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About the Institute for Governance & Sustainable Development 

 
IGSD’s mission is to promote just and sustainable societies and to protect the environment by advancing 

the understanding, development, and implementation of effective and accountable systems of governance 

for sustainable development. 

 

As part of its work, IGSD is pursuing “fast-action” climate mitigation strategies that will result in significant 

reductions of climate emissions to limit temperature increase and other climate impacts in the near term. The 

focus is on strategies to reduce non-CO2 super climate pollutants, protect sinks, and enhance urban albedo 

with smart surfaces, as a complement to cuts in CO2. It is essential to reduce both non-CO2 pollutants and 

CO2, as neither alone is sufficient to keep our climate safe. 

 

IGSD’s fast-action strategies include reducing short-lived climate pollutants (SLCPs) black carbon, 

methane (CH4), tropospheric ozone, and hydrofluorocarbons (HFCs). SLCPs are much more potent than 

CO2 in warming the atmosphere and last in the atmosphere from days to 15 years. Reducing HFCs starting 

with the Kigali Amendment to the Montreal Protocol has the potential to avoid up to 0.5 °C of warming by 

end of century. Parallel efforts to enhance energy efficiency of air conditioners and other cooling appliances 

during the phase down of HFCs can double the climate benefits at 2050. Cutting methane can avoid nearly 

0.3 °C by the 2040s. Targeting deep reductions in all the super climate pollutants can reduce global warming 

four times more by 2050 than aggressive decarbonization alone, slowing the rate of warming by half 

worldwide and two-thirds in the Arctic. 
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1. Introduction and Summary 

 

Methane is a super climate pollutant1 contributing about 0.5°C of the observed 1.1°C present-day 

warming above pre-industrial temperatures.2 Without fast action to slow warming, we are likely 

to exceed the 1.5 °C climate-change “guardrail” within a decade.3 Cutting methane is the fastest 

strategy to slow warming in the next decade.4 Pursuing all methane mitigation measures this 

decade could avoid nearly 0.3 °C of warming by the 2040s and slow warming by 30%.5 The 

Intergovernmental Panel on Climate Change (IPCC) Sixth Assessment Report (AR6) confirms that 

“strong, rapid, and sustained methane reductions” are key to limiting warming in the near- and 

longer-term.6   

 

But cutting anthropogenic methane and carbon dioxide emissions may not be enough to keep the 

climate safe. Learning to remove methane directly from the atmosphere could be one of the only 

ways to address emissions from both natural and hard-to-abate anthropogenic methane sources.7 

Methane-removal technology is especially important because around 40% of atmospheric methane 

originates from natural sources,8 and because—even in conjunction with ambitious mitigation 

efforts—natural sinks may prove insufficient to draw down atmospheric methane quickly enough 

to avoid warming that triggers catastrophic feedbacks and tipping points.9  

 

Despite global mitigation efforts, atmospheric concentrations of methane are rising at an 

accelerating rate,10 with anthropogenic warming helping to drive so-called “natural” feedbacks.11 
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These natural emissions come primarily from wetlands, but also from thawing permafrost. 12 

Undersea methane hydrates pose an additional risk of high-impact blow-outs.13 It is likely that 

feedbacks are already enhancing methane emissions, contributing14 to record-high atmospheric 

methane concentrations.15 

 

The Intergovernmental Panel on Climate Change has discussed several proposals for methane 

removal, but additional research is urgently needed on removal approaches and impacts.16 Both 

reducing methane emissions and removing methane from the atmosphere offer crucial levers in 

the struggle to avert irreversible and catastrophic climate change. 17  A modelling study by a 

Stanford University-led team has calculated that removing approximately three years’ worth of 

anthropogenic methane emissions from the atmosphere could reduce global warming by 0.21 ºC.18 

The study finds that removing one year’s worth of anthropogenic methane emissions would have 

a transient temperature impact about four times larger than removing one year’s worth of 

anthropogenic CO2 emissions. Because methane lasts for about 12 years in the atmosphere, 

compared to CO2’s lifetime of centuries, methane removals would need to be sustained to have an 

effective cumulative removal comparable to the temperature effect of removing long-lived CO2.19  

 

Approaches to atmospheric methane removal follow three primary technological pathways: (1) 

catalytic chemical oxidation, (2) augmentation of atmospheric sinks, and (3) microbial removal 

through the cultivation of methane-eating microorganisms known as methanotrophs.20 A fourth 

potential pathway, thermal oxidation, offers an efficient way to dispose of highly concentrated 

methane, but faces technical hurdles in dealing with extremely dilute atmospheric methane.  

 

2. Comparison of Methane and CO2 Removal 

 

Air-moving systems proposed for the oxidation of atmospheric methane frequently mirror 

those under development for CO2 direct air capture and storage; however, systems for 

oxidizing methane would have several technical advantages over those designed to capture 

and store CO2.  

 

• First, although CH4 is 220 times more dilute than CO2 in the general atmosphere on 

a molecular basis,21 methane is a much more powerful climate pollutant, causing 

over 80 times as much warming over a 20-year period.22  

• Second, carbon-capture frequently involves complex, energy-intensive, and time-

consuming chemical sorption and desorption cycles. 23  In contrast, catalytic 

chemical oxidation reduces the warming potential of CH4 to that of CO2 and H2O 

in a single, thermodynamically favorable reaction with no need for subsequent 

carbon capture and storage. 24  Methane removal by chemical oxidation simply 

accelerates the natural process of oxidation to CO2. 

• Third, unlike CO2, methane is a major threat to public health. It’s a precursor to 

tropospheric ozone, a deadly air pollutant that also damages plants,25 so methane 

removal would save lives, benefit farmers, and help to preserve natural 

ecosystems.26  

• Finally, in contrast to most CO2 sorption media, many methane catalysts are 

relatively simple to regenerate or recuperate, and some have shown the capacity for 

continuous turnover at relatively low temperatures.27  
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3. Direct Air Oxidation 

 

Any system designed to promote direct air oxidation of methane would likely rely on fans,28 pumps, 

solar chimneys,29 or strong winds to channel air across a catalytic surface or through a catalytic 

monolith.30 Static devices, such as catalytic paint and window treatments, and coatings on aircraft 

and wind turbines have also been suggested,31 as the high energy cost of active air-moving systems 

may increase costs. However, secondary systems have also been proposed. 32  For example, 

methane-oxidation could be incorporated into CO2-removal plants. 33  Mechanisms to remove 

nitrous oxide (N2O) or other pollutants could also be included.34 The efficiency of point-based 

methane removal could be increased by installing systems in areas with high local concentrations 

of methane,35 such as ventilation systems for dairy barns36 or coal mines.37  

 

Most discussion of atmospheric methane removal has focused on surfaces, monoliths, or filters 

incorporating catalysts such as platinum and palladium, 38  rhodium, 39  cobalt, nickel-cobalt, 40 

silver-decorated zinc oxide,41 copper- or iron-containing zeolites,42 or porous polymer networks.43 

The relative cost and scarcity of noble-metal catalysts such as platinum and palladium has helped 

to drive research into cheaper zeolites and porous polymer networks.44  

 

Many of the systems proposed for direct air oxidation of methane rely on technology already being 

developed to scrub flue, ventilation, and exhaust gases. In April 2021, the US Department of 

