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Outline

Present carbon emissions and outlook. Humans in a
pre-Human environment.

The geologic view; what do we need to accomplish and
when?

Carbon intensity of energy production — ramping it
down decade by decade

CCS, Biofuels, and Artificial Photosynthesis.
What about carbon Usage?

Emphasis on aspects of the DOE R&D portfolio (it's not
so bad!)
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srosar carson Total Global Emissions are not slowing down

PROJECT

Data: CDIAC/GCP

___________________________________ Fossil fuels
35- 7 -and cement
10 Gt C/yr

>

x 304 -

S

= 25 -

&)

0 _ i

e 20

o

& \

O 101 = " 2%

-~ S

o 5 .‘—-—\—‘fwk'v ' Land-use
change

1960 1970 1980 1990 2000 2010

Source: CDIAC; Houghton et al 2012; Giglio et al 2013; Le Quéré et al 2014; Global Carbon Budget 2014



http://cdiac.ornl.gov/trends/emis/meth_reg.html
http://www.biogeosciences.net/9/5125/2012/bg-9-5125-2012.html
http://onlinelibrary.wiley.com/doi/10.1002/jgrg.20042/abstract
http://onlinelibrary.wiley.com/doi/10.1002/jgrg.20042/abstract
http://onlinelibrary.wiley.com/doi/10.1002/jgrg.20042/abstract
http://dx.doi.org/10.5194/essdd-7-521-2014
http://dx.doi.org/10.5194/essdd-7-521-2014
http://dx.doi.org/10.5194/essdd-7-521-2014
http://dx.doi.org/10.5194/essdd-7-521-2014
http://www.globalcarbonproject.org/carbonbudget/

GLOBAL CARBON
PROJECT

Near term outlook is not good

Data: CDIAC/GCP/Friedlingstein et al 2014
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GLOBAL CARBON And coal is King again....
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The most pessimistic IPCC 2005 projections of
Integrated carbon emissions now appear optimistic
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Transfer rate of C from Geologic Storage (Gt C/yr)
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Turning the clock back....to pre-Human times
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Box model version of global carbon cycle
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Transfer rates of carbon from .
- geologic storage to
[ the atmosphere
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exceeded the
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Carbon cycle in 2015
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Carbon Intensity of Energy Production

as Figure.of -Merit
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Getting there — CCS would allow for large scale

continued-energy production from-Coal and NG
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Biofuels, AP, and even CO,-EOR can help with

liquid transportation fuels
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& Coal and Natural gas use means CCS is a requirement
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DOE Energy Frontier Research Centers

The U.S. DOE Office of Fossil Energy has
recognized the critical role that Carbon
Capture and Sequestration must play in
reducing the CO, released to the
atmosphere over the next 100 years.

¢ SECARB
There are demonstration projects S b e
underway in many parts of the U.S. and
internationally, but the DOE Office of
Science has also put new resources into

basic research in the form of EFRC ’s.

1. Nanoscale Controls on Geologic CO,
(NCGC; LBNL lead) T

2. Subsurface Energy Security
(CFSES; Texas Austin lead)

3. Geological Storage of CO2
(GSCO2; U. lllinois lead)
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Some GCS basic research questions .....

Fractures w/penetration of CO, and brine

Sandstone / ...
J:i _4_/ 'L Shale™] Primary seal
K_,\ 2——1 Stratigraphically
trapped CO,
e ———— Capillary- and
Solution-
> ‘\; trapped CO,

Mineralogically
trapped CO,

Sandstone
(reservoir)
Questions:
1. How much CO, is likely to be accounted for by capillary trapping? What

does it depend on?

Is capillary trapping permanent, or can it break down on longer
timescales due to chemical processes?

Will geochemical reactions affect the capacity and security of shale seals
if they are fractured or faulted and/or fractured during injection?

Can a significant fraction of the injected CO, be converted to carbonate
on a 1000-year time scale?
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Attempting to deal with scales....

Meso-scale

Pore-scale
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LBNL Major Research Facilities

A5,

Advanced Light Source National Energy Research Joint Bio-Energy
Scientific Computing Center Institute

'{"' = ‘.;?: .

