
now, however, Bitcoin has a big prob-

lem, and it is growing fast.
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John Deutch has published widely on

technical and policy aspects of energy

and the environment and has been a

member of the board of directors or

of the technical advisory committees

of several energy companies.

This commentary outlines a framework

to reduce atmospheric CO2 concentra-

tion at the scale of gigatonne per year

(GT scale) and identifies research op-

portunities in CO2 utilization and nega-

tive emissions to achieve this goal.

Given that the largest atmosphere-

land carbon flux occurs via photo-

synthesis (�120 GtC/year), research

focused on increasing the fraction of

carbon stored on land via plant engi-

neering and land management in agri-

culture and forestry deserves increased

attention. Lowering the cost of carbon

capture from dilute sources requires

research on advanced sorbents and

reactor systems with much improved

performance. With the availability of

low-cost renewable energy, research

is needed on pathways to convert

CO2 into cost-competitive carbon-

based chemicals and fuels. Finally,

research on non-traditional enhanced

oil recovery that produces a net posi-

tive in carbon stored in geological

formations also deserves attention.

For this GT-scale challenge, a systems

approach is needed to understand

the impact of various measures and

explore ‘‘what if’’ scenarios.

There are two complementary ap-

proaches to avoid the adverse impacts

of increasing global temperature due

to anthropogenic emissions of green-

house gases (GHG): mitigation, which

refers to measures that reduce atmo-

spheric CO2 concentration by reducing

the rate of emissions or increasing the

rate of absorption of atmospheric

CO2; and adaptation, related to mea-

sures that would help adjust to

changed climate with as little disrup-

tion to our lives and well-being.

Currently, there are �3,200 GtCO2

(�870 GtC) in the atmosphere;1 the to-
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tal global emissions rate is �40 GtCO2/

year. Therefore, any measure of

consequence must have a scale of at

least 1 GtCO2/year (referred to as GT

scale).

What measures can we adopt today,

and where should we focus our research

to have this scale of impact in the

future? In June 2016, former US Secre-

tary of Energy Ernest Moniz charged

the Secretary of Energy’s Advisory

Board (SEAB) to establish a Task Force

(TF) to undertake a study and identify

such research opportunities.2 The TF

report3 is publicly available. In the TF’s

judgment, the scientific community is

moving too slowly to assess the pros-

pects for alternative GT-scale options

despite significant recent attention.4,5

The pace of deploying GT-scale op-

tions is important as well. However, as

Pacala and Socolow6 have emphasized,

technology readiness only makes the

transition to deployment if proper pol-

icy measures such as on GHG emissions

are in place. This article is offered as a

call to action for advancing technology

readiness.

Looking at the global energy system,

options to reduce emissions in the

electricity sector7 are easier than those

for the transportation and the industrial

sectors. Hence, negative emissions and

CO2 utilization are worth assessing as

counteractive measures. Furthermore,

if the atmospheric CO2 concentration

rises above any dangerous threshold

even with zero net emissions, negative

emissions technologies could reduce

the atmospheric concentration from

increasing beyond that threshold.

Figure 1 provides a framework for CO2

source, capture, conversion, storage,

and/or utilization as an economically

viable product. Undoubtedly, the num-

ber of pathways makes this a complex

landscape since each pathway requires

numerous questions about rates, loca-

tions, amounts, costs, infrastructures,

chemical form, use, re-use, and fate of
carbon, all of which need to be ad-

dressed systematically. Added to this

complexity is the issue of scale: It is

important to understand that GT scale

is a demanding target.

First, the only industries on this scale

today are steel, concrete, and agricul-

ture, as well as coal, oil, and gas. If

these industries were leveraged to

achieve GT-scale carbon management,

they would be part of the solution. Sec-

ond, if an industrial activity cannot

achieve 0.1 GT scale, it unlikely it will

reach 1 GT scale. Hence, we need a

roadmap, for example, using cement

as a possible CO2 sink and perhaps

plastics8 in the future. Third, any

process that captures, transports, and

converts �1 GtCO2/year will require

significant amounts of carbon-free

energy,9 beyond what we estimate

to decarbonize the electricity sector.

