV210 = battery electric vehicle with 90 and 210 miles of range, respectively




The Real Challenge: Low-Carbon Fuels for Large Vehicles

2050 Transport Mlsc (6%)
Energy Demand: /— Rail (2%) “Hard to electrify” transportation

Shipping (3%)
190 B gallons (27.6 EJ) / — Avaton na%  segment represents almost half of
Light Duty (46%) all demand in 2050
Total demand: 82 billion gallons/year (11.9 EJ)

Commercial
Vehicles (29%)



Common sense guidelines (not rules) to selecting new fuels

Consider needs of legacy fleet

Minimize need for complex new engine designs
required to work with “exotic” fuels

Prioritize cost—feedstock, conversion, infrastructure

Focus on scale

Emphasize high energy density
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The problem of petroleum-based fuels in a decarbonization scenario

Well-to-wheel GHG emissions dominated by combustion

Extraction Refining Distribution Combustion 100~
‘:*--i?-l"' :F""
A B 75
||

= ~ 80%

‘ al S 50 } °
(@)

148 g/km + 132g/km + 6g/km + 1,079g9/km = 1,365g/km .

Well-to-tank Tank-to-wheel Well-to-wheel

@'Q(: Manufacturing life cycle emissions not considered here, though they can be significant
A‘E (~ 8-12 tons CO, per LD vehicle, which over 180,000 mile vehicle life is equivalent to ~ 40 g CO2e/MJ)

Zocy Even if we could sequester all emissions from extraction, refining, and distribution, the best we could
O hope to achieve is ~ 20% reduction in GHG emissions from petroleum-based fuels
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International Journal of Greenhouse Gas Control 37 (2015) 492-503

Contents lists available at ScienceDirect

Gr'e.en'ho'u-se
Gas Control

International Journal of Greenhouse Gas Control

¥

El SEVIER journal homepage: www.elsevier.com/locate/ijggc

Carbon negative oil: A pathway for CO, emission reduction goals (!)Cmmk

Katherine Y. Hornafius**, J. Scott Hornafius":¢

4 Miami University of Ohio, Advanced Inquiry Program, Oxford, OH, USA
b University of California at Santa Barbara, Earth Research Institute, Santa Barbara, CA, USA
€ Elk Petroleum Limited, Sydney, Australia

qu Countries  Fuels & technologies  Analysis Data Policies About 2 Q

Can CO2-EOR really provide carbon-negative oil?

3

Christophe McGlade, WEO Senior Analyst

Commentary — 11 April 2019 Cite Share
EOR = enhanced oil recovery
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Tertiary ’

Primary ‘ Secondary Q

Recovery: up to 15% Recovery: 20-40% Recovery: Up to 60%
Reservoirs internal pressure Water or natural gas pushes Chemicals (e.g., CO»), heat, or
pushes oil out more of the oil out microbes thin out remaining oil

< |njection
Well

Production Well Thinning agent (e.g., CO»)

Water or natural gas

NREL | 12



Carbon balance for EOR is time-dependent
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Simulation for Cranfield reservoir in Mississippi with strategies that include saline aquifer injection

EOR with simultaneous saline injection can yield negative carbon intensity for > decade of
producing life of field

Adapted from Nunez et al., Energies 2019, 12, 448; doi:10.3390/en12030448



An assessment of EOR—CO3 to reduce gasoline/diesel GHGs

The pros:

CO2-EOR can sequester significant carbon for
many years during tertiary oil recovery

90-95% of CO, remains geologically trapped
Has been practiced for almost 50 years

Is economical at CO» costs of ~ $40/ton

The cons:

Original US oil in place: 600B barrels

US oil still in ground: 400B barrels

Oil recoverable with EOR
85B barrels

Oil economically recoverable with EOR
40B barrels

urce: Report DOE/NETL2009/1350

CO2-EOR is only practiced during tertiary oil recovery (last part of a field's producing life)

Only suitable for 10-20% of remaining US oil (up to ~ 4 million barrels/day)

No good way exists to get COy to fields; new pipelines needed - adds time, cost, emissions

Conclusion: CO2-EOR can reduce petroleum GHGs < 10%






2019 Biofuel Production in U.S. ~ 18.2 billion gallons

~ 9% of 200 B gallon total fuel demand

Ethanol 15.0 B gal

Ethanol and biodiesel consumption: 2001-2019
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Biodiesel 2001
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2007

Renewable
natural gas

0.04 B gal

ethanol

biodiesel

Sustainable
aviation fuel

0.002 B gal

2019

Heating oil
0.002 B gal
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http://onlinelibrary.wiley.com/doi/10.1002/bbb.1728/full

What is the potential for advanced biofuels?

