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My talk is dedicated to Marc Ross (1929-2017)

No one had a larger influence on the cohort of young physicists 
who leaped into energy and environmental studies in the late 
1960s and early 1970s. He alone was a full step ahead of John 
Holdren, Frank von Hippel, Bob Williams, John Harte, myself, and 
many others, and he mentored all of us.

Marc was the epitome of integrity, 
creativity, and selflessness. His passion 
for bringing physics to bear on real-life 
problems was an inspiration. He is UM’s 
currently unsung hero. I hope some 
suitable memorials named after him 
can be created  here, like endowed 
fellowships and seminar series.
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DAC is one of many CDR strategies,
but distinctive

Carbon dioxide removal from air (CDR):

Direct air capture (DAC) with chemicals

Biological strategies (Bio-CDR)

Biopower with CCS (BECCS) 

Pickling (BCCS)

Afforestation

Soil carbon augmentation

Ocean fertilization

Chemical strategies

Ocean alkalinity

Enhanced weathering



The APS benchmark system for DAC

•Liquid sorbent

•NaOH counterflow sorption

•Ca(OH)2 – CaCO3 recovery

•mass and energy balances 

from Baciocchi et al., 2006.

Costs: Industry methodology. Oxygen-blown kiln is 

only non-commercial component.

Klaus Lackner calls the APS benchmark system a 

penguin. He says we studied a penguin to see if a 

bird could fly. 



What question about costs 
did APS try to answer?

Certain industry professionals evaluate the promise of 

new technologies day in and day out. For a DAC facility 

built today that they think would work, what cost would 

they estimate, and what methodology would they use? 

We anchored our cost to the cost of a facility that 

captures CO2 from the flue gas of a coal power plant, 

keeping all possible assumptions the same.

We generally estimated low: We assumed a constant 

CO2 removal rate, ignoring environmental variability. 

We were bullish about pressure drop.

Our system boundary excluded CO2 sequestration. 



Cost domains, in $/tonCO2

R&D? R&D?

During a full year of contentious review after our report was 

submitted to APS, all of the criticism was that our DAC costs 

were too low and that our treatment of DAC was too generous.



Solid sorbents instead: durability is key.

After some number of cycles (“swings”) of pressure or 

temperature or humidity, the sorbent must be replaced. 

Three variables: 

1. Reversible Capacity (kg CO2 absorbed and desorbed 

per swing per kg sorbent)

2. Lifetime (cycles). 

3. Cost ($/kg sorbent)

Assume a reversible capacity of 50 g CO2/kg sorbent per 

swing, replacement after 4000 swings, and $10/kg sorbent 

cost. Then 0.20 tCO2, are captured for $10, and the 

sorbent contributes $50/tCO2 to the capture cost.



“Net-carbon” raises CDR cost
$/(tCO2) removed, gross vs. net

The cost-multiplier, y, is 

the ratio of avoided cost to 

capture cost:

y = 1/(1 – x), 

where x is the amount of 

CO2 emitted per CO2

captured. 

Example: the APS benchmark system has x = 0.3. Grid 

power runs the fans and compressor, but regeneration heat 

is provided by natural gas with CCS. Without CCS, x = 0.7.

x = CO2 emitted per CO2 removed

x

y

o

o

1.0

At x = 1, one 

CO2 is emitted 

for every CO2

captured.



Opportunity Costs

Coal Nuclear CDR

Baseline: A coal plant is running, and a nuclear plant is being built. 
Which use of the nuclear plant is best for the climate?

Coal Nuclear Coal Nuclear CDR

or

“Nuclear” is a place-holder for any low-C baseload energy source, 
e.g., solar, wind, hydropower, geothermal, fossil energy with CCS.

As long as there are high-carbon sources of power and heat, 
any low-carbon sources should back these out, not “run” CDR



Source: Le Quéré et al. 2009, Nature Geoscience; Canadell et al. 2007, PNAS, updated by S. Pacala, Feb 2012.

Data are from 2000-2008. 