Energy’s Advanced Research Projects Agency–Energy (ARPA-E) announced a $35 million 

program to reduce methane emissions in the oil, gas, and coal sectors.45 In developing this program, 

ARPA-E recognized the need for further research on methane-removal technology.46 Since then, 

ARPA-E has awarded grants for a catalytic oxidation system targeting lean-burn natural-gas-fired 

engine exhaust, multiple catalysis-based systems for coal-mine ventilation, and the development 

of a low-cost, copper-based catalyst.47  

 

The EU48 and India49 are also hosting research into a variety of methane catalysts. Researchers in 

China and the UK are researching the possibility of incorporating methane catalysts in solar 

chimney power plants.50 Catalysis-based projects are underway in Australian coal mines51 and UK 

dairy barns.52 

 

Although flue-, ventilation- and exhaust-scrubbing technologies take advantage of the relative 

concentration of methane in industrial systems, one comparative advantage of atmospheric 

removal over fossil-fuel exhaust-scrubbing is that atmospheric-removal systems are less 

vulnerable to contamination by sulfur compounds that tend to deactivate the catalyst and require 

regeneration-cycling.53 

 

4. Enhanced Atmospheric Methane Oxidation 

 

The oxidative capacity of the atmosphere is a major control on the lifetime of methane and its 

resulting climate impact.54 Several groups are exploring ways to enhance the oxidative capacity of 

the free atmosphere either through increasing the availability of chlorine (Cl) or hydroxyl radical 

(OH). Both approaches are in early conceptual research phases to assess efficacy and safety.  
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A related consideration is the potential impact of a transition to a hydrogen economy. Large-scale 

production of hydrogen will increase the potential for hydrogen to leak into the atmosphere.  

Hydrogen is oxidized by OH and high leakage rates could reduce the oxidative capacity of the 

atmosphere resulting in extending the lifetime of methane.55 Estimates suggest that a worst-case 

10% leakage rate of hydrogen under a high deployment scenario could cause 0.1 °C of warming, 

potentially offsetting the avoided warming in 2050 from deploying all currently cost-effective 

methane mitigation options globally.56 High hydrogen leakage combined with increasing methane 

emissions could add as much as 0.4 °C of warming.57 

 

Enhanced atmospheric methane oxidation (EAMO) is a concept that would release particles into 

the atmosphere strengthen natural atmospheric methane sinks, such as the hydroxyl radical (°OH) 

and the chlorine atom (Cl), to accelerate natural methane-oxidation processes.58 These strategies 

have not yet been empirically validated or tested in situ, but multiple avenues of research and 

experimentation have been proposed, as described below.  

 

Iron-salt aerosol EAMO is a proposal based on the theory that photocatalytic production of 

chlorine from sea spray could be enhanced by seeding the atmosphere with soluble iron emissions. 

This process would involve multiple chemical reactions,59 and research is needed to determine the 

impacts of temperature, humidity, and particle size on this process, as a preliminary step toward 

determining the efficacy and safety of such an approach. Some of this research is already underway 

in smog chambers at the University of Copenhagen, Denmark.60 

 

The iron-salt aerosol theory depends on the production and oceanic dispersal of soluble iron as a 

photocatalyst. The nonprofit organization Methane Action has proposed field testing to determine 

whether iron produced during marine fuel oil combustion is already resulting in enhanced methane 

oxidation by generating chlorine.61  

 

Advocates of iron-salt aerosol EAMO describe iron emissions as a relatively benign climate 

intervention because iron dust has been linked to plant growth and phytoplankton growth, and 

because the amount of iron required to enhance the atmospheric chlorine sink would be two to 

three orders of magnitude smaller than required for proposals to sequester carbon by ocean iron 

fertilization.62 However, others have raised ethical objections to similar proposals, such as carbon 

sequestration by ocean iron fertilization, on the basis that geoengineering is fundamentally a 

strategy of remediating pollution with pollution, and may result in unforeseen consequences.63 

 

Although chlorine is far more reactive,64 the hydroxyl radical is much more abundant in the 

atmosphere and acts as the largest natural sink for methane.65 Research is also underway on the 

possibility of augmenting the hydroxyl radical sink using ultraviolet light-emitting diodes (UV 

LEDs),66 and other methods may be possible.  

 

5. Methanotrophy 

 

The second major pathway for methane removal involves oxidation by methanotrophic microbes 

that “eat” methane. In contrast, methanogenic microbes generate “biogenic” methane and are 

responsible for most natural methane sources (such as natural wetlands, permafrost soils, and 
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termite digestive tracts 67 ), as well as many anthropogenic sources (landfills, rice paddies, 

wastewater systems, manure lagoons, and the digestive systems of ruminant livestock68). About 

70% methane in the atmosphere is biogenic.69  

 

However, methane-eating microbes, “methanotrophs,” are also among the planet’s largest natural 

methane sinks. Aerobic soil bacteria are responsible for about 5% of atmospheric methane 

oxidation, 70  and other bacteria and archaea fill a similar niche in anoxic and micro-oxic 

environments.71 Methanotrophs work to oxidize methane in soil and water before it reaches the 

earth’s atmosphere. Growing populations of methanotrophs may already be helping to mitigate 

emissions from thawing Arctic permafrost.72 

 

Researchers have suggested a wide variety of applications for methanotrophic bacteria, from 

remediation of toxic environments73 to treatments for Wilson disease.74 One Stanford University 

study has suggested using methanotrophs to convert stranded methane into fish feed. 75 Other 

researchers have suggested methane and ammonia could be removed simultaneously from 

wastewater using a collection of four microbes: aerobic ammonia-oxidizing bacteria (AOB), 

anammox bacteria, nitrite-dAOM bacteria, and nitrate-aAOM archaea.76 Another possibility is that 

bioengineered methanotrophs could be used as biocatalysts for the production of chemicals. 

Potential advantages of using microbes in this way include their ability to function at ordinary 

ambient temperatures without releasing toxic byproducts, possibly sequestering CO2 in the 

process.77 Products of such bioengineered methanotrophs could include methanol, ectoine and 

hydroxyectoine, poly-β-hydroxybutyrate (PHB), single-cell protein, extracellular polysaccharide, 

and lipids.78 

 

Another potential outlet of research into methanotrophs is the production of bioplastics.79 Some 

methanotrophic bacteria produce high levels of polyhydroxyalkanoates (PHAs) efficiently without 

a genetically engineered metabolism, making them a potentially cost-effective source of 

polyesters.80 Compared to many fossil plastics, PHA is highly biodegradable.81  

 

Experiments with methanotrophic biofilters and bioactive covers have employed bacteria to 

process relatively concentrated methane, such as that found in coal mines, and above landfills and 

manure lagoons.82 Naturally occurring methanotrophs have been described as a “microbial lid” 

mitigating emissions from undersea methane deposits.83 Although researchers have claimed some 

success in efforts to engineer methanotrophic bacteria, enzymes produced so far are seen as 

suboptimal for industrial use, requiring further engineering for high-volume applications.84 So far, 

attempts to enrich cultures of anaerobic methane oxidizers for industrial applications have met 

with only limited success,85 and biotrickling filters have tended to produce large amounts of N2O, 

another powerful short-lived climate pollutant.86 

 

6. Thermal Oxidation of Methane 

 

