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Increasing concentrations of greenhouse gases (GHGs) cause global warming that creates climate 
damage. Mitigation lessens the damage through either of two complementary anthropogenic 
intervention mechanisms: reducing emissions of GHGs into the atmosphere or removing CO2 from 
the atmosphere and immobilizing the captured CO2. Since its formation at Rio de Janeiro in 1992, 
the UN Framework Convention on Climate Change (UNFCC) has devoted attention primarily to 
reducing emissions. As late as 2016, world leaders rushed to hail the Paris Agreement, wherein 185 
nations pledged to pursue a series of voluntary steps to reduce emissions, holding out the prospect 
that future reductions would be sufficient to keep average global temperature increases to less 
than 2° C through 2100.1 

A number of factors have created growing skepticism that massive emissions reduction by itself 
will successfully avoid dangerous global warming during the next half-century: 

(1) Global fossil fuel CO2 emissions continue to rise and “the peak… is not yet in sight.”2

(2) Projections that emissions in 2030 will fall far short of the initial national commitments levels
made at the Paris Agreement;3

(3) Respected experts’ identification of trends that suggest “global warming will happen faster than
we think”;4

(4) More serious climate impacts from warming than expected reported by the Intergovernmental
Panel on Climate Change (IPCC) study of climate impact from global warming of 1.5° C;5

(5) The United States withdrawal from the global climate change governance process, as
cumbersome as it is, which has not helped to advance either understanding or progress on
climate change. 
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These factors indicate that attention to emissions reductions alone will disappoint. Not surprisingly, 
there is great interest in new approaches that offer the possibility of significantly reducing adverse 
climate impacts. New approaches include solar geoengineering, adaptation,6 and especially 
Negative Emission Technologies, (NETs). NET shifts attention from large-scale emissions reduction 
technologies to GHG removal technologies. It is an exciting new approach with an ambitious goal of 
attaining gigaton scale removal of CO2 from the atmosphere and therefore contributing to net zero 
(or less) total emissions.7 Successful development and deployment of affordable atmospheric 
removal technology at this scale could make a significant difference in reducing global warming. 

Technology Optimism

Environmental and political leaders are putting forward NETs as an important new element in a 
portfolio of actions to achieve net zero emission by a given date. California has enacted a law 
mandating zero carbon electricity by 2045, and former Governor Brown signed an executive order 
committing California to economy wide carbon free energy by 2045.8 In 2019, the UK Committee on 
Climate Change recommended net zero GHGs by 2050.9 In November 2018, the European 
Commission announced a strategy to achieve a carbon neutral economy by 2050, and eight EU 
nations have echoed this call.10 Important U.S. environmental groups, such as the National 
Resources Defense Council, have also spoken out in favor of an ambitious program aimed at 
achieving “Net Zero” energy by 2050.11

Leaders of the Environmental Defense Fund published an enthusiastic prospectus for carbon 
removal technologies in Foreign Affairs this year but noted that estimates may be too bullish, and 
that while 70% of Americans believe climate change is happening, only 6% believe the world “can 
and will” effectively address climate change.12

During the past quarter century of climate policy history, technical experts have constructed 
progressively more realistic geodynamic simulations, integrated economic assessment models, and 
performed better analysis of long-term trends and projections. But policymakers have been unable 
to agree to and adopt a practical and stable suite of programs at scale to make sufficiently rapid 
progress to avoid dangerous global climate change. Leaders are reluctant to provide realistic 
periodic reports on whether concrete progress is being made to cross the “innovation bridge” from 
concept to deployment. 
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The Innovation Bridge

The goal of NET innovation is to demonstrate and deploy these technologies on a time scale that 
allows meeting the 2015 Paris Agreement objective of limiting global average temperature 
increase.13 Implementing this innovation requires a complex effort that addresses many 
interconnected factors relevant to climate policy. These go beyond technical considerations to 
matters of economics, regulation, and market design. The greatest challenge to climate change 
innovation is how to manage the transition of technology from the R&D stage to deployment. For a 
new solution such as NET to gain policymaker approval and resources needed to develop and 
deploy a practical operating system, advocates must come forward with a design-of-innovation 
program. 