Fourth, GT-scale carbon manage-

ment will require massive investments

(�$100 billion) and thus present signif-

icant management, work force, supply

chain, and financing challenges. Fifth,

an endeavor at this scale will have con-

sequences, intended and unintended,

on our biosphere, which are difficult

to predict a priori. Understanding and

predicting the impact must be part of

any research effort. Finally, it seems

inevitable that to achieve GT scale,

there will need to be a charge on

CO2. We do not dwell on this issue,

since the policy landscape is still

evolving. Rather, we ask the question:

Where can research make the biggest

difference to create new techno-

economic options or significantly

expedite existing ones when scaled

to �1 GtCO2/year? Here are some

recommendations.

Systems Approach

The carbon fluxes between the natural

systems (atmosphere, land, oceans)

and commercial systems (electricity/

heat, transportation, industry) are

highly coupled and must satisfy the

laws of nature, with the commercial



Figure 1. The Negative Emission and CO2 Utilization Option Landscape

Options exist for the capture source, capture and conversion processes, capture product,

sequestration repository, and the engineering approach to achieve negative emissions. Cross-

cutting research opportunities exist across the entire negative emissions landscape. Courtesy: Sally

Benson, Stanford University. Note to reader: Not all pathways have equivalent climate change

mitigation potential. Certain pathways place CO2 into the atmosphere, and so without negative

emission, the result will be only partial decarbonization.
systems having to satisfy the impera-

tives of economics as well. Physics and

economics both introduce feedbacks

and non-linearity in the system, which

could be potentially ignored at small

scale, but cannot be ignored at the GT

scale. This makes predictions of the

overall system behavior very difficult.

We need to intensify research that

builds on and expands today’s effort

to create a constellation of systems

models, beyond today’s integrated

assessment models of the global car-

bon balance, at different degrees of

spatial and temporal resolutions. Such

tools would guide holistic policies of

carbon management, develop ap-

proaches to systematically study para-

metric sensitivity, and quantify uncer-

tainties of different variables. These

simulations would allow exploration of

‘‘what if’’ scenarios and thereby identify

pathways that would produce GT-scale

effects and identify performance and

cost targets that would shape a

research, development, and demon-

stration (RD&D) strategy for these tech-

nological pathways. There must also be

an effort for global data collection and
analysis to validate such model

predictions.

Harnessing the Natural Biological

Cycle

The largest flux of carbon (�120 GtC/

year or 440 GtCO2/year) between the

atmosphere and land occurs via photo-

synthesis in plants (Figure 2). Roughly

2%–3% of this carbon remains stored

on land for decades, while the rest is

emitted back to the atmosphere. How

might this natural biological carbon cy-

cle be harnessed to absorb more car-

bon from the atmosphere, store more

carbon on land, or use a combination

of both to produce negative emis-

sions? Could this be achieved with a

positive co-benefit of increasing pro-

ductivity of crops for food, bioenergy,

feed, and fiber that the world will

need, and thereby be of commercial

value? Research using the modern

tools of gene editing and manipulation

holds promise to increase the photo-

synthetic efficiency10 and optimize

crops for food, bioenergy, feed, and

fiber, as well as trees for bioenergy,

reforestation, and afforestation. But
this must be achieved with no marginal

increase in resource inputs: fresh wa-

ter, fertilizers, and pesticides. Research

is also needed to identify approaches

to reduce decomposition of soil

organic carbon and N2O emission

impact. Examples include creating

roots that go deeper in the rhizo-

sphere with higher lignin content.

Such scientific progress should be

complemented with no-till agriculture

to stabilize soil carbon. Of course, the

direct and indirect impacts of no-till

agriculture on land use and productiv-

ity need to be carefully evaluated and

documented.