Molecular Foundry Solar Energy Research National Center for
Center Electron Microscopy




Tools for advancing CCS technology

Leveraging DOE’s Science-Based Prediction Capability
to Build Confidence in Engineered—Natural Systems

Carbon Capture Simulation Initiative (CCSI)
To accelerate the path from concept (bench) to deployment (commercial power plant)
by lowering the technical risk in scale up.

Ve
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CO, Storage I
NRAP

National Risk Assessment Partnership

National Risk Assessment Partnership (NRAP)

To accelerate the path to CCUS deployment through the use of science-based prediction
to quantify storage-security relationships, thereby building confidence in key decisions.



NRAP: Science-based prediction to build confidence in storage security by
quantifying system performance for multiple conditions.
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Assessing risks in complex geosystems

| NRAP Goal—to predict storage-site
behavior from reservoir to receptor
and from injection through long-
term storage...

...in order to quantify
key storage-security relationships
for various site characteristics.

Ervironmental Risk Profile

B o e e e = = -

njection Ijection 2x injection 3 & njection n x mjection

Challenge NRAP Approach

- Large, complex system - Utilize integrated assessment models that
break the system into smaller pieces

« Uncertain geologic parameters « Utilize reduced order models that run
rapidly coupled with Monte Carlo methods

- Prediction of processes that cannot - Utilize high-fidelity, physics-based models

be directly tested or observed to characterize critical behavior
« Site-specific characteristics - Build in flexibility for utilizing site-specific

information, including data generated by
reservoir simulators based on site models

U.S. DEPARTMENT OF o

ENERGY NETL o (b obemes e NRAP




Induced seismicity working group

(1) Identify site characteristics and operations that lead to low-risk—i.e.
minimal hazard, minimal damage.

(2) Develop techniques to quickly identify and manage seismicity
problems if they should appear

fault plane

—— aquifer

- secondary seal

—— primary seal
—— reservoir

hypocenter
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CO, utilization — pipe dream or reality?

Current Research on Atmospheric and
Captured CO, Utilization
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Selectively use CO, Capture gases at

from the atmosphere source, purify
directly by natural or CO,
artificial photosynthesis;

convert to fuels



Low-Energy CO, Capture through Cooperative Adsorption

Scientific Achievement
An unprecedented cooperative
mechanism for CO, capture via
insertion into metal-amine bonds is

revealed

Slgnlflcanc? and ImpaC.t I T TT T Teo :
Understanding the mechanism 8 e s | /
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02e08880Y
capture from a power plant flue gas 0 —— 0 B
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ReS earC h Detal |S Pressure (mbar) Pressure (mbar)
— Insertion of COZ at one site facilitates Top: As revealed by po.wger x—_ray filffractlon, CO.2 is adsorbed by
. ) ) . . . mmen-Mn,(dobpdc) via insertion into metal-amine bonds. One-
insertion at a neighboring site, leading to dimensional chains of ammonium carbamate are formed as the
formation of ammonium carbamate chains cooperative process propagates along the pore surfaces.

via a chain reaction Bottom: CO, adsorption isotherms at 25, 40, 50, and 75 °C for
mmen-M,(dobpdc) (M = Mg, Co) show how the position of the step

— The pressure of the step can be can be controlled by varying metal-amine bond strength.

systematically tuned to minimize the
McDonald, Mason, Kong, Bloch, Gygi, Dani, Crocella, Giordano, Odoh,

energy of COZ Separatlons Drisdell, Vlaisavljevich, Dzubak, Poloni, Schnell, Planas, Kyuho, Pascal,
Prendergast, Neaton, Smit, Kortright, Gagliardi, Bordiga, Reimer, Long
Nature 2015, http://dx.doi.org/10.1038/nature14327

it e oAl Office of = ' enter for Gas Separatio

ENERGY Science \ﬁl J| )\ﬁ' \‘3 : o : Relevant to Clean Energy Technologies

NTQ,
POLENT Op N
& %
2
% S
05 4
TS O



A Diamine-Appended Metal-Organic Framework

1. mmen
CGH14
24 h
—_—»
2.100 °C
in vacuo
6h

Mg,(dobpdc) mmen-Mg,(dobpdc)

-~ Dangling amines coat the periphery of the channel leaving space for rapid CO, diffusion

McDonald, Lee, Mason, Wiers, Hong, Long J. Am. Chem. Soc. 2012, 134, 7056



Classical versus Phase-Change Adsorbents
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o For phase-change adsorbents, a small change in temperature gives a large working

capacity

McDonald, Mason, Kong, Bloch, Gygi, Dani, Crocella, Giordano, Odoh, Drisdell, Vlaisavljevich, Dzubak, Poloni, Schnell, Planas,
Kyuho, Pascal, Prendergast, Neaton, Smit, Kortright, Gagliardi, Bordiga, Reimer, Long Nature 2015, available online



Joint BioEnergy Institute

One of three U.S. Department of Energy-supported National
Bio-Energy Research Centers dedicated to enabling clean, carbon-
neutral biofuels from cellulosic (non-food) biomass

Berkeley Lab, UC Berkeley, UC Davis, Sandia,
LLNL, Carnegie Institution 30



JOINT BIOENERGY INSTITUTE

Cellulose
Blomass Hemicellulose Sugar

H
Pre-
treatment
ﬁ

JBEI technology development & improvement strategy

Increase Lower Less Lower Lower Increase Increase
C6/C5 lignin enzyme IL price IL use biofuel fermentation
ratio content use yield  productivity

+Lignin valorization

Objective — reduce biofuel cost from current $40 to ca. $3/gal



JBEI'S RESEARCH APPROACH IS HIGH RISK

JBEI approach Less risky approach

Genetically modified crops for Understanding current crops
optimized for biofuel production for use as biofuel feedstocks

lonic liquid pretreatment process  Improvements to existing

* high yield saccharification of methods for biomass
biomass deconstruction

* |low levels of inhibitors

* lignin valorization

Microbes engineered to produce Incremental improvements in
drop-in fuels for all production costs of existing
transportation segments fuels (ethanol, butanol)

Proprietary Information



JOINT CENTER FOR ARTIFICIAL PHOTOSYNTHESIS (JCAP)

Aims to develop an efficient, scalable and robust prototype that generates fuel
from sunlight, water, and carbon dioxide.

TYPES OF ARTIFICIAL PHOTOSYNTHESIS DEVICES

PHOTOVOLTAIC + ELECTROLYZER PARTICLE DISPERSIONS INTEGRATED SYSTEM
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Challenges: Expensive

4 JCAP
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Joint Center for Artificial Photosynthesis

Prototypes & devices

Solaffuels generator

Efficient TiO,-protected deinnnstrated at neutral pH

amorphous Si photo-
cathodes demonstrated

Caltech, Berkeley plus
other partners

Catalyst p*si \"‘«'s &
. § \ 140
Discovery and demon- PR S »
n-Si stration of new class of i _ N S
o o NiFeCoCe oxygen evolu- ey I =
Stabilization of efficient tion catalyst | e . I
earth-abundant photo- . it T
anodes at extreme pH by /?\ ‘ A A Energy efficiency tradeoff
. & o e 9 . .
nanotexturing and y 2 NA“ /_\i“ - between panel lifetime and
catalyst overcoat device efficiency determined

. DEPARTMENT OF Oﬁ‘-lce Of
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JCAP TRAJECTORY IN INITIAL PHASE AND RENEWAL

JCAP transitions to the the challenge of progress toward a solar fuels generator producing
fuel from carbon dioxide, sunlight and water.
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CO,REDUCTION KEY SCIENTIFIC CHALLENGES
Integrated atmospheric - €O, capture and
(q, photoelectrolyzer—l concentration

-

Methanol or better - Stable, efficient and selective

CO,RR catalysis
- Stable, efficient OER catalysis

- Stable, efficient energy
coupled light absorbers

JCAP-II Integrated concentrated |
R&D focus (O, photoelectrolyzer

N

Discrete photovoltaic/
(0,-to-CO electrolyzer

JCAP-I Integrated water
P Al R&D focus photoelectrolyzer

Discrete photovoltaic/
7 water electrolyzer

- Stable, CO, to CO catalysts

H,(g) - Stable, efficient

OER catalysis

i
1

WATER SPLITTING

SCIENTIFIC COMPLEXITY

DEGREE OF DEVICE INTEGRATION

JCAICAP
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JCAP RESEARCH THRUSTS 9
=
. o)
1 THRUST 1 Electrocatalysis THRUST 2 <
KEY SCIENTIFIC GAP KEY FOCUS Photgcatalysis g
Understanding the structural and compositional - Discovery and understanding of and light
parameters that govern the: heterogeneous CO,RR electrocatalysis capture
- Activity and selectivity of CO,RR catalysis, and - Discovery and understanding of
- Activity and selectivity of OER catalysis heterogeneous OER electrocatalysis KEY SCIENTIFIC GAP
r— Understanding the
_____ .\ effect of (1) surface
e y composition, (2)
THRUST 4 / \ surface structure, and
) ‘ (3) electronic structure
Modeling, on the photocatalytic
test-bed , activity for CO,RR
prototyping, & / N OFR and OER
benchmarking [ st
), A tAnthe_ | KEY FOCUS
KEY S(IENTIF!C GAP ¢ i AraEaary) (9 Membrane Discovery and
Understanding of how 7 /| Photoanode -4 ™ | ¥ undertsanding of CO.RR
charge-and-ion-trans- - Internalp-n’ -4~ Photocathode | and OER photocatalysis.
port through ‘ f JUﬂC'CIO“S ----- Y 4 Yy Cathode - Development and
components affects /4 " protection understanding of light
the efficiency of . / Ctied harvesting photonic
integrated devices / A ( 5 catarl(;/ 4 éjctlon architectures
kYfous =225 Q%9 Electrolyte
- Modeling and
simulation of device THRUST 3 Materlals mtegratlon mto components J
parameters and
test-bed architectures KEY SCIENTIFIC GAP KEY FOCUS
- Development and Understanding of how interfacial - Development and
understanding of light phenomenon influence: understar]dlng of integrated
harvesting photonic - Light absorption and generation efficiency catalyst/light absorber
architectures - (Photo)electrocatalytic activity assemblies

JcadCAP
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Engineered Geothermal Systems with scCO,, as
the working fluid phase

LA =0
Ny Tl

* . Cranfield Unit

< MS ) =Kl — &

NATCHEZ = = [
sl .

Adams Franklin

Field Demonstration Project, g

Cranfield Mississippi
B. Freifeld, LBNL

« Heat extraction rates with CO, are =50 %
larger than for water.

« CO, is favorable in terms of wellbore
hydraulics.

» Rock-fluid chemical interactions are weaker
for dry, anhydrous CO, than for water.

* Fluid losses are costly for water, but could
earn greenhouse gas storage credits for CO.,.

L Recuperator

Generator AC Power

n

'Speed Control

CO, Injection Well ~ Monitoring Well Production Well
Make Up// = CFU-F1 CFU-F2 & =) CFU-F3
SJS'ka < 70m » |«—30 m—>
s e e i

Figure 1. Proposed combined CO?2 storage pilot/geothermal energy production at the SECARB Cranfield
DAS demonstration site.



» Geologic carbon storage Iis necessary to get through the
next 150 years with acceptable total carbon emissions

» Using CO, In large enough quantities to make a
difference in emissions is challenging, but...

» Making fuels from sunlight and CO,, is one way to do it —
either with natural photosynthesis (cellulosic biofuels) or
through artificial photosynthesis.

« EOR with supercritical captured anthropogenic CO, can
contribute some reduction in carbon intensity in the next
few decades

 Other possibilities, like Engineered Geothermal Systems
(EGS) with scCO, are at early stages of evaluation
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Taylor Glacier, Antarctica
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