Atmospheric methane poses technical and economic challenges for thermal oxidation systems, 

such as engines, turbines and flares. These systems tend to require relatively high methane 

concentrations to achieve efficient combustion and are typically unsuited for direct air capture or 

mitigation of natural methane sources; however, tests have been conducted on capturing and 

flaring methane vented in high concentrations from Arctic lakes.87  
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For thermal oxidation to operate efficiently, dilute atmospheric methane must usually be 

concentrated or mixed with secondary fuel sources prior to combustion,88 adding to the cost and 

complexity of any such system. Because coal-mine ventilation air often contains large amounts of 

dust, combustion of the relatively concentrated methane in these systems tends to damage 

traditional turbines and engines.89 Consequently, systems must be specifically designed to burn 

ventilation air methane as their primary fuel. 90  Coal-mine methane recovery and utilization 

projects typically involve mitigation of emissions through thermal oxidation, 91  and thermal 

oxidation can be efficient in handling high methane concentrations. 92  The Global Methane 

Initiative maintains an international database of coal-mine methane projects, with most listed 

projects incorporating thermal oxidation by flares or turbines.93 The US Environmental Protection 

Agency hosts a database of coal mine methane projects and opportunities.94 

 

In contrast to thermal systems, catalytic oxidizers—particularly, catalytic reverse-flow reactors—

are seen as a more promising technological pathway for handling more-dilute atmospheric 

methane because of their superior ability to process high air-flows with low methane 

concentrations at relatively low cost.95  

 

7. Preventing Natural Methane Emissions 

 

Measures to prevent wetland emissions, though not a form of atmospheric methane removal, may 

offer an additional lever to address natural methane. Strategies could involve inhibiting habitat for 

methanogens,96 inoculating or enriching methanogen habitat with methanotrophs, or inoculating 

or enriching methanogen habitat with apparent competitor species such as cable bacteria.97 

 

Preliminary studies suggest that the use of additives such as biochar, acids, straw, or technology 

based on calcium sulfate dihydrate (gypsum) could reduce methane emissions from manure 

lagoons, rice paddies, and other anthropogenic methane sources. 98  One study found that the 

addition of methanotrophs directly to rice paddy reduced methane emissions by 60%, and 

increased grain yield by 35%.99 Inoculating rice paddy with cable bacteria has been shown to 

reduce methane emissions by 93% compared to a control group, illustrating the potential impact 

of diverse ecosystem factors on methane-generation. 100  Methanotrophs have also been 

successfully employed in the waste sector, where biologically active covers have been found to 

significantly reduce methane emissions from landfills.101  

 

It is possible that similar strategies could be applied to natural or semi-natural wetlands (dam 

reservoirs), natural methane seeps, lakes formed by melting permafrost, or other significant 

methane sources, though such strategies would have to be carefully tested and monitored to avoid 

damaging local ecosystems. 

 

8. Research Agenda 

 

Implementing a systematic methane removal research agenda would prepare policymakers to 

respond more flexibly to the challenge of atmospheric methane, particularly the risk of self-

reinforcing feedbacks associated methane emissions from natural sources. A recent paper proposes 

a research agenda for methane removal, including the creation of a Methane Removal Model 
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Intercomparison Project.102 The paper identifies six areas for further modelling, including how the 

timing, amount of methane removed, and location affects removal’s impacts, as well as how 

methane removal would interact with other mitigation approaches. 103  More research on 

technological design and scalability is also needed to test the effectiveness of methane removal 

techniques.104 
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https://www.nature.com/articles/s41586-019-1554-z
https://www.nature.com/articles/s41586-019-1554-z
https://www.ipcc.ch/report/ar6/wg1/downloads/report/IPCC_AR6_WGI_SPM_final.pdf
https://www.ipcc.ch/report/ar6/wg1/
https://www.ipcc.ch/report/ar6/wg1/
https://www.ipcc.ch/report/ar6/wg1/downloads/report/IPCC_AR6_WGI_Chapter_06.pdf
https://www.ipcc.ch/report/ar6/wg1/
https://www.ipcc.ch/report/ar6/wg1/
https://www.nature.com/articles/s41893-019-0299-x
https://www.nature.com/articles/s41893-019-0299-x
https://www.ccacoalition.org/en/resources/global-methane-assessment-full-report
https://www.ccacoalition.org/en/resources/global-methane-assessment-full-report
https://essd.copernicus.org/articles/12/1561/2020/
https://essd.copernicus.org/articles/12/1561/2020/
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∼ 60 % is attributed to anthropogenic sources, that is emissions caused by direct human activity (i.e. anthropogenic 

emissions; range 336–376 Tg C4 yr−1 or 50 %–65 %).”). 

9 Turner A., Frankenberg C., & Kort E. (2019) Interpreting contemporary trends in atmospheric methane, PROC. 

NAT’L. ACAD. SCI. 116(8): 2805–2813, 2811 (“While uncertainties in the methane budget exist, they should not detract 

from the key points discussed here. Namely, reducing anthropogenic methane emissions will slow or reverse the rise 

in atmospheric concentrations; however, depending on the time-scale and magnitude of reduction, it may take decades 

before atmospheric levels decline. When considering recent decades, the stabilization period is emerging as anomalous 

due in part to fluctuations in natural sources/sinks, whereas the last decade of growth continues the long-term, 

increasing trend that is due to human activities.”); Lenton T. M., Rockstrom J., Gaffney O., Rahmstorf S., Richardson 

K., Steffen W., & Schellnhuber H. J. (2019) Climate tipping points—too risky to bet against, Comment, NATURE 

575(7784): 592–595, 594 (“In our view, the clearest emergency would be if we were approaching a global cascade of 

tipping points that led to a new, less habitable, ‘hothouse’ climate state. Interactions could happen through ocean and 

atmospheric circulation or through feedbacks that increase greenhouse-gas levels and global temperature.”). See also 

Wunderling N., Donges J. F., Kurths J., & Winkelmann R. (2021) Interacting tipping elements increase risk of climate 

domino effects under global warming, EARTH SYST. DYN. 12(2): 601–619, 614 (“In this study, we show that this risk 

increases significantly when considering interactions between these climate tipping elements and that these 

interactions tend to have an overall destabilising effect. Altogether, with the exception of the Greenland Ice Sheet, 

interactions effectively push the critical threshold temperatures to lower warming levels, thereby reducing the overall 

stability of the climate system. The domino-like interactions also foster cascading, non-linear responses. Under these 

circumstances, our model indicates that cascades are predominantly initiated by the polar ice sheets and mediated by 

the AMOC. Therefore, our results also imply that the negative feedback loop connecting the Greenland Ice Sheet and 

the AMOC might not be able to stabilise the climate system as a whole.”); and Rocha J. C., Peterson G., Bodin Ö., & 

Levin S. (2018) Cascading regime shifts within and across scales, SCIENCE 362(6421): 1379–1383, 1383 (“A key 

lesson from our study is that regime shifts can be interconnected. Regime shifts should not be studied in isolation 

under the assumption that they are independent systems. Methods and data collection need to be further developed to 

account for the possibility of cascading effects. Our finding that ~45% of regime shift couplings can have structural 

dependence suggests that current approaches to environmental management and governance underestimate the 

likelihood of cascading effects.”). 