Plant biomass provides 10% of global primary energy today andiis
expected to provide ~ 25% of primary energy in low-carbon scenarios for 2050

According to a 2016 DOE study, more than 1 billion tons of biomass can
be domestically converted into biofuels and products.

Biomass could up to 50 billion gallons of liquid fuel in the US.
annually by 2030 (~ 3x today’s volume) 2016 BILLION-TON REPORT

Advancing Domestic Resources
for a Thriving Bioeconomy

Beneficial biofuel attributes:

vvvvvvvvvvv

C02 support rural economies
/ GHG reductions

’ hf
-] B e O%

mitigate problematic
environmental concerns

carbon soil fixing

f the potential products and economic and environmental impacts resultir g from a billion ton bioeconor 1y. onlin 'it',1", wiley.com/doi/10.1002/bbb.1728/f


http://onlinelibrary.wiley.com/doi/10.1002/bbb.1728/full

Learning from the past: using waste streams to reduce costs

Feedstocks are the primary cost Opportunity: CO waste stream
contributor to biofuels
Fuels from sugars fermentation are too expensive @

Hydrogen

32 B gal/yr globally

III"’ 4') Al -
<]
X
X

$O 01 increase $O 20 increase Steel mills/ Fermenter Ethanol

refineries

| Sy

LanzaTech commercial facility (16 Mgal/yr capacity) started in 2018

Other opportunity areas: Opportunity: Municipal solid waste 1 8 B gal/yr globally

\
231 L@ |
. P NN.-
Ve« [ -~ 188 — il
L]
Ag residue Algae Wastewater/ Municipal Gasification Syngas Conversion Fuel

sludge solid waste
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What is the GHG reduction potential for biofuels?

— - etroleum baseline
= 1100 — .k petroleum baseline
= — 71
3 o total
~ 80 —
8 _ ” / distribution
o 60— ___— hydrogen
7)) ]
S 40 3/ ——— conversion
0‘7) ] \
é — 20 \ upstream transport
8 20 \ preprocessing
6 0 : feedstock cultivation
;8 — co-product credit
> .20 |
; forest forest forest
= residue residue  residue sugar cane - - -
— far?esane (ex-situ)  (ex-situ) ; Coupling biofuel production
10% stover stover cameting with carbon capture/storage
farnesane willow corn used cooking oil can lead to significant negative
. emissions... at a cost
DSHC FT HTL Pyrolysis ATJ HEFA

GHG reduction potential varies greatly; near-zero life cycle emissions are possible

DSHC = direct sugar to hydrocarbon; FT = Fisher-Tropsch; HTL = hydrothermal liquefaction; ATJ = alcohol to jet; HEFA = hydroprocessed esters and fatty acids
Adapted from de Jong et al. Biotechnol Biofuels (2017) 10:64 DOI 10.1186/s13068-017-0739-7 NREL | 19
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Typical e-fuel definitions assume green
hydrogen production, with conventional
chemical processes used to produce fuels

What are g
e-fuels? ‘ L

Water CO,, capture
@
R\
—T »

‘ ‘ These “indirect thermochemical” production
pathways are very mature, and hence low risk

» Im » m FT  MTO/MTG MOGD

Renewable electricity H2 via Conversion  Fuel ( maybe Fischer-Tropsch Methano!-to- Mobil olatins to
electrolvsis drop-in) olefins, gasoline  gasoline & distillate
y P- ca 1925 ca 1988 ca 1988

Other e-fuel routes exist that are earlier TRL and may have benefits vs current pathways

Direct electrochemical Nonthermal plasma Direct bioelectrochemical | Indirect bioelectrochemical

i

i

oy @ 4

CO, converted directly to fuels High voltage electrons Electrolysis with biocathode ' Biocatalysts convert CO, and H,

or intermediates convert CO, to fuels inoculated with microorganisms to CH,4 and other products
NREL 21
Grim et al., Energy Environ. Sci., 2020, 13, 472 IRL = technology readiness level |




What is the GHG reduction potential of e-fuels?