1.4 GtC/yr

+7.7 GtC/yr

2.7 GtC/yr

29%

4.1 GtC/yr

45%

26%
2.3 GtC/yr

≈2.0 ppm/yr

Increase 

Land sink

Ocean sink, 

lowers pH

Data: Half of CO2 emissions stay in the atmosphere



“Takeback”: Conservatively, to reduce the mass of CO2

in the atmosphere by one ton, one must remove ≈2 tons.

Scaled to -1 ppm/yr

- 4 GtC/yr removed

-1 GtC/yr

25%

-2 GtC/yr

50%

25%
-1 GtC/yr

-1.0 ppm/yr

≈ -15 GtCO2/yr

Land source

Ocean 

source, will 

raise pH

Reverse the flows



CDR: not matched to emergencies

“Pace” (slope, rate of increase in removal capability): 

(A) 0.15 GtCO2/yr2; (B) 15 GtCO2/yr2 (100 times larger).

The pace in (B) is far too fast for CDR. It is equivalent to 

canceling the entire global fossil-fuel system in two year. 

Lower CO2 concentration by 100 ppm (capture 750 GtCO2, net):

A. Over 100 years (e.g., 2050-2150)

B. Over 10 years (e.g., 2050-2060)

(B)

10 yr

150 GtCO2/yr

(A)

100 yr

15 GtCO2/yr

1 ppm/yr: plausible build-rate?

10 ppm/yr:

crisis response



CDR and SRM

CDR and SRM are very different.

CDR: Slow (think -1 ppm/yr), 
planetary-scale only, low 
risk, few deep issues

SRM: Fast, allows regional 
targets (e.g., arctic), high 
risk, high leverage, 
fundamentally new



My conclusion re CDR: First things first

PRIORITIES ARGUMENT Aggressive deployment of CDR in 
any form, including DAC, makes little sense until the world 
is well along toward eliminating centralized and 
concentrated sources of CO2 emissions, especially at coal 
and natural gas power plants: 

by efficiency gains that make the plants unnecessary
by substitution of non-fossil alternatives
by capture of nearly all of the plants’ CO2 emissions. 

This is the priority objective for climate change mitigation 
for the indefinite future.

The critical judgment is how far along we are already. In 
my view, we are not far along.



Other conclusions re CDR

COST ARGUMENT: It will almost surely be much cheaper to capture 
CO2 from the flue gas of a coal power plant than from ambient air, 
where it is 300 times more dilute. At a natural gas plant, 100 times. 
The “cost” for biocarbon CDR is land.

NET-CARBON ARGUMENT: CDR requires low-C power to be carbon-
negative. Cost multiplier is 1/(1-x). Opportunity cost for low-C 
energy when system is still carbonized.

** **
LONG-TERM, MAY WELL BE USED
CDR in any form, including DAC, could compensate cost-effectively 
for the last fractions of fossil fuels use. It could be used to lower the 
atmospheric CO2 concentration – slowly. 

DAC competes favorably with bio-CDR, because of land constraints.



Our moral responsibility

The various publics concerned about climate change 

wish that DAC were cheap.

Selectively, people hear what they want to hear, and 

they assemble their worldviews from the information 

they let in.

It is obligatory, therefore, for experts (including those 

here today) not to create false hopes – in this case, not 

to allow our audiences to infer that humanity can “solve” 

climate change while being relaxed about fossil fuels.



The Larger Context
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Four World Views

Are fossil fuels hard to displace?

NO YES

Is climate 

change an 

urgent 

matter?

NO A nuclear or 

renewables world 

unmotivated by 

climate. 

Most people in the 

fuel industries and 

much of the public are

here. 5oC.

YES Environmentalists, 

nuclear advocates 

are often here. 2oC.

OUR WORKING 

ASSUMPTIONS.

3oC, tough job.



Our small planet

A useful approximation: The long-term average temperature rise 
on the Earth’s surface is proportional to the cumulative global 
emissions of CO2. 2oC is the most discussed target. G = 109.

The multiplier from emissions to temperature rise reveals that 
our planet is small. When we as a species do ordinary things* 
globally with the technologies we have, we harm ourselves. 
*Examples of ordinary things: eating hamburgers, commuting to work, 
building with concrete, going skiing.

We wish Earth were larger. 