10 National Oceanic and Atmospheric Administration (7 April 2022) Increase in atmospheric methane set another 

record during 2021 (“NOAA’s preliminary analysis showed the annual increase in atmospheric methane during 2021 

was 17 parts per billion (ppb), the largest annual increase recorded since systematic measurements began in 1983. The 

increase during 2020 was 15.3 ppb. Atmospheric methane levels averaged 1,895.7 ppb during 2021, or around 162% 

greater than pre-industrial levels.”). See also Vaughan A. (7 January 2022) Record levels of greenhouse gas methane 

are a ‘fire alarm moment’, NEW SCIENTIST (“According to data compiled by the US National Oceanic and 

Atmospheric Administration (NOAA), average atmospheric concentrations of methane reached a record 1900 parts 

per billion (ppb) in September 2021, the highest in nearly four decades of records. The figure stood at 1638 ppb in 

1983.”); and Pultarova T. (11 January 2022) Satellites reveal record high methane concentrations despite reduction 

pledges, SPACE.; and Jackson R. B., et al. (2020) Increasing anthropogenic methane emissions arise equally from 

agricultural and fossil fuel sources, ENVIRON. RES. LETT. 15:071002, 1 (“Global average methane concentrations in 

the atmosphere reached ∼1875 parts per billion (ppb) at the end of 2019, more than two-and-a-half times preindustrial 

levels. The largest methane sources include anthropogenic emissions from agriculture, waste, and the extraction and 

use of fossil fuels as well as natural emissions from wetlands, freshwater systems, and geological sources.”); United 

Nations Environment Programme (2021) EMISSIONS GAP REPORT 2021: THE HEAT IS ON – A WORLD OF CLIMATE 

PROMISES NOT YET DELIVERED, 47 (“Over the last two decades, the main cause of increasing atmospheric methane 

is likely increasing anthropogenic emissions, with hotspot contributions from agriculture and waste in South and 

South-East Asia, South America and Africa, and from fossil fuels in China, the Russian Federation and the United 

States of America (Jackson et al. 2020). Emissions from natural sources may also be increasing, as wetlands warm, 

tropical rainfall increases and permafrost thaws.”). 

11 Intergovernmental Panel on Climate Change (2021) Technical Summary, in CLIMATE CHANGE 2021: THE PHYSICAL 

SCIENCE BASIS, Masson-Delmotte V., et al. (eds.), TS-60 (“Natural sources and sinks of non-CO2 greenhouse gases 

such as methane (CH4) and nitrous oxide (N2O) respond both directly and indirectly to atmospheric CO2 concentration 

and climate change, and thereby give rise to additional biogeochemical feedbacks in the climate system. Many of 

these feedbacks are only partially understood and are not yet fully included in ESMs. There is medium confidence 

that the net response of natural ocean and land CH4 and N2O sources to future warming will be increased emissions, 

https://www.pnas.org/doi/10.1073/pnas.1814297116
https://www.nature.com/articles/d41586-019-03595-0
https://esd.copernicus.org/articles/12/601/2021/
https://esd.copernicus.org/articles/12/601/2021/
https://science.sciencemag.org/content/362/6421/1379
https://www.noaa.gov/news-release/increase-in-atmospheric-methane-set-another-record-during-2021
https://www.noaa.gov/news-release/increase-in-atmospheric-methane-set-another-record-during-2021
https://www.newscientist.com/article/2303743-record-levels-of-greenhouse-gas-methane-are-a-fire-alarm-moment/
https://www.newscientist.com/article/2303743-record-levels-of-greenhouse-gas-methane-are-a-fire-alarm-moment/
https://gml.noaa.gov/webdata/ccgg/trends/ch4/ch4_mm_gl.txt
https://www.space.com/climate-change-methane-high-despite-reduction-pledges
https://www.space.com/climate-change-methane-high-despite-reduction-pledges
https://iopscience.iop.org/article/10.1088/1748-9326/ab9ed2
https://iopscience.iop.org/article/10.1088/1748-9326/ab9ed2
https://www.unep.org/resources/emissions-gap-report-2021
https://www.unep.org/resources/emissions-gap-report-2021
https://www.ipcc.ch/report/ar6/wg1/downloads/report/IPCC_AR6_WGI_Full_Report.pdf
https://www.ipcc.ch/report/ar6/wg1/downloads/report/IPCC_AR6_WGI_Full_Report.pdf
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but the magnitude and timing of the responses of each individual process is known with low confidence.”); Lan X., 

Nisbet E. G., Dlugokencky E. J., & Michel S. E. (2021) What do we know about the global methane budget? Results 

from four decades of atmospheric CH4 observations and the way forward, PHILOS. TRANS. R. SOC. A 379(2210): 

20200440, 11 (“Explaining the renewed and accelerating increase in atmospheric CH4 burden since 2007 remains 

challenging, and the exact causes are not yet clear. But, the observations we describe suggest that increased emissions 

from microbial sources are the strongest driver, with a relatively smaller contribution from other processes, e.g., fossil 

fuel exploitation. A more difficult question to answer is the one posed by this special issue: is warming feeding the 

warming? We cannot say for certain, but we cannot rule out the possibility that climate change is increasing CH4 

emissions. The strong signals from the tropics combined with the isotopic data are consistent with increased emissions 

from natural wetlands, but large [interannual variability (IAV)] and inter-decadal variability in wetland drivers like 

precipitation make it difficult to identify small trends. Observations are needed that will help process models capture 

this variability. The size of the IAV illustrates the potential scope of uncontrollable near-future change and emphasizes 

the urgency of reducing the global methane burden by mitigating the methane emissions that we can control, from the 

fossil fuel and agricultural sectors.”); Wik M., et al. (2016) Climate-sensitive northern lakes and ponds are critical 

components of methane release, NAT. GEOSCI. 9(2): 99–105, 99 (“Lakes and ponds represent one of the largest natural 

sources of the greenhouse gas methane. By surface area, almost half of these waters are located in the boreal region 

and northwards. A synthesis of measurements of methane emissions from 733 lakes and ponds north of ∼50° N, 

combined with new inventories of inland waters, reveals that emissions from these high latitudes amount to around 

16.5 Tg CH4 yr−1 (12.4 Tg CH4-C yr−1). This estimate — from lakes and ponds alone — is equivalent to roughly two-

thirds of the inverse model calculation of all natural methane sources in the region. Thermokarst water bodies have 

received attention for their high emission rates, but we find that post-glacial lakes are a larger regional source due to 

their larger areal extent. Water body depth, sediment type and ecoclimatic region are also important in explaining 

variation in methane fluxes. Depending on whether warming and permafrost thaw cause expansion or contraction of 

lake and pond areal coverage, we estimate that annual water body emissions will increase by 20–54% before the end 

of the century if ice-free seasons are extended by 20 days. We conclude that lakes and ponds are a dominant methane 

source at high northern latitudes.”); Schaefer K., Lantuit H., Romanovsky V. E., Schuur E. A. G., & Witt R. (2014) 

The Impact of the Permafrost Carbon Feedback on Global Climate, ENVIRON. RES. LETT. 9:1–9, 2 (“If temperatures 

rise and permafrost thaws, the organic material will also thaw and begin to decay, releasing carbon dioxide (CO2) and 

methane (CH4) into the atmosphere and amplifying the warming due to anthropogenic greenhouse gas emissions . . . 