Lifecycle carbon intensity of electro-diesel

g CO,e/MJ

300
B Electricity for electrolysis

B Electricity for synthesis

250
B Distribution
200 Petroleum-derived gasoline,
diesel baseline
150
[OOSR s 0 SRS e L
50
O I
Natural gas EU mix 56% renewable Natural gas Zero-carbon
CCGT mid-voltage  44% natural gas CCGT with CC renewable

CCGT = combined cycle gas turbine; EU = European Union; CC = carbon capture

https://www.transportenvironment.org/sites/te/files/publications/2017_11_Cerulogy_study_What_role_electrofuels_final_0.pdf

Electric grid needs to be
> ~70% renewables for e-fuels
to have lower carbon intensity
than petroleum fuels

The main issue is NOT whether
e-fuels can be low-GHG...

... with enough renewable
energy, ANYTHING can be
transformed into a low-GHG

process

The real issue is how efficiently
are the (scarce and precious)
renewable electrons being
used?

NREL | 22



e-fuels produced from indirect thermochemical pathways have low energy efficiency

Renewable Electricity

N, 100%

Battery-elect ric vehicle Electricity transmission losses >JJJJjj
Charging losses ->-
Mechanical transmission losses —>-
-------------------- 69%
Fuel cell vehicle Electricity transmission losses >}
Motor losses —>-
Transmission —>I
——————————————————————————————————————————————— 26%
ICE running on e-diesel Electricity transmission losses —>-
Transmission —>.
———————————————————————————————————————————————————————— 13%

I | { l I {
0 10 20 30 40 50 60 70 80 90 100

Adapted fron taina synthetic | fuels for transport: Policy ef : 2019, The R | Societ

’ o

T A
2.6x
‘ 5.3%

e~ BEV FC ICE

Using renewable electricity
in BEV provides 2.6x energy
to the vehicle wheels than
operating a fuel cell vehicle,
and 5.3x more efficient than
operating an ICE on e-diesel

NREL | 23



Future WTW Energy Requirement to convert 100% of Germany’s LD and HD Fleet

Energy (TWh/year)
1,400
1 200 Germany'’s current
annual electricity
1000 production
800
600 -=F============
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H, (FCEV)
local (DE)

DME
(Cl)

OME
(Cl)

Methanol Gasoline
(SI-DI) FT

e-fuels pathways

Diesel
(CI FT

LPG
(SI-DI) FT

Germany today: 50% renewables
Wind ~ 35% of total

‘1!”
paanh)

30,000 turbines (210 TWh/year)

Germany in future to replace all
petroleum with e-fuels via wind

BEV: 11,000 new 5 MW turbines
FCEV: 23,000 new 5 MW turbines
e-fuel: ~40,000 new 5 MW turbines

~\NREL | 24



And... e-fuels will be expensive

3.0
2.5 :
At best, e-fuels will be
twice as expensive as
2.0
petroleum-based fuels...
1.5

... and quite possibly
more than that

Fuel cost (€/liter)

S a0 00T T T T T T T T T T
Range of fossil fuel wholesale prices

0 |
2020 2030 2040 2050

1 NREL | 25
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Are these e-fuels challenges insurmountable?
How do we close the efficiency gap with direct electrification?