Synthetic Transformation of CO2

Carbon dioxide can be transformed

into a variety of chemicals and fuels

that have commercial value. But this re-

quires significant carbon-free/neutral

energy8 in the form of heat and/or elec-

tricity, which can often be the dominant

cost.11 Furthermore, these transforma-

tions need to follow one or a combina-

tion of chemical pathways—electro-

chemical, photochemical, biochemical,

thermochemical—with sufficient effi-

ciency and low infrastructure costs to

produce market-competitive chemicals

and fuels. Research is needed to reduce

the cost of delivered carbon-free/

neutral exergy (electricity and high-

temperature heat) with a target range

below 3 cents/kWh. Fortunately, elec-

tricity generation from intermittent

sources such as wind and solar are

increasingly reaching this range, but it

is important to achieve this without

intermittency. Research on fundamen-

tals of electro/photocatalysis is needed

to identify catalysts for important redox

reactions (e.g., CO2 reduction and the

O2 evolution reaction) with low overpo-

tentials and high reaction rates. It is also

important to identify materials for ther-

mochemical redox reactions at temper-

atures <1,000�C, making it compatible

with today’s chemical infrastructure,

which is almost exclusively based

on thermochemistry. Research op-

portunities to genetically manipulate
Joule 2, 801–809, May 16, 2018 807



Figure 2. The Global Carbon Cycle

The numbers are in petagrams of carbon, which is the same as gigatonnes of carbon. Source: IPCC

5th Assessment Report, Working Group 1, Chapter 6 (2013). Note to Reader: The figure does not

indicate which pathways have greatest potential for carbon sinks or possible leakage rates.
biological organisms that use non-

photosynthetic biocatalysis for CO2

fixation are certainly worth exploring.

Finally, it is critical to create new

systems designs and architectures

for chemical reactors that utilize the

science and are scalable to the GT scale

while meeting market-competitive cost

targets.

Technology pathways for synthetic

transformation of CO2 should be

compared on a cost/effectiveness ba-

sis with technology pathways for nega-

tive emission technologies to remove

CO2 from the atmosphere by direct

air capture, discussed in the next

section.

CO2 Sequestration in Geological

Formations

Geological storage of CO2 is an impor-

tant piece of the puzzle for negative

emissions since it has the potential to
808 Joule 2, 801–809, May 16, 2018
store at GT scale. Over the past

decade, several programs have been

created to explore RD&D of CO2 stor-

age in saline aquifers. By its very na-

ture, this has no commercial value.

On the other hand, the oil industry is

using CO2 for traditional enhanced oil

recovery (EOR), which has commercial

value for CO2. However, because of

the CO2 purchase cost, the incentives

in EOR are aligned to minimize CO2

use and maximize hydrocarbon recov-

ery. If the incentives were changed,

e.g., via a carbon charge, it would

create a non-traditional EOR that

valued the CO2 storage (perhaps

reaching GT scale) and simultaneously

retained commercial value for the pro-

duced hydrocarbons? Could such non-

traditional EOR lead to net reduction

in CO2 emissions? If the EOR sites

and saline aquifers are co-located,

would such formations offer a contin-

uum of opportunities for CO2 storage
while also creating value out for

CO2? These questions have not been

fully addressed via RD&D programs.

Furthermore, while much research has

focused on the fundamentals of CO2

mineralization in rocks, scalability to

the GT scale remains undeveloped.

It is important to focus research efforts

on the fundamentals of pore-scale

CO2 displacements; co-optimizing

CO2-EOR and CO2 storage in hydro-

carbon reservoirs and underlying

saline formations; understanding the

geomechanical and geochemical ef-

fects of CO2 transport and mineraliza-

tion; addressing important questions

on leakage; and developing the infra-

structure to distribute CO2, as well as

managing and sharing data obtained

from pilot demonstrations.