The PCF is irreversible on human time scales because in a warming climate, the burial mechanisms described above 

slow down or stop, so there is no way to convert CO2 into organic matter and freeze it back into the permafrost.”); 

Feng L., Palmer P., Zhu S., Parker R., & Liu Y. (2022) Tropical methane emissions explain large fraction of recent 

changes in global atmospheric methane growth rate, NAT. COMMUN. 13:1378, 2 (“Generally, we find that global mean 

a posteriori emissions of CH4 (Table 1) are higher than a priori values by typically 1–5% (5–30 Tg/year) after 2013, 

and consistent with reported atmospheric growth rates. . . . Global net mean values are driven by anthropogenic (e.g., 

coal mining over North China,20,21) and biogenic (e.g., tropical wetlands) hotspots (Fig. 1). A posteriori tropical 

terrestrial CH4 emission estimates typically represent ~60% of the global annual mean total, an increase of 1–10% 

compared to a priori estimates, and describe 84% of the a posteriori variation in the annual mean growth rate. Figure 

1 shows that variations in global a posteriori emissions reflect changes occurring over the tropics, with the largest 

increases during the 2014–2016 El Niño and in 2018–2019. In contrast, there is a near-steady increase in CH4 

emissions from the extratropics over the first six years of our 10-year study period, driven by anthropogenic 

emissions.”); See also Mendoza‐Pascual M. U., Itoh M., Aguilar J. I., Padilla K. S. A. R., Papa R. D. S., & Okuda N. 

(2021) Controlling Factors of Methane in Tropical Lakes of Different Depths, J. GEOPHYS. RES. BIOGEOSCI. 126(4): 

e2020JG005828; as discussed in K. Wheeling (30 April 2021) Tropical Lakes May Emit More Methane, Eos 102 

(“Water temperature was also linked to methane production, and higher concentrations of methane can be found in 

the profundal, or deep, zones of tropical lakes compared to temperate or subtropical lakes. Overall, the study suggests 

that lakes with higher water temperatures may contribute more to methane emissions, with tropical lakes emitting 

between 58% and 400% more methane than lakes in more temperate zones.”). 

12  Intergovernmental Panel on Climate Change (2021) CLIMATE CHANGE 2021: THE PHYSICAL SCIENCE BASIS, 

Masson-Delmotte V., et al. (eds.), 5-34, 5-67 (“The largest natural sources are from wetlands, freshwater and 

geological process, while the largest anthropogenic emissions are from enteric fermentation and manure treatment, 

landfills and waste treatment, rice cultivation and fossil fuel exploitation (Table 5.2). . . . In conclusion, thawing 

terrestrial permafrost will lead to carbon release under a warmer world (high confidence). However, there is low 

confidence on the timing, magnitude and linearity of the permafrost climate feedback owing to the wide range of 

published estimates and the incomplete knowledge and representation in models of drivers and relationships. It is 

http://royalsocietypublishing.org/doi/10.1098/rsta.2020.0440
http://royalsocietypublishing.org/doi/10.1098/rsta.2020.0440
https://www.nature.com/articles/ngeo2578
https://www.nature.com/articles/ngeo2578
https://iopscience.iop.org/article/10.1088/1748-9326/9/8/085003/meta
https://www.nature.com/articles/s41467-022-28989-z
https://www.nature.com/articles/s41467-022-28989-z
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2020JG005828
https://eos.org/research-spotlights/tropical-lakes-may-emit-more-methane
https://www.ipcc.ch/report/ar6/wg1/downloads/report/IPCC_AR6_WGI_Full_Report.pdf
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projected that CO2 released from permafrost will be 18 (3.1–41) PgC per 1°C by 2100 with the relative contribution 

of CO2 vs CH4 remaining poorly constrained. Permafrost carbon feedbacks are included among the underrepresented 

feedbacks quantified in Figure 5.29.”); Miner K. R., Turetsky M. R., Malina E., Bartsch A., Tamminen J., McGuire 

A. D., Fix A., Sweeney C., Elder C. D., & Miller C. E. (2022) Permafrost carbon emissions in a changing Arctic, 

NAT. REV. EARTH ENVIRON., 3(1): 55–67, 55 (“Carbon dioxide emissions are proportionally larger than other 

greenhouse gas emissions in the Arctic, but expansion of anoxic conditions within thawed permafrost and soils stands 

to increase the proportion of future methane emissions.”).  

13 See Wadhams P. (2017) A FAREWELL TO ICE: A REPORT FROM THE ARCTIC, Oxford University Press, 4 (“The 

consequences of the collapse of Arctic summer ice will be dramatic. . . . When the overlying ice is gone, the surface 

water can warm up by several degrees in summer (satellite observations have shown 7°C), and over the shallow 

continental shelves wind-induced mixing extends this heat down to the seabed. This then thaws the surface layer of 

the offshore permafrost, frozen seabed sediments which have lain there undisturbed since the last Ice Age. The thawing 

offshore permafrost will trigger the release of huge plumes of methane from the disintegration of methane hydrates 

trapped in the sediment.”). See also Shakohva N., Semiletov I., & Chuvilin E. (2019) Understanding the Permafrost-

Hydrate System and Associated Methane Releases in the East Siberian Arctic Shelf, GEOSCI. 9(251): 1–23. 

14 Cheng C.-H. & Redfern S. A. T. (2022) Impact of interannual and multidecadal trends on methane-climate 

feedbacks and sensitivity, NAT. COMMUN., 13(1):3592, 1 (“We estimate the causal contributions of spatiotemporal 

changes in temperature (T) and precipitation (Pr) to changes in Earth’s atmospheric methane concentration (CCH4) 

and its isotope ratio δ13CH4 over the last four decades. We identify oscillations between positive and negative 

feedbacks, showing that both contribute to increasing CCH4. Interannually, increased emissions via positive feedbacks 

(e.g. wetland emissions and wildfires) with higher land surface air temperature (LSAT) are often followed by 

increasing CCH4 due to weakened methane sink via atmospheric •OH, via negative feedbacks with lowered sea surface 

temperatures (SST), especially in the tropics. Over decadal time scales, we find alternating rate-limiting factors for 

methane oxidation: when CCH4 is limiting, positive methane-climate feedback via direct oceanic emissions 

dominates; when •OH is limiting, negative feedback is favoured. Incorporating the interannually increasing CCH4 via 

negative feedbacks gives historical methane-climate feedback sensitivity ≈ 0.08 W m−2 °C−1, much higher than the 