National Academy Studies and the NET Research Plan

In 2018, the National Academy of Sciences (NAS) issued a study, Negative Emissions Technologies 
and Reliable Sequestration, A Research Agenda, which is especially thorough and balanced.14 The 
plan, constructed by leading climate experts, explains what needs to be done to advance 
NETs. It is based on two prior NAS studies: Climate Intervention: Carbon Dioxide Removal and 
Reliable Sequestration15 and Climate Intervention: Reflecting Sunlight to Cool Earth.16

The NAS Research Study considers the innovation stages required to move from early stage idea 
creation through development, demonstration, and deployment and identifies significant 
participants at the various stages: universities, R&D laboratories, private companies, and investors. 
Seven broad NETs are surveyed:

• Storage of carbon in coastal ecosystems

• Terrestrial carbon removal and sequestration

• Bioenergy with carbon capture and sequestration (BECCS)

• Direct air capture

• Carbon mineralization of CO2

• Sequestration of CO2 in sedimentary geological formations.
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For each of these technologies, the NAS study addresses technology readiness, scale up, and 
extraction costs (widely ranging between $20 and $100 per metric ton of CO2(e)), carbon removal 
potential, and environmental impact. The NAS study concludes that four negative emissions 
technologies are ready for large-scale deployment: afforestation/reforestation, changes in forest 
management, uptake and storage by agricultural soils, and BECCS. The scale up criterion is especially 
important since to meet the global warming goal of 2°C, global-CO2 removal needs to ramp up to ~10 
gigatons per year by mid-century and ~ 20 gigatons per year by the end of the century.17

The NAS study proposes fifty research projects that span the several stages of innovation. Depending 
on the pace of technical progress, the annual cost of the proposed research program could reach $1 
billion for NETs and the CO2 sequestration required for BEECS and direct air capture. Most of the 
suggested NET projects would be early stage R&D, therefore the assumption is that the research costs 
would be paid largely by the federal government. In the later stages, NET activities would be system 
oriented as initial operational deployment is approached. The private sector is expected to bear a 
significant portion of these expenses because the private sector is better able to estimate returns and 
therefore more willing to invest.

The Innovation Transition From a Research Plan to an Operational 
Technology Program

While the NAS study made some sound observations about matters bearing on implementation, taken 
as a whole, the study falls far short of defining a structure adequate to guide the creation and 
management of a practical NET innovation program. 

There are four central issues that confront a credible innovation transition.

(1) The role of the Federal Government

There are two key questions: How will the Executive Branch administer an NET initiative? How will 
Congress decide to fund the initiative?

Executive Branch Administration. The management of federally supported ambitious technology 
innovation is a perennial problem for the United States, especially for those efforts that seek to cover 
all stages of innovation from R&D to deployment in private markets. The selection and pace of 
commercial deployment of mitigation technologies depends on supply and demand, market prices, 
and regulations, such as emissions charges or mandatory renewable energy targets. The strength of 
federal agencies lies in managing early stage fundamental research. Federal employees do not 
typically have either the experience or the authorities necessary to manage downstream 
demonstration and deployment activities, which take place in private markets with private firms that 
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use commercial practices. The result is on-going debate about the federal and private sector role in 
latter stage innovation. The innovation challenge is greater for the U.S. climate program because no 
single agency is in charge of climate policy. 

There are four alternatives for executive branch administration: (a) Assign research projects to the 
federal agencies currently carrying out such activities. (This is the NAS Study recommendation); (b) 
Create a government/industry partnership such as the Electric Power Research Institute, the Gas 
Research Institute, and the Microelectronics and Computer Corporation; (c) Form a White House 
interagency committee with authority and responsibility for the initiative; (d) Create a new quasi-
public corporation to manage the effort.

The NAS Research Study notes that “While the details of how this research agenda should be 
funded is outside the scope of this study, mechanisms other than traditional federal instruments for 
funding research and development, such as market-based policy incentives, could be worth 
exploring.”18 Quite so, especially for down-stream demonstration and early deployment projects 
where market pull mechanisms (e.g., loan guarantees, production payments) allow projects to 
proceed on commercial terms. In contrast, early-stage R&D projects, supported by technology pull 
federal contracts, are hampered by the need to adhere to cumbersome and costly federal 
acquisition regulations. 

The NAS study mentions the possibility of creating a new quasi-public corporation to advance 
projects intended for deployment at large scale in the private sector, which this author believes is 
the best structure to manage effectively large-scale public innovation projects, which span 
innovation from early stage technology R&D to deployment.19

Federal funding. Congress funds technology efforts through annual appropriations to federal 
agencies authorized to carry out science and technology programs. The success of large, long-term, 
technology programs relies on stable funding; as such programs are rarely successful when 
dependent on an annual cycle guided by congressional committees that have various and variable 
constituencies. A NET program from R&D to deployment, based on annual congressional 
appropriations would likely be a failure, and it would be a mistake to believe that starting the NET 
innovation project under annual appropriations could make a transition to a different funding basis 
in the future.