O GtCO2                              1600 3200                           4800

AA few decades
A few more 

decades
1oC, already 2oC 3oC

More than a century 



Carbon budgets
O GtCO2                              1600 3200                           4800

AA few decades
A few more 

decades
1oC, already 2oC 3oC

More than a century 

If we were not confronting climate change, the era of 
fossil fuels (coal, oil, and gas) could last hundreds of years. 

What if, in 2018, we had still not figured out CO2?

40≈2oC

1600 1600

40

1940 2020 2100

“Hubbert peak”
equivalent

1600 1600 1600

≈3oC

Add one rectangle: 
40 billion tCO2/yr* 40 yrs

1940 2020 21402060



Budgets demand choices

The budget concept leads inexorably to choices about which 
fossil fuels to extract and which to consider “unburnable”:

When?   Better options someday?
Whose?   Geopolitical stability
Used where? “Fairness”
For what purpose? Who judges?
Which fossil fuels? Those with the highest H/C ratio?

Judgments about which fossil fuels are 
“unburnable” have no precedents. 



“Committed emissions” 
Future emissions inherent in current investments

Global view of electric power from 2012.  
Assumes 40-year life for power plants, updated 
for retirements and plant-life extensions. 

Collaborator: Steve Davis.
Source: Davis and Socolow, 
Env. Research Letters, 2014

Remaining commitment



Remaining emissions, year by year

Collaborator: Steve Davis. Source: Davis and Socolow, Env. Research Letters, 2014

Global  remaining “committed emissions” from then-operating 
power plants, 1950 – 2012. (Assumes a 40-year lifetime.)

CHINA

A preliminary analysis updated by four years (to 2016) shows 
355 GtCO2 of remaining commitments, thus a continued 
4%/year growth (Dan Tong, unpublished). 

Total: 300 GtCO2

20121950

COAL
CHINAU.S.



Committed emissions from new buildings

Shown: Yanjiao, China

Most power-plant electrons go to buildings. Less demand for 
heating, cooling, and appliances – fewer power plants.

“Committed emissions” prioritizes low-carbon industrialization.



Leapfrogging

Developing countries used to be unwilling to do something before it 
was proven in the industrialized countries. They didn’t want to be 
guinea pigs. This is changing. For example, China is leapfrogging over 
the rest of the world with high-voltage transmission.

The developing world will decide what kind of planet we live on.

http://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwju_67mrLfOAhVD0iYKHeg7CN4QjRwIBw&url=http://freshbaby.com/articles/article/256&psig=AFQjCNGKOFqNilE8iyH3_DzAMuMu5pzztw&ust=1470935642751099
http://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwju_67mrLfOAhVD0iYKHeg7CN4QjRwIBw&url=http://freshbaby.com/articles/article/256&psig=AFQjCNGKOFqNilE8iyH3_DzAMuMu5pzztw&ust=1470935642751099


One billion high emitters

Source: http://www.climatescienceandpolicy.eu/2009/11/afocus-on-
individuals-can-guide-nations-towards-a-low-carbon-world/

1114

9 5

3 1

0.7 0.5

1.9 0.8

3.6 0.7

1.2 billion “high emitters” in 2030. 

Bin boundaries at 2 tCO2/yr and 10 tCO2/yr are the 2003 per 
capita values for Brazil and EU. Most high emitters are not “rich.”

2003 2003-30

Collaborators: Shoibal Chakravarty 
and Massimo Tavoni.



Where do the high emitters live?
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More than half of the 2030 
high emitters are projected 
to live outside the OECD.

The high-emitter lifestyle is 
similar across the world. 
Best practices pioneered in 
one country can spread. 

The “Paris” process can 
help: participants show off 
their best dishes.

“Paris,” a potluck dinner, can help drive a race to the top.



2011 Kentucky Derby, AP Photo/Matt Slocum. https://www.cbsnews.com/pictures/2011-kentucky-derby/7

Slide pair: courtesy of Greta Shum, Andlinger Center, Princeton University

Stabilization wedges… in 2004
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Stabilization wedges… in 2018 

Melbourne Cup, The Foreign Correspondents‘ Club, Hong 
Kong. https://www.fcchk.org/event/melbourne-cup



Is it already time to declare a winner?