IPCC AR6 estimate.”); as discussed in Lan X., Nisbet E. G., Dlugokencky E. J., & Michel S. E. (2021) What do we 

know about the global methane budget? Results from four decades of atmospheric CH4 observations and the way 

forward, PHILOS. TRANS. R. SOC. A 379(2210): 20200440, 11 (“Explaining the renewed and accelerating increase in 

atmospheric CH4 burden since 2007 remains challenging, and the exact causes are not yet clear. But, the observations 

we describe suggest that increased emissions from microbial sources are the strongest driver, with a relatively smaller 

contribution from other processes, e.g. fossil fuel exploitation. A more difficult question to answer is the one posed 

by this special issue: is warming feeding the warming? We cannot say for certain, but we cannot rule out the possibility 

that climate change is increasing CH4 emissions. The strong signals from the tropics combined with the isotopic data 

are consistent with increased emissions from natural wetlands, but large [interannual variability (IAV)] and inter-

decadal variability in wetland drivers like precipitation make it difficult to identify small trends. Observations are 

needed that will help process models capture this variability. The size of the IAV illustrates the potential scope of 

uncontrollable near-future change and emphasizes the urgency of reducing the global methane burden by mitigating 

the methane emissions that we can control, from the fossil fuel and agricultural sectors.”). However, other studies 

suggest a more limited increase in recent emissions from natural wetlands compared to agriculture and waste and 

energy production sectors. See Zhang Z., et al. (2021) Anthropogenic emissions are the main contribution to the rise 

of atmospheric methane (1993-2017), NAT’L SCI. REV: nwab200 (“Our emission scenarios that have the fewest biases 

with respect to isotopic composition suggest that the agriculture, landfill, and waste sectors were responsible for 

53±13% of the renewed growth over the period 2007-2017 compared to 2000-2006; industrial fossil fuel sources 

explained an additional 34±24%, and wetland sources contributed the least at 13±9%. The hypothesis that a large 

increase in emissions from natural wetlands drove the decrease in atmospheric δ13C-CH4 values cannot be reconciled 

with current process-based wetland CH4 models. This finding suggests the need for increased wetland measurements 

to better constrain the contemporary and future role of wetlands in the rise of atmospheric methane and climate 

feedbacks. Our findings highlight the predominant role of anthropogenic activities in driving the growth of 

atmospheric CH4 concentrations.”). See also Froitzheim N., Majka J., & Zastrozhnov D. (2021), Methane release from 

carbonate rock formations in the Siberian permafrost area during and after the 2020 heat wave, PROC. NAT’L. ACAD. 

SCI.118(32):e2107632118, 1 (“Anthropogenic global warming may be accelerated by a positive feedback from the 

mobilization of methane from thawing Arctic permafrost. There are large uncertainties about the size of carbon stocks 

and the magnitude of possible methane emissions. Methane cannot only be produced from the microbial decay of 

organic matter within the thawing permafrost soils (microbial methane) but can also come from natural gas 

https://global.oup.com/academic/product/a-farewell-to-ice-9780190691158?cc=us&lang=en&
https://pdfs.semanticscholar.org/3c23/5385f6ec9c106e8315c89742fe45443ec2c7.pdf
https://pdfs.semanticscholar.org/3c23/5385f6ec9c106e8315c89742fe45443ec2c7.pdf
https://www.nature.com/articles/s41467-022-31345-w
https://www.nature.com/articles/s41467-022-31345-w
http://royalsocietypublishing.org/doi/10.1098/rsta.2020.0440
http://royalsocietypublishing.org/doi/10.1098/rsta.2020.0440
http://royalsocietypublishing.org/doi/10.1098/rsta.2020.0440
https://academic.oup.com/nsr/advance-article/doi/10.1093/nsr/nwab200/6425695
https://academic.oup.com/nsr/advance-article/doi/10.1093/nsr/nwab200/6425695
https://www.pnas.org/content/118/32/e2107632118
https://www.pnas.org/content/118/32/e2107632118
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(thermogenic methane) trapped under or within the permafrost layer and released when it thaws. . . . We suggest that 

gas hydrates in fractures and pockets of the carbonate rocks in the permafrost zone became unstable due to warming 

from the surface. This process may add unknown quantities of methane to the atmosphere in the near future.”). 

15 Global Monitoring Laboratory, Trends in Atmospheric Methane, National Oceanic and Atmospheric Administration 

(visited on 29 July 2022) (Table.). 

16 Intergovernmental Panel on Climate Change (2021) Chapter 5: Global carbon and other biogeochemical feedbacks, 

in CLIMATE CHANGE 2021: THE PHYSICAL SCIENCE BASIS, (AR6 WGI), Masson-Delmotte, V., et al. (eds.) 5-110 

(“Proposals to remove CH4 from the atmosphere are emerging (de Richter et al., 2017; Jackson et al., 2019). CH4 

removal methods seek to capture CH4 directly from ambient air similarly to DACCS for CO2 using for example zeolite 

trapping, but instead of storing it CH4 would be chemically oxidized to CO2 (Jackson et al., 2019). Methane can be 

also removed microbially by supporting naturally occurring processes, for example by enhancing the soil microbial 

uptake through afforestation (Wu et al., 2018b) or by directing the venting air from a cow barn into the soil bed of a 

nearby greenhouse, utilising microbial CH4 oxidation (Nisbet et al., 2020). Microbial CH4 oxidation could also be 

utilized for removal of CH4 leaked from point sources by building biocatalytic polymers which include methane-

oxidizing enzymes (Blanchette et al., 2016). Methane removal is, however, still in its infancy and the available 

literature is insufficient for an assessment.”). 

17 Jackson R. B., Solomon E. I., Canadell J. G., Cargnello M., & Field C. B. (2019) Methane removal and atmospheric 

restoration, NAT. SUSTAIN. 2: 436–438, 436 (“In contrast to negative emissions scenarios for CO2 that typically 

assume hundreds of billions of tonnes removed over decades and do not restore the atmosphere to preindustrial levels, 

methane concentrations could be restored to ~750 ppb by removing ~3.2 of the 5.3 Gt of CH4 currently in the 

atmosphere. Rather than capturing and storing the methane, the 3.2 Gt of CH4 could be oxidized to CO2, a 

thermodynamically favourable reaction…. In total, the reaction would yield 8.2 additional Gt of atmospheric CO2, 

equivalent to a few months of current industrial CO2 emissions, but it would eliminate approximately one sixth of 

total radiative forcing. As a result, methane removal or conversion would strongly complement current CO2 and CH4 

emissions-reduction activities. The reduction in short-term warming, attributable to methane’s high radiative forcing 

and relatively short lifetime, would also provide more time to adapt to warming from long-lived greenhouse gases 

such as CO2 and N2O.”). Klaus Lackner critiqued the Jackson et al. article in a published response, arguing that 

implementing zeolite mechanisms to facilitate CH4 removal is not practical. Lackner noted CH4 removal faces the 

challenge of extreme dilution in the atmosphere, so “the amount of air that would need to be moved [to facilitate CH4 

removal] would simply be too great” to be economically feasible. However, Lackner did note passive methods of CH4 

removal through the use of zeolites may still be a viable solution. Lackner further argues that N2O may be a more 

worthy target for removal due to its long lifetime in the atmosphere. See Lackner K. S. (2020) Practical Constraints 

on Atmospheric Methane Removal, NAT. SUSTAIN. 3: 357. Jackson et al. published a response to Lackner, 

acknowledging his stature in the greenhouse gas removal field and his concerns about the feasibility and energy 

requirements of their proposed mechanism, offering additional explanation about alternative options for use of the 

captured methane instead of just converting it to CO2 as suggested in the original study. See Jackson R. B., Solomon 

E. I., Canadell J. G., Cargnello M., Field C. B., & Abernethy S. (2020) Reply to: Practical constraints on atmospheric 

methane removal, NAT. SUSTAIN. 3: 358–359. Another study looking at removing non-CO2 GHGs investigated the 

potential of using solar chimney power plants (SCPPs) with select photocatalysts (depending on what GHGs desired 

to be captured). While the SCPP serves as a source of renewable energy that could remove methane and nitrous oxide 

among other atmospheric pollutants, scaling up the prototype would require a massive amount of land area (roughly 

23 times the size of the entire Beijing municipality) and a chimney stretching 1000–1500 m into the air, which limits 

how practical the existing technology may be. See de Richter R., Tingzhen M., Davies P., Wei L., & Caillol S. (2017) 

Removal of non-CO2 greenhouse gases by large-scale atmospheric solar photocatalysis, PROG. ENERGY COMBUST. 

