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Race to Remove Greenhouses Gases from the Atmosphere
Since the industrial revolution, humanity has undertaken a massive global experiment: it has increased
the total amount of planet warming carbon dioxide (CO2) by 2250%, from a mere 1,600 metric tons to
over 36,000 metric tons.1 There is scientific consensus that in the past century alone, human emissions
of heat-trapping gases have warmed the planet by 1oC and are on track to heat the globe by 5oC, relative
to pre-industrial levels.2 The nation’s top scientists warn, “Climate change creates new risks and
exacerbates existing vulnerabilities in communities across the globe, presenting growing challenges to
human health and safety, quality of life, and the rate of economic growth.”3
Figure 1: Major anthropogenic vs. natural sources of CO2
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The race is on to develop a toolkit of solutions to slow and eventually reverse climate change. In 2016,
nearly 200 countries signed the Paris Agreement, aiming to limit global warming to 2ºC.4 Carbon
capture technologies, which remove CO2 gas from the atmosphere, are one proposed tool. The
application of carbon capture technologies built into the smokestacks of fossil-fuel plants (which are
responsible for nearly a quarter of carbon emissions) can remove 80-90% of planet-warming
emissions.5 Direct air capture technologies, which filter out CO2 directly from the atmosphere, are
under investigation to help reduce emissions from the many other emitting sectors, such as agriculture
and transportation, where capturing emissions is more challenging.

The Main Challenges of Capturing Carbon from the Air
For decades scientists and engineers have designed systems to remove and store CO2 from both point
sources, such as fossil fuel powered electrical plants, and directly from the air. However, the widespread
deployment of these technologies is limited by two key factors. First, removing CO2 is expensive. Carbon
capture technologies currently deployed at power plants cost on average $30-60 per tonne of CO2,6
while current direct air capture technologies cost on average $100-600 per tonne of CO2.7 There are
limited economic uses to both store and keep captured CO2 out of the atmosphere, especially at the
current emission rates. Second, the viability, environmental impacts, and long-term costs of storing CO2
are highly uncertain.8
Figure 2: Carbon capture process

Carbon Air Capture Examples
Post-Combustion Capture
A handful of fossil-fuel plants are demonstrating and deploying post-combustion carbon capture
technologies within their smokestacks to reduce CO2 emissions. This technology intercepts flue gas, the
exhaust resulting from the combustion of fossil fuels, composed of approximately 3-15% CO2.9 The gas
is bubbled through liquid solvents, like ammonium, where up to 90% of the CO2 is absorbed.10 The CO2 is
later stripped off the solvent with superheated steam and transported to storage.

Pre-Combustion Capture
Some electricity plants deploy a pre-combustion carbon capture technology to remove CO2 before fossil
fuels are burned. The fuel is combined with pure oxygen, or steam and air, to produce a gas of carbon
monoxide, CO, and hydrogen, H2 (“synthesis gas”). The mixture is reacted with steam to create both CO2
and hydrogen. The hydrogen is then burned for energy generation and the CO2, which is between

15-60% of the resulting mixture, is subsequently stored.11 Similar to post-combustion capture, up to
90% of the total CO2 could be captured and stored.12
While both post- and pre-combustion capture technologies have been demonstrated at new
fossil-fueled power plants, the upfront capital costs of both processes are more expensive than
traditional plant designs. Excluding the upfront capital costs, current commercially available
technologies are estimated to cost $60 per tonne to capture CO2, though ongoing research funded by
the U.S. Department of Energy is seeking to cut this cost in half.13 Without markets or subsidies for
captured carbon, the economic feasibility of these systems is limited.

Direct Air Capture
Until recently, the prospect of capturing CO2 directly from the atmosphere was theoretical. CO2 gas
composes a mere 0.04% of the total atmosphere and the cost of removing a tonne of CO2 is estimated
to cost upwards of $600, well over 10x the cost of pre- and post-combustion technologies. However,
recent technologies proposed by entities, such as Bill Gates backed Carbon Engineering and Harvard
University, aspire to create a technology that can cut the cost of sequestration to $94-$232 per tonne
of CO2.14
Direct air technology begins with a series of large fans that intake ambient air into an air contractor. CO2
within the air reacts with a solution of hydroxide, converting it into a carbonate. The carbonate is then
reacted in a pellet reactor with calcium hydroxide to form a dry calcium carbonate solid. Rather than
storing the carbonate geologically, the Harvard researchers propose to convert the carbonate solid, in
the presence of hydrogen and a metal catalysis, into hydrocarbon fuels such as gasoline, jet fuel, and
diesel.15 These hydrocarbon fuels are “carbon neutral” as the carbon used to make the fuels came from
the atmosphere and would be re-released after combustion.
The approach proposed by the Harvard researchers aspires to make direct air capture economically
sustainable by producing a commodity like hydrocarbon fuels. The approach, if kept to their projected
price of $94-232 per tonne of CO2, would cost between $1-2.50 to remove the CO2 released from a
gallon of gasoline burned by an average car.16
Figure 3: Direct air capture process

Geological Storage of CO2
A wide range of ambitious approaches have been proposed to store carbon captured from these
technologies. To ensure the greenhouse gas remains out of the atmosphere three methods are
discussed: geological sequestration, deep ocean storage, and volcanic mineral storage.
Geological sequestration pumps liquid CO2 into rock formations. CO2 is injected and stored deep below
ground in these formations as a supercritical liquid, with both gaseous and liquid properties, at
temperatures above 31.1oC and pressures 72.9x above atmospheric pressure.17 Depleted oil and gas
reservoirs are targeted sites, given their porosity and permeability that once allowed for trapping of oil
and gas, as well as mined salt caverns given the inability for supercritical CO2 to permeate salt.18
However, research is still necessary to fully understand the risks involved with long-term storage. For
example, if leakage of CO2 occured over time it could potentially exacerbate, rather than mitigate,
climate change while more rapid releases of stored CO2 could kill plants and cause other environmental
harm.19
Deep ocean storage of CO2 has been proposed as a theoretical storage alternative. CO2 would be
transported to a depth of over 3,500 meters where it would sink and remain as a slushy liquid. However,
the method’s ecological impacts are not well understood, and further investigation is necessary to
ensure the CO2 would remain “buried” in the sea for an extended period.20
Finally, demonstrations in Iceland have shown promising results for storing CO2 in volcanic rock
underground. Rather than storing CO2 as a liquid, a chemical reaction would be facilitated between CO2
and the volcanic basalts to create carbonate minerals, a major component of limestone. The process
takes large amounts of water, roughly 25 tons of water per sequestered ton of CO2, and thus would be
most feasible in coastal regions.21 However, research is still ongoing to develop methods to prevent
microbial break-down of the mineral into a different potent greenhouse gas, methane, CH4.22

Conclusion
Industry and governments are investing large sums of R&D funding to bring carbon capture
technologies, such as pre- and post-combustion capture and direct air capture, down in cost. Removing
carbon from the air and exhaust is inherently an energy intensive process. However, scaling up these
technologies is complicated by the limited number of economic markets for captured carbon, which
would otherwise help cover the material and energy costs of these technologies. While carbon capture
technologies are unlikely to be a silver bullet for solving climate change rapidly, they are yet another
tool in an ever-growing solution set for fighting the climate crisis.
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