From 2004 to 2017, global installed solar and wind power 
grew spectacularly: from 3 to 300 GW for solar and from 40 
to 500 GW for wind. It is time to take seriously the possibility 
that the world will swap the current fossil energy system for 
an energy system where solar and wind dominate. 

Relative to the current fossil energy system, a wind-solar 
energy system is more different than a system dominated by 
fossil fuels with CCS or by nuclear (fission and fusion) power. 
The intermittency and the unpredictability of both solar and 
wind power creates fundamentally new challenges, 
deserving sustained thought and multi-disciplinary analysis.



Every “solution” is dangerous*.

Every strategy can be implemented well or poorly 
Nuclear power Nuclear war
Biocarbon Competing uses of land 
Geoengineering Technological hegemony

“Clean coal” Mining: worker and land impacts
Wind and solar Unreliability
Conservation Regimentation 

It is essential to identify the “conditionalities” that make a 
solution less dangerous. 

Risk management reappears: It is possible to achieve 2oC and 
regret doing so. “Two-sided reasoning” weighs both the threat 
and the “solutions.”

* I choose the word with Rio in mind.



Conditionality for nuclear power

Nuclear power is coupled inevitably to nuclear weapons. Alas, 
in the past two decades, nuclear weapons have become more 
desired. Thus, a condition for the deployment of nuclear 
power to address climate change needs to be that it leads 
away from, not toward, national nuclear weapons programs. 

The Iran deal shows the extent to which sovereignty must be 
compromised to sever the connection between nuclear power 
and nuclear weapons. The logic of the Iran deal points toward 
the internationalization of nuclear power – especially the “fuel 
cycle” – including for the U.S.

A nuclear war is a poor trade for the slowing of climate change.



Immense land requirements for Bio-CDR

The bio-CDR strategies, and indeed all versions of bio-

mitigation, make immense demands on land. 

Side calculation (see Smith & Torn): Land for afforestation to reduce 

atmospheric CO2 concentration by 1 ppm/yr (for 50 years). Assume:

10 t biomass/ha-yr (for 50 years), 0.5 tC/t biomass, so 5 tC/ha-yr

1 ppm = 2 GtC, so 400 Mha. (US area: 1000 Mha)

Twice as much if ocean and land feedback is 50%.

Similar answer for BECCS: Twice the yield (20 t biomass/ha-yr, 

indefinitely) but, net, only 50% of captured carbon is sequestered.

Compare to 0.75 Mha for DAC (7,500 of the 1 km x 1 km facilities in 

the earlier slide), neglecting net-carbon issues and land for storage.



Conditionality for biocarbon

What will go wrong if we move headlong to maximize global 
biocarbon stocks without conditionalities?

Suppose you were a forester or an agronomist in a world 
where the carbon price was very high. You were told that 
storing carbon was your only objective. What would you do? 
Establish a monocrop? Pour on fertilizer? Be inventive.…



Conditionality for biocarbon

What will go wrong if we move headlong to maximize global 
biocarbon stocks without conditionalities?

Suppose you were a forester or an agronomist in a world 
where the carbon price was very high. You were told that 
storing carbon was your only objective. What would you do? 
Establish a monocrop? Pour on fertilizer? Be inventive.…

Now, change roles. You are the policy maker in the same 
world. What conditionalities would you place on the carbon 
market for biostocks in the interest of eliciting actions you 
would welcome and deterring outcomes you would decry?

The biosphere is at risk at $100/tC02.



Patient Earth

“I will apply, for the benefit of the 

sick, all measures that are 

required, avoiding those twin 

traps of overtreatment and 

therapeutic nihilism.”

Hippocrates

* Modern version of the Hippocratic oath, Louis Lasagna, 1964,
http://www.pbs.org/wgbh/nova/doctors/oath_modern.html

The lowest conceivable greenhouse targets, achievable only 
by casting caution to the winds, are not optimal.

http://www.pbs.org/wgbh/nova/doctors/oath_modern.html


Remember what supporting science 
in America looked like?

1st WH Astronomy Night for Kids
1st WH Science Fair

Honoring outstanding K-12 science teachers

Mathletes in the OvalOffice

Visiting MIT’s Energy Lab

Slide from John Holdren, December 2017