SCI. 60: 68–96 (“Large-scale atmospheric removal of greenhouse gases (GHGs) including methane, nitrous oxide and 

ozone-depleting halocarbons could reduce global warming more quickly than atmospheric removal of CO2. 

Photocatalysis of methane oxidizes it to CO2, effectively reducing its global warming potential (GWP) by at least 

90%.”); Methane Action (16 April 2021) Scientists’ Statement on Lowering Atmospheric Methane Concentrations 

(“To deal with methane emissions that can’t otherwise be mitigated, to reduce the overall methane burden, and to get 

atmospheric methane levels to a range consistent with meeting climate goals, we must combine prevention and 

mitigation of new methane emissions with actively lowering the concentration of methane already in the 

atmosphere.”); and Jackson R. B. & Wysham D. (28 September 2021) Focus on methane is timely and appropriate, 

THE HILL. Nisbet E., et al. (2021) Atmospheric methane and nitrous oxide: challenges along the path to Net Zero, 

PHILOS. T. R. SOC. A 379:20200457, 10 (“Methane potentially provides many good near-future (this decade) 

https://gml.noaa.gov/ccgg/trends_ch4/#:~:text=Global%20CH4%20Monthly%20Means&text=The%20Global%20Monitoring%20Division%20of,et%20al.%2C%201994
https://www.ipcc.ch/report/ar6/wg1/downloads/report/IPCC_AR6_WGI_Chapter_05.pdf
https://www.nature.com/articles/s41893-019-0299-x
https://www.nature.com/articles/s41893-019-0299-x
https://www.nature.com/articles/s41893-020-0496-7
https://www.nature.com/articles/s41893-020-0496-7
https://www.nature.com/articles/s41893-020-0498-5
https://www.nature.com/articles/s41893-020-0498-5
https://www.sciencedirect.com/science/article/pii/S0360128516300569
https://methaneaction.org/expert-statement-oxidation-methane/
https://thehill.com/opinion/energy-environment/574286-focus-on-methane-is-timely-and-appropriate?utm_campaign=Hot+News&utm_medium=email&_hsmi=164979389&_hsenc=p2ANqtz-98ByojxPfTmjg-ehaUazIx8s5gOzYMzcgKQg7Al0wM5a-hDw58QKesvok0MTkziZDOuyB97w381LqpgSEDcuZ8dE2qVw&utm_content=164979389&utm_source=hs_email&rl=1
https://royalsocietypublishing.org/doi/pdf/10.1098/rsta.2020.0457
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mitigation targets. Cutting methane emission is broadly cost-effective compared to methane removal from ambient air 

[94], though with appropriate technology in appropriate high methane settings, removal may indeed be an option 

[95,96]. Jackson et al. [97] point in particular to the need to more research into removal methods.”). 

18 Abernethy S., O’Connor F. M., Jones C. D., & Jackson R. B. (2021) Methane removal and the proportional 

reductions in surface temperature and ozone, PHIL. TRANS. R. SOC. A 379: 1–13, 6 (“Due to the temporal nature of 

effective cumulative removal, comparisons between methane and carbon dioxide depend on the timescale of interest. 

The equivalent of MCR for carbon dioxide, the TCRE, is 0.00048 ± 0.0001°C per Pg CO2 [38], two orders of 

magnitude smaller than our MCR estimate of 0.21 ± 0.04°C per effective Pg CH4 removed (figure 2). Accounting for 

the time delay for carbon dioxide removal due to the lagged response of the deep ocean, the TCRE for CO2 removal 

may be even lower [39]. If 1 year of anthropogenic emissions was removed (0.36 Pg CH4 [3] and 41.4 Pg CO2 [40]), 

the transient temperature impact would be almost four times larger for methane than for CO2 (0.075°C compared to 

0.02°C). Using this example, however, maintaining a steady-state response of 0.36 Pg CH4 effectively removed would 

require the ongoing removal of roughly 0.03Pg CH4 yr−1, since a removal rate of E/τ is required to maintain an 

effective cumulative removal of E.”). Discussed in Jordan R. (26 September 2021) Stanford-led research reveals 

potential of an overlooked climate change solution, Stanford Woods Institute for the Environment (“The analyses, 

published Sept. 27 in Philosophical Transactions of the Royal Society A, reveal that removing about three years-worth 

of human-caused emissions of the potent greenhouse gas would reduce global surface temperatures by approximately 

0.21 degrees Celsius while reducing ozone levels enough to prevent roughly 50,000 premature deaths annually. The 

findings open the door to direct comparisons with carbon dioxide removal – an approach that has received significantly 

more research and investment – and could help shape national and international climate policy in the future. […] 

Under a high emissions scenario, the analysis showed that a 40 percent reduction in global methane emissions by 2050 

would lead to a temperature reduction of approximately 0.4 degrees Celsius by 2050. Under a low emissions scenario 

where temperature peaks during the 21st century, methane removal of the same magnitude could reduce the peak 

temperature by up to 1 degree Celsius.”). 

19 Abernethy S., O’Connor F. M., Jones C. D., & Jackson R. B. (2021) Methane removal and the proportional 

reductions in surface temperature and ozone, PHILOS. TRANS. R. SOC. A 379: 1–13, 6 (“Due to the temporal nature of 

effective cumulative removal, comparisons between methane and carbon dioxide depend on the timescale of interest. 

The equivalent of MCR for carbon dioxide, the TCRE, is 0.00048 ± 0.0001°C per Pg CO2 [38], two orders of 

magnitude smaller than our MCR estimate of 0.21 ± 0.04°C per effective Pg CH4 removed (figure 2). Accounting for 

the time delay for carbon dioxide removal due to the lagged response of the deep ocean, the TCRE for CO2 removal 

may be even lower [39]. If 1 year of anthropogenic emissions was removed (0.36 Pg CH4 [3] and 41.4 Pg CO2 [40]), 

the transient temperature impact would be almost four times larger for methane than for CO2 (0.075°C compared to 

0.02°C). Using this example, however, maintaining a steady-state response of 0.36 Pg CH4 effectively removed would 

require the ongoing removal of roughly 0.03Pg CH4 yr−1, since a removal rate of E/τ is required to maintain an effective 

cumulative removal of E.”). 

20 Nisbet-Jones P., et al. (2021), Is the destruction or removal of atmospheric methane a worthwhile option?, PHILOS. 

TRANS. R. SOC. A 380:20210108 5 (“Methane is relatively difficult to oxidize compared to other hydrocarbons. The 

major destruction options include (i) thermal-catalytic oxidation, which is typically with metal catalysts; (ii) 

photocatalytic oxidation; (iii) biological uptake by aerobic methanotrophic bacteria or their bio-engineered methane-

oxidising enzymes and (iv) removal by uptake on zeolites or porous polymers, with the added benefit of not emitting 

CO2 waste.”). Ming T., et al. (2022) Perspectives on removal of atmospheric methane, ADV. APPL. ENER. 