Alternative federal multi-year funding arrangements have been tried but not with universal success; 
a prominent example is the 1979 U.S. Synthetic Fuels Corporation  as well as the infrastructure and 
technology set-asides in the 2009 American Recovery and Reinvestment Act.21



For an NET initiative with a multi-year funding to have any chance of congressional approval, 
Congress must have confidence that the NET initiative has a well-defined management structure 
that includes a mechanism for periodic congressional review to assess performance milestones 
and approve project continuation. 

A comprehensive NET innovation-initiative structure. 

A large, interdisciplinary organization is required to achieve NETs deployment at a scale to make a 
significant contribution to reducing atmospheric GHG concentration. The organization’s staff must 
be capable of addressing and integrating the technical, economic, regulatory, environmental, 
financial, and political aspects required to realize a fielded practical system. The outline of such an 
organization follows:

I. Executive functions.

A. A CEO with authority and responsibility for all activities, who reports to an
independent board of directors, possibly confirmed by Congress, with access to an
outside advisory board;

B. Legal and regulatory authority;

C. A Chief Financial Officer with responsibility to acquire multi-year funding, establish
financial controls, and allocate budgets for the technical projects;

D. Human resources, to recruit staff, including underrepresented minorities, administer
staff compensation and benefits, and establish rules of conduct.

II. Technical Functions

A. Develop technical plans for projects;

B. Solicit, evaluate, and select performers;

C. Establish a program plan with technical performance, cost, and schedule milestones;

D. Perform periodic project evaluation and take appropriate action to expand, reduce,
or cancel projects or programs.
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III. Policy and analysis.  A massive amount of economic and regulatory policy analysis 
supported by simulation will be needed throughout the life of the initiative. Various policy 
proposals will be put forward, some hopefully adopted at the international level, and 
market prices and economic activity will vary with uncertain frequency and amplitude 
between now and the end of the century. Changing policy and market conditions will 
affect the cost and benefit of NETs compared to other climate change control approaches. 
The NET organization will need a robust capability to track and adapt to these changes and 
be objective and independent.

IV. International collaboration will require a staff with both international business and 
political experience.

V. Public outreach – Many stakeholders will want to be informed about the plans, activities, 
and progress of an NET initiative. These include Congress, industry, university and other 
participants; climate change NGOs, private sector firms, state and federal officials, and 
international organizations. A “well-lit doorway” to the NET initiative organization, open to 
dialogue with all groups is the best way to gather public support. An additional 
complication is that states and regions are playing an increasingly significant role in climate 
change in the United States (particularly during the current administration). Eventually 
provisions will need to balance the federal and state authorities for NET programs. 

Unquestionably there are serious political obstacles to gaining approval for such an organization, 
but there are also serious bureaucratic obstacles to improving technical management in federal 
agencies.

(2) Determining financial burden sharing.

All climate agreements have external benefits that are intended to exceed the direct costs and 
benefits to the parties. This reality means that financial burden sharing between the parties 
immediately becomes a matter of negotiation, sometimes lengthy and acrimonious. The issue of 
burden sharing between the industrialized nations that have been responsible for most of past 
emissions and nations that have large rapidly growing emerging economies expected to be 
responsible for most future emissions, has not been successfully resolved after over twenty-five 
years of UNFCCC Conferences of the Parties (COPs). The long-standing difference between 
countries with large developed economies and countries with emerging rapidly growing 
economies about whether emission reduction targets should be per capita or per GDP 
determine how the mitigation costs are shared. The Paris Agreement covers up this difference 
by the device of Nationally Determined Contributions (NDCs), but many lesser developed 
countries have made clear that their future progress depends on significant financial assistance 
from developed economies. 
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Suppose the United States undertakes a successful NET innovation initiative, expending $1 
billion per year over twenty years on technology development followed by $20 billion in capital 
expenditures to build an initial NET operating capacity of one gigaton CO2(e) removal per year, at 
a cost of $20 to $100 per metric ton. Several burden sharing issues arise. First, how will the 
public innovation expenditures be financed? Perhaps an emissions tax or a cap and trade system 
can be adapted to include NET systems where there is no direct linkage between removal and 
source. Second, it is very unlikely that the U.S. Congress will agree that the federal budget (or 
deficit) absorbs this entire annual cost while the rest of the world enjoys the benefit of the 
atmospheric removal of CO2(e) at zero cost. Third, if a country has a large NET system in place, 
does it justify the imposition of a border carbon tax on imports? Fourth, the sale of proprietary 
U.S. NET systems to other countries might offset some of these costs, but the countries with 
large, rapidly growing, emerging economies want to rely on domestic companies and 
technologies and have shown reluctance to rely on options that encourage imports of low 
carbon emitting systems from developed countries, such as through the UNFCCC Clean 
Development Mechanism, because it is seen as shifting resources to advanced economies. 