Electricity transmission losses — |||}

Electrolysis losses
Synthesis losses A A A A A A A

I<— Transmission

----------------- 13%
T T T T I T Fuel production responsible for

large percentage of efficiency debits

Engine improvements
needed

NREL | 26
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CO, capture costs depend on concentration of stream

Process, Direct Air Capture There is limited availability of high concentration (= low cost) CO,
CO, 415 ppm from stationary point sources
concentration, $400-1,000
and cost/ton 300
o)
O
-
3 0
?aturalgas - Only 12% of US stationary emissions
ower e .S "N 0 available for $100/ton or less
4% 90
$100-120 >
Cement '2 2 150
Ethanol 14-33% Y B
~100% $80-100 S .
$40-50 ) Stationary
D .
e O Point
O 50 Sources
Research opportunities: Total
pe 0
d b 0 200 400 600 800 1000 1200 1400 1600 1800 2000 2600 5300
"l (e Stationary point source CO, volume emitted Current U.S.
(million tons/year) rmsens
New materlals for Carbon Capture CCUS = carbon capture, use, and storage
NREL | 27

Adapted from “Meeting the Dual Challenges: A Roadmap to At-Scale Deployment of Carbon Capture, Use, and Storage,” National Petroleum Council, 2019
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Improving electrolytic hydrogen production

Hydrogen production costs (€/kg)

3.0 r— . ﬂ\

- $0.02/kWh

Compression
2.0 — 7 Renewable energy
— Electricity costs needed to

= 5 ' provide hydrogen at
1.0 peration
0.5 / Investment < $2/kg

0

(together with other
technology
advances)

Electricity is a major contributor
(~70%) to cost

Research needs

My =
)) \ —

Integration with  High T materials/ Improved catalysts
waste heat corrosion and electrolytes

1z/A2H2/Medias/Download/Proc%20PDF/PARALLEL%20SESSIO

Benefits of conducting electrolysis at high T

300 11.56
250 | AH (total energy demand) 11.30
5 s
£ 200 104 5
g AG (electricity demand) L(QD
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> ] 2
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Q <
c S
50 //)M/at’/w/ 10.26

0 1 1 ] 1 L I 1 '0
0 100 200 300 400 500 600 700 800
Temperature (°C)

60-70%

Current electrolyzer
efficiency

~90%

Potential high-T
electrolyzer efficiency

Kinetics and electrolyte conductivity also improved at high T

. R - N NREL | 28
20Pro¢ tion7%420-7%420 ter7%20Electrolysis/15-06-06/414.pdt



A (very) brief survey of electrochemical/bio-electrochemical conversion

eFaradaic =

Z = # of e~ required for given product
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N = # of moles of given product
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Faraday’s constant

Q = total charge passed
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Formation® Selectivity*
Carbon

2, (o

Ethylene - Medium

Energy
Efficiency*

Current TRL
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o [ | e

Acetate -- Medium

v | TN SRR I B

2 High: >200 mA/cm’ (or commercial TC), Medium: 200 >/>100 mA/cm’, Low: <100 mA/m?
* High: >80%, Medium 80% > FE > 60%, Low: < 60%

“High: >60%, Medium 60% > EE > 40%, Low: < 40%

¢ High: Operated at TRL > 6, Medium: Operated TRL 4-6, Low: Operated TRL 1-3

Fig. 12 Qualitative evaluation of product ease of formation.

Key takeaway: small molecules are
most readily formed by electro- and
bio-electrochemical processes

Direct synthesis of gasoline/diesel
range fuels is a long term goal

arim et al Energy Environ. e« 020 “(VNR'EL‘ | 29



Some
humble
thoughts
on the
future

e
......

“it is very difficult to predict —
especially the future.”

https://www.mentalfloss.com/article/544594/facts-about-physicist-niels-bohr



Key aviation opportunity: biofuels

Aviation fuel composition is tightly controlled for safety reasons - new drop-in fuels needed

Key research needs
Reduce feedstock and
conversion costs
Reduce hydrogen use

Feedstock
diversification

)
ﬂl Process intensification

to reduce capital costs

Biomass well suited to produce high-value jet blendstocks

O
)J\ -~ " S0oH H,

0O
)L CH,0 R
O

e L P e
CH,0 R S o Highly branched iso-paraffins
Lipids from crops, Olefins from Alcohol-
waste, algae fermentation to-jet

\ R \‘.

Feed streams

2050 aviation fuel needs = 26 B gal/yr
(~ half of potential biofuel supply)
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Key marine opportunities: minimally processed biofuels and ammonia

Marine engines are “omnivorous”; low quality of current HFO provides opportunities

Replacing HFO in large marine vessels with minimally processed, heavy biofuels or ammonia
can reduce sulfur, CO», and criteria emissions

Key research needs

Optimizing engine
operation with new fuels

Developing on-vessel
fuel blending controls

Maximizing fuel cost,
properties, & conversion

Process intensification
to reduce capital costs

E*~ O ©O A

Biofuels:

OH

R—N e ™~ S
: NH
\ o ) Amides ?
OH i \

Acids Phenols Amines Thio compounds

Ketones

Use of minimally processed fast pyrolysis bio-oil
and HTL biocrude is a promising option

Ammonia:
80? of the energy consumed today in

O NHj synthesis is for H, production

Near term, NH3 production will likely proceed via Haber-Bosch

Low faradaic efficiencies and current densities are persistent challenges to
overcome with electrochemical ammonia synthesis
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What about trucks?
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@ UPS Rolling Laboratory

A diverse fleet of alternative fuel and advanced technology vehicles.

Through our rolling laboratory, we can determine how alternative fuels and advanced technologies perform in real-world
operating conditions, quickly deploy viable options at scale, and spur market growth for alternative solutions.

)

Propane . . i
e P ¢ Electric/Hydraulic  Hectric.
ural routes o ! City center trips Ethanol
100+ miles Hybrid less than 60 miles p—
Suburban trips that City center trips less
than 60 miles

average 100 miles

Package Car
of the Future
Will use advanced propulsion,
maintenance forecasting
systems, and high-tech
materials to deliver millions
of packages a day more
sustainably

Liquefied &
Compressed Natural Gas
(LNG & CNG)
Regional long haul trips of
400-600 miles; CNG package

cars also support suburban
routes of ~100 miles

Electrically
Assisted Tricycle
Such as Cargo Cruisers in
city centers for trips less

than 20 miles

Biomethane or RNG
Regional long haul trips
between 400 and 600 miles

https://sustainability.ups.com/media/UPS_Rolling_Lab.pdf

NREL
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MD/HD vehicle opportunities

Significant incentive for transitioning MD/HD engines to gasoline-range fuels

LD electrification and meeting low-carbon jet/marine creates need to find outlet for lighter fuels

Key research needs Refinery integration
— OA  Other 339 US refineries designed to
I Co-optimizing new fuel/ 13% M maximize mogas production
e: inpe strateg ies et A .
b 9 9 Diesel Kk A Leveraging sevearal $trillion

of US refining infrastructure
needed to minimize cost

Developing optimal
hybrid powertrains

US

e-fuels
Harmonizing powertrain

options across diverse fleet

s + \) » + &
‘ Process intensification 3
to reduce capital costs |

Longer-term: methanol-to-gasoline

Near-term: CNG, FT diesel from low-carbon sources, etc
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Summary and parting thoughts

Abundant sources of low-carbon fuels for IC engines are
needed to meet global decarbonization goals

Advanced biofuels can supply some of this need
e-fuels could be a longer-term technology that provides low-GHG options

We need to use our renewable electrons wisely

Getting to zero carbon will be really, really hard |

The transition will be costly and difficult

The time to start is now




Thank You

www.nrel.gov/transportation

This work was authored by the National Renewable Energy Laboratory, operated by Alliance for Sustainable Energy, LLC, for the U.S. Department
of Energy (DOE) under Contract No. DE-AC36-08G028308. Funding provided predominantly by the DOE Office of Energy Efficiency and Renewable o/
Energy’s Vehicle Technology Office and Fuel Cell Technologies Office. The views expressed in this presentation do not necessarily represent the

views of the DOE or the U.S. Government. The U.S. Government retains and the publisher, by accepting the article for publication, acknowledges
that the U.S. Government retains a nonexclusive, paid-up, irrevocable, worldwide license to publish or reproduce the published form of this work,
or allow others to do so, for U.S. Government purposes.

Transforming ENERGY