5(2022):100085, 1 (“This article reviews proposed methods for atmospheric methane removal at a climatically 

significant scale. These methods include enhancement of natural hydroxyl and chlorine sinks, photocatalysis in solar 

updraft towers, zeolite catalyst in direct air capture devices, and methanotrophic bacteria.”). 

21 The atmospheric concentration of CO2 in 2022 is about 420 parts CO2 per million parts air (ppm) compared with 

about 1.9 parts CH4 per million parts air; 420/1.9 = 221. On a mass basis, CH4 (molar mass 16) is 600 times more 

dilute than CO2 (molar mass 44); 221x44/16 = 607. See also Lackner K. S. (2020) Practical constraints on 

atmospheric methane removal, NAT. SUSTAIN. 3: 357 (“Methane removal poses two challenges: extreme dilution and 

competition from natural processes. This raises the question of whether methane is really the best target for removal 

from the air. First, the dilute concentration of methane in the atmosphere challenges economical removal. On a mass 

basis, methane is currently 600 times more dilute in Earth’s atmosphere than carbon dioxide; in pre-industrial times it 

was 1,000 times more dilute.”). 
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22 AR6 has updated the metrics for methane as follows: GWP20 is 81.2 and GWP100 is 27.9. Forster P., et al. (2021) 

Chapter 7: The Earth’s Energy Budget, Climate Feedbacks, and Climate Sensitivity, in CLIMATE CHANGE 2021: THE 

PHYSICAL SCIENCE BASIS, Contribution of Working Group I to the Sixth Assessment Report of the Intergovernmental 

Panel on Climate Change, Masson-Delmotte V., et al. (eds.), Table 7.SM.7. 

23 See Sanz-Perez E., et al. (2016) Direct Capture of CO2 from Ambient Air, CHEM. REV. 116:19 11840–11876, 11840 

(“The past decade has seen a steep rise in the use of chemical sorbents that are cycled through sorption and desorption 

cycles for CO2 removal from ultradilute gases such as air. This Review provides a historical overview of the field of 

DAC, along with an exhaustive description of the use of chemical sorbents targeted at this application…. Overall, it 

is concluded that there are many new materials that could play a role in emerging DAC technologies. However, these 

materials need to be further investigated and developed with a practical sorbent−air contacting process in mind if 

society is to make rapid progress in deploying DAC as a means of mitigating climate change.”). 

24 Jackson R. B., et al. (2021) Atmospheric methane removal: a research agenda, PHILOS. TRANS. R. SOC. A 379: 1–

17, 4 (“We first compare and contrast aspects of CH4 and CO2 removal. In contrast to CO2, CH4 can be oxidized 

catalytically, without the need for capture, in a thermodynamically favourable reaction: CH4 + 2O2 → CO2 + 2H2O 

(ΔHr = −803 kJ mol−1), although such a reaction is difficult at typical conditions of atmospheric temperature and 

pressure [29]. Because of methane’s potency as a greenhouse gas (34 times higher Global Warming Potential (GWP) 

than CO2 on a century timescale and 86 times higher on a 20-year timescale), considerably less methane removal is 

needed to realize the same climate impact.”). 

25 Climate & Clean Air Coalition, Tropospheric ozone (last visited 11 January 2022) (“79–121 million: Estimated 

global crop production losses owing to ozone total 79–121 million tonnes, worth USD 11–18 billion annually . . . 1 

million: Long-term exposure to ozone air pollution is linked to 1 million premature deaths per year due to respiratory 

diseases.”). 

26  See United Nations Environment Programme & Climate & Clean Air Coalition (2021) GLOBAL METHANE 

ASSESSMENT: BENEFITS AND COSTS OF MITIGATING METHANE EMISSIONS, 8 (“Available targeted methane measures, 

together with additional measures that contribute to priority development goals, can simultaneously reduce human-

caused methane emissions by as much as 45 per cent, or 180 million tonnes a year (Mt/yr) by 2030. This will avoid 

nearly 0.3°C of global warming by the 2040s and complement all long-term climate change mitigation efforts. It would 

also, each year, prevent 255 000 premature deaths, 775 000 asthma related hospital visits, 73 billion hours of lost 

labour from extreme heat, and 26 million tonnes of crop losses globally.”).  

27 Brenneis R.J., Johnson E.P., Shi W., & Plata D.L. (2021) Atmospheric- and Low-Level Methane Abatement via an 

Earth-Abundant Catalyst, ACS ENVIRONMENTAL AU, acsenvironau.1c00034 D–F (“Engineered strategies to achieve 

this type of cycling chemistry exist in the form of reactors that can be strategically cycled (in series or parallel), such 

as regenerative thermal oxidation, regenerative catalytic oxidation, or catalytic recuperative oxidizers, all developed 

for the conversion of volatile organic compounds (VOCs) in industrial waste streams. . . . The key novelty of our work 

is (1) the demonstration that catalyst turnover can be achieved in air at modestly low temperatures, in a continuous 

fashion, and at exceedingly low levels of methane in the sub-flammable region and (2) the recognition CO2 is the 

desired product, overcoming separation challenges while conferring major climate-impact reduction.”). 

28 Jackson, R. B., et al. (2019) Methane removal and atmospheric restoration, NAT. SUSTAIN. 2:436–438, 437 

(“Methane and CO2 removal share the requirement to expose large volumes of air to catalysts (for CH4) or aqueous 

reactants typically for CO2. Electric fans would likely drive this forcing, ideally using no-carbon fuels. Catalysts in 

powdered, pelletized, or other forms could be exposed to air in tumbling bulk chambers or, instead, in parallel 

segmented chambers or packed reactors to optimize catalyst exposure while minimizing pressure drop through the 

system. The spent zeolite or other catalyst would then be heated in O2 to form and release CO2 (or in H2O to release 

CH3OH). The specifics of scaling will strongly influence the efficiency and cost of methane removal.”). 

29 Ming T., et al. (2021) Solar chimney power plant integrated with a photocatalytic reactor to remove atmospheric 

methane: A numerical analysis, SOLAR ENERGY 226:101–111 (“A solar chimney power plant integrated with a 

photocatalytic reactor (SCPP-PCR) is a promising large-scale method for removing CH4 from the atmosphere. This 

study used computational fluid dynamics (CFD) to investigate the performance and factors influencing photocatalytic 

oxidation of methane by the SCPP-PCR system. The geometry of a SCPP is the same as the prototype of the SCPP 

built in Manzanares (Spain). The PCR is designed based on a honeycomb monolith photoreactor. The numerical results 

revealed that the SCPP-PCR system can degraded 21,312 g methane per day with the actual solar radiation data when 

the channel diameter of the honeycomb PCR was 4 mm and channel length was 8 m. Although increasing the length 
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or decreasing the channel diameter of the PCR would improve photocatalytic efficiency, the rate of airflow of the 

system would be reduced.”); Huang Y., et al. (2021) Feasibility of Solar Updraft Towers as Photocatalytic Reactors 

for Removal of Atmospheric Methane–The Role of Catalysