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The Origin of Breakthrough Energy
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CLIMATE IMPACT

OTHER INVESTMENTS

Breakthrough
Energy

SCIENTIFIC POSSIBILITY

FILLING THE GAPS




Breakthrough Landscape of Innovation
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ELECTRIGITY

March 12, 2019

TRANSPORTATION

AGRICULTURE
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Confidential

MANUFACTURING

- S g

+ Lightweight Materials and Structures

+ Low-GHG Liquid-Fuels
Production—Non-Biomass

+ Low-GHG Goseous Fuels
Praduction—H,, CH,

+ High-Energy-Density Goseous
Fuel Storage

+ High-Efficiency Thermal Engines

+ High-Efficiency, Low-Cost
Electrochemical Engines

AGRICULTURE

+ Reducing CH_and N O Emissions from
Agrioulture

+ Zaro-GHG Ammania Production

+ Reducing Methane Emissions from
Ruminant Animals

+ Develaping Low-Cost, Low-GHG Mew
Sources of Protein

MANUFACTURING

+ Low-GHG Chemicals

+ Low-GHG Steal

+ Low/MNegative-GHG Cement

+ Waste Heat Capture/Conversion

+ Low-GHG Industriol Thermaol Processing
+ Low-GHG Poper Praduction

+ Extreme Efficiency in IT/Daoto Centers

BUILDIK

s

+ High-Efhciency, Mon-HFC
Cooling & Refrigeration
+ High-Efficiency Spoce/Water Heating
+ Building-Level Electricity and
Thermal Storage

+ High-Efficiency Envelope:
‘Windows and Insulation

BUILDINGS

- e s

Production—Biomass

+ Tronsportation- System Efficienay
Solutions

+ Technology Solutions that Eliminate
the Meed for Travel

+ Technology-Enabled Urban Planning
and Design

+ Low=-GHG Air Tronsport

+ Low-GHG Water-Borne-Goods
Transportation

+ Eliminating Spoiloge/Loss in the
Food-Delivery Chain

+ Soil-Maonogement Solutions for GHG
Reduction and CO, Storoge

+ Manure
+ Agriculture-Related Deforestation

+ Fugitive Methone Emissions from
Industry

+ Extreme Durobility for Energy-Intensive
Products and Materials

+ Tronsformative Reoyaling Solutions for
Energy-Intensive Products and Materials

+ Increasing Biomass Uptake Raote of GO,
+ C0, Extraction from the Enviranment

+ High Efficiency Lighting

+ High-Efficienay spplionces and
Plug-Loads

+ Next-Generation Building Monogement

+ Technology-Enabled Design of Efficient
Buildings and Communities
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Share of total U.S. energy used for U.S. transportation energy
transportation, 2017 sources/fuels, 20171
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Not. Happening.




Assumptions/Stipulations:

Liquid fuels for transportation will be highly persistent;
The planet will mandate zero-carbon fuels;

The planet will adopt the low-cost solution;

Subsidies at scale are not viable;

Infrastructure-compatible solutions are preferred.



Zero-Carbon Liquid Fuels Means Air Capture

CO,-filter CO,-free

air
Ambient
air




Price per barrel, $2014
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US Civil War drives up commodity
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Cholera epidemic cuts
production in Saku,
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The long history of oil prices
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Amines Long Known for CO, Capture

Patented Dec. 2, 1930

UNITED STATES

1,783,901

PATENT OFFICE

ROBERT ROGER BOTTOMS, OF LOUISVILLE, KENTUCKY, ASSIGNOR TO THE GmDI.Eﬁ
CORPORATION, OF LOUISVILLE, KENTUCKY, A CORPORATION OF DELAWARE

PROCESS FOR SEPARATING ACIDIC GASES

Application filed October 7, 1830. Serial No, 486,918, REISSU ED

This application is a substitution for and
continuation in part of my prior allowed ap-
plication. Serin.F No. 323,728, filed Dec. 4,
1928, allowed Sept. 26, 1930.

s This invention relates to the separation of
acidie Eases from other gases or gaseous mix-
tures, by means of an absorbent agent. By

the term “acidic gases” I mean those gases.

which in water solution have an acid reaction,
10 but which are released unchanged upon suffi-

cient heating of the water. Carbon dioxide,

sulphur dioxide and hydrogen sulphide are

the main gases of this type which are present

in the gaseous mixtures commonly encoun-
15 tered in industrial operations.

for removing CS., and methylene blue and
other dyestuffs for removing H.S, with al-
ternate oxidation:and reduction solid hexa-
methylenetetramine fot removing S0, but so

far as I am aware it was not known prior to 55

my invention that certain compounds form-
g a comparatively small group of the
amines possessed the properties of chemically
uniting with acidic gases at a comparatively
low temperature range, giving up the gas in 6o
gaseous form at a higher temperature and at
the same time becoming regencrated, and hav-
ing a low vapor pressure during the absorp-
tion stage and also during the heating or gas
liberating stage. The possession of these 65

United States Patent Office

2,768,945
Patented Oct. 30, 1956

1

2,768,945

METHOD OF SEPARATING ACIDIC GASES
FROM FLUID MIXTURES

Abraham Shapiro, Pasadena, Calif,, assignor, by mesnc
assignments, to Socony Mobil Qil Company, Inc, a
corporation of New York

Application March 9, 1953, Serial No. 341,241
5 Claims. (Cl. 204—72)

This invention relates to the separation of weakly
acidic, normally gaseous substances from fluid mixtures
by absorption in aqueous amine solutions.

R. R. Bottoms, in U. S. Patent 1,783,901, December 2,
1930 (reissued as No. 18,958, September 26, 1933), dis-
closed a method of extracting acid-reacting gases such as
HaS, CO3, and SOz from gaseous mixtures by means of
any of certain amines having high boiling points, or by
means of a solution of such an amine. In the Bottoms
process, also known as the Girbotol process, the absorb-
ent liquid is first brought into contact with the gaseous
mixture to dissolve the acidic substance and is subse-
quently regenerated by heat at a temperature of about

1Ane M llol cnTannna tHha anidia serhetasman dm Ansasan

5

10

20

2

of high viscosity and high salt content, with such poor
heat transfer properties that the distillation of the amine
is accompanied by decomposition.

I have found that, by modifying the amine absorption
process to include a partial electrolytic purification of the
amine solution being returned from the regeneration step
to the abscrption step, and by maintaining some of the
amine, not less than about one half of one percent by
weight with respect to the entire solution, in. combined
form throughout the process, it is possible to prevent
accumulation of strong and nonvolatile acids at low cost,
of the order of one temth the cost of maintaining the
activity of the solution by addition of fresh amine.

The electrolytic cells employed are of the type in which
a permeable partition is interposed between the anode and
the cathode, and they are operated in such manner as to
minimize the flow of liquid (as distinct from the flow of
ions) through the partitions in either direction.

The improved process is described in the following and
is illustrated by the accompanying drawings, in which.

Fig. 1 is a flow diagram illustrating the entire process;

Fig. 2 is a diagram in plan view illustrating the elec-
trolytic purification step; and

Fig, 3 is a cross-sectional view of the electrolytic cells.

Referring to Fig. 1, 11 is an absorption column pro-
vided internally with conventional means for bringing

immiscible fluids into contact, such as bubble plates,
e ia wanl Frime ~hnwman A (3 o lanid io tr lha traatad)



Solid-Supported Amine Contactors
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Covalent tethering via
silane linkage
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Direct covalent tethering
via in-situ polymerization

n = adsorption
capacity
(mol/kg)

Exchange material “inhales”
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silting oulside in
relatively dry air, the
materiol will soak up CO,

An = working capacity

low

high
i (partial pressure)
CO, when wet
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humidity swing R-leet e et

If exposed to high humidity
or welted directly, the malerial
will release its CO,
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Contactors +
GT Module =4 | N ) Sé’;ﬁflg;e
| N | : Adsorption
CLIMEWORKs | hase
| Regeneratio
hase
A 4
» v~
" 105C Steam o : P €02 Collection P
n .
Current: 10.5 GJ-ton1;
globalthermostat

long-term: 7.2 GJ-ton!



CaCOs(s)

(Air Contactor (1)
CO;(g) + 2KOH5q)

H20(|) + K2C03(aq)
| -95.8 kJ/mol

v

Ca(OH)z(s)

Carbon cy/ Engineering

Pellet Reactor (2)
ZKOH(aq) o CaCO3(s)

K2C03m, + Ca(OH)z(,,
-5.8 kJ/mol

Nat Gas Elec

8.81GJ 0kWwh
or

5.25GJ 366 kW?

Calciner (3)
CaCO3(s)

| 178.3 kJ/mol

Slaker (4)
CaO(,)}HzO(.)
Ca(OH)Z(s)
-63.9 kJ/mol |
Atmospheric Air
1 t-CO,

‘ Pure CO,
Direct Air| (1.3-1.51)

Capture 3 Fuels or

Sequestration

Levelized Cost

94-232 $USD/t-CO,

co,



We Have a Target...

$12.50 bbl? |

$60 bbl-L $2.73 gal? $100 ton'!
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~97% Theoretical Yield

PNNL-LanzaTech Partnership
to Produce Sustainable Jet Fuel

Desired outcome: an isoparaffin-based
jet fuel from waste-gas-derived ethanol
that meets jet fuel specifications

1

Waste gas undergoes
microbial fermentation, )
producing ethanal
via LanzaTech prepri-
etary process

LanzaTech commercial
scale-up and deployment
in the aviation industry

Ethanol is converted
using PNNL proprietary
process via

> dehydration

» oligomerization

» hydregenation

» fractionation

Sustainable jet fdald \
from ethanol gualifies under
ASTM Standard, up to

50% blend

LanzaTech scales up pro-
cess to produce and test
sufficient amounts of

sustainable jet fuel

>95% Theoretical Yield



Where Do We Need to Be?

DECON LABORATORIES, INC, MR
~ ETHANOL 200 PR
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Where Are We Now?

DECON LABORATORIES, INC,

ETHANOL 2004
ror MOLECULAR BIOL%

Suitable for use in precipitation of nudkx ook 4
VG by Sy P et 20t B e ot o e
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Cellulosics?
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c: cellulose

lignocellulose

PYROLYSIS

Pyrolysis

Reduction

Combustion poplar sawdust

b

$1 Gal? EtOH requires biomass at <550 ton



Does a Viable Low-Cost Feedstock Exist?

nlzilture h LETTERS
C mate C ange PUBLISHED ONLINE: 23 OCTOBER 2017 | DOI: 10.1038/NCLIMATE3410

Brazilian sugarcane ethanol as an expandable
green alternative to crude oil use

Deepak Jaiswal', Amanda P. De Souza'?, Seren Larsen>*°, David S. LeBauer®, Fernando E. Miguez’,
Gerd Sparovek®, German Bollero®, Marcos S. Buckeridge? and Stephen P. Long"8910*
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How Low Cost?

w\"//)

Assumed CAPEX + OPEX  Implied Max H, Price i HHIYGEAR
$0.75 Gal 51.34 kg™

@ $1.25 Gall $0.84kg™? GasTechno’ /

Royal Dutch Shell " SU nf| e
(I VELOCYS

Plant CAPEX ($/kW)

Q CompactGIL

The modular gas solution

0 EIiE 1 1i5 2 E.I5 3 3i5 4 G R E Y R O C K

Renewable Price (cent/kWh)



Geologic Hydrogen?

olivine and/ -}

water
30 or pyroxene
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“Far better it is to dare mighty things, to win glorious
triumphs, even though checkered by failure, than to rank
with those poor spirits who live in the gray twilight that
knows not victory nor defeat.”

Theodore Roosevelt, April 1899