Ownership of intellectual property (IP) is also a burden sharing issue. Traditionally federal R&D 
contracts grant contract performers exclusive rights to the IP of their work. This means that 
winning a federal contract essentially bestows monopoly power for some time; it is rare that a 
fraction of these benefits flow back to the tax payer to defray part the development costs. 

Burden sharing issues will arise throughout the NET initiative in a variety of forms. Not all the 
issues can be resolved in advance but the NET Initiative must be prepared for dealing with them. 

(3) International collaboration.

Because climate change is a global issue, and NET is a potential contributor to a global solution, 
it is natural to consider international collaboration and the formation of an international 
consortium as a way of sharing part of a costly innovation program. But international 
collaboration that goes beyond periodic transparency of research plans and accomplishments to 
joint work programs quickly encounters burden sharing questions, such as the responsibility and 
authority of group members, work share, cost share, intellectual property rights, and 
governance. Resolving these question takes time and often creates ill-will. The experience with 
the complexity and expense control of large international collaborations such as ITER (the 
international nuclear fusion research and engineering project) has made the Congress skeptical 
of ambitious international collaborations. As the innovation proceeds to demonstration and 
deployment, the cooperation issues become more complex, and negotiations inevitably shift 
from technical experts to lawyers and political officials. 
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Conclusion: Climate Policy Reality Must Follow Rhetoric

The NAS Research Study and much of the associated NET literature appropriately focuses on 
revealing the potential of NETs and to “Identify the most urgent unanswered scientific and 
technical questions needed to assess the benefits, risks, and sustainable scale potential for carbon 
dioxide removal and sequestration approaches…”22

Nevertheless, the final NAS Research Study concluding recommendation provides little guidance as 
to what implementing steps should be taken and by whom: “Recommendation: The nation should 
launch a substantial research initiative to advance negative emissions technologies (NETs) as soon 
as practicable...”23 What is missing is:  To be successful an NET initiative needs an organization, 
supported by adequate resources, to formulate and execute a comprehensive multi-year plan 
based, to the extent possible, on quantitative analysis of the costs and benefits of emissions 
removal technologies relative to other carbon reduction measures. Although the National 
Academies have members capable of addressing the implementation issues raised above and to 
craft an effective NET innovation organization, it is unlikely that their traditional federal agency 
sponsors will ask and pay for a study about how best to structure such an initiative. 

The majority of the public understands that climate change is likely to cause significant future 
economic damage and social disruption, and that climate change is one of the greatest risks facing 
our civilization. Denying the reality and serious risks of climate change is not a responsible option.

In the past when energy issues escalated to a crisis level, political leaders and leaders of non-
governmental organizations hurried to announce new policy and technology possibilities that 
proved to have unrealistic technical and financial goals, to be politically unrealistic, or both. 
Examples include the goal of U.S. energy independence after the Arab oil embargo, the failed 
Waxman-Markey U.S. carbon cap and trade system, and the Mission Innovation pledge made at 
the 2016 Paris COP by twenty countries to double clean energy R&D in five years.24 Several 2020 
presidential candidates are calling for net-zero U.S. greenhouse gas emissions by 2050 and 
commitment to over $1.7 trillion over the next ten years for additional investments in clean 
energy.25

Political and environmental leaders set such aspirational goals to meet public expectations and 
enlist support for change. They find it difficult to avoid the temptation to be technology optimists – 
suggesting success for new technologies before adequate technology maturity has been achieved 
and without a credible structure for implementation. Business, private investors, and the public 
will be guided by this imperfect information, and when the goals are proven to be unrealistic and 
are abandoned, the public will become even more cynical about government’s ability to deal with 
climate change. Many climate leaders underscore the need for a massive increase in both NETs
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and emissions reduction efforts if there is any chance that the Paris goal of 2°C will be met.26,27 
But, if an NET initiative is to receive the significant resources required to develop and 
demonstrate the technology, it must be based on an explicit implementation structure. It is time 
for the climate community to go beyond calling for action to propose concrete practical 
innovation initiatives for scrutiny and possible adoption. Serious action will require serious work.
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