CO2 Capture and Separation

While some industrial processes such

as oxy-combustion, fertilizer produc-

tion, and chemical plants produce

concentrated or pure streams of CO2,

most processes produce mixtures of

CO2 with other gases. Research is

needed to reduce the cost of CO2 sep-

aration from gas mixtures, which can

be highly energy intensive. Current

CO2 sorbents have either: (1) high

rate constants and high binding

enthalpy, and thereby high energy

costs; or (2) low rate constants and

low enthalpy, and thereby high capital

costs. Research is needed to identify

new, low-cost CO2 sorbents that

have sufficiently low binding enthalpy

(<70 kJ/mol), and high binding rate

constant (>12,000 M�1 s�1). It is also

worth identifying new, low-cost,

noncorrosive, low-viscosity liquid solu-

tions with lower heat capacity than wa-

ter that selectively bind CO2 with

the above characteristics. Further-

more, new materials and processes to

separate miscible liquid mixtures are

also needed. Finally, it is important

the leverage the science of CO2 sor-

bents to design, build, and demon-

strate reactors that can cost-effectively

capture CO2 at the GT scale.



Direct Air Capture and Ocean

Mineralization

The topic of direct air capture (DAC) has

recently received attention from the sci-

entific community. Almost a decade

ago,12 the cost estimate for capturing

CO2 from air using traditional sorbents

such as monoethanol amine (MEA)

was �$600/tCO2; a cost estimate, that

remains highly uncertain. This under-

scores the need for research in

high-performance sorbents that can

dramatically reduceDAC costs. It is vitally

important to conduct research to estab-

lish a practical lower bound of DAC.

The idea of CO2 mineralization in

oceans at the GT scale is attractive

because the reaction CO2 + H2O /

H+ + HCO3 is exothermic and hence

does not require any energy input.

While the chemical transformation

does not require energy input, there

will be considerable energy cost in es-

tablishing the mineralization infrastruc-

ture. The bicarbonate anion (HCO3
�)

can react with cations such as Na+ or

Ca2+ to form stable bicarbonate or

carbonate salts. However, the remain-

ing proton (H+) reduces pH, which

causes ocean acidification. Scalable ap-

proaches to form bicarbonate or car-

bonate materials would require large

supplies of alkaline salts to neutralize

the acidity. While alkaline rocks such

as basalt and serpentine do exist, get-

ting the alkaline materials to mix with

water and form salts requires significant

infrastructure and materials at scale.5 It

is worth emphasizing that we must be

very cautious in modifying the ecology

of the oceans, since the complex in-

teractions with our food chain and

our environment are not completely

understood.

The principal TF recommendation for

the future is to encourage wide-ranging

discussions with members of the tech-

nical community through organized

workshops to better define carbon

management options. It is essential
that these discussions take place with

a wide range of experts, not only with

experience in one technology but also

with broader aspects of managing and

financing innovation. And given the

magnitude of the challenge and the

increasing rate of anthropogenic emis-

sions, it is imperative that these discus-

sions and the RD&D be undertaken with

fierce urgency.
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(nuclear, wind, solar, hydroelectric).

10. It should be noted that among the most
innovative and potentially high-impact
strategies to improve photosynthesis in
plants is to import carbon concentration
mechanisms that operate in photosynthetic
bacteria and algae. The opportunity is clear
but the molecular technology to import
these complex components is lacking, as is a
full understanding of the biology of their
assembly.

11. Note, there is an opportunity cost of using
carbon-free/neutral energy to convert CO2

into chemicals and fuels, since this energy
could have been used to displace fossil
fuels. A systems approach can be used to
estimate the net CO2 impact of these two
options.

12. Socolow, R. (2011). Direct Air Capture of CO2

with Chemicals. APS Report (American
Physical Society). https://www.aps.org/
policy/reports/assessments/upload/
dac2011.pdf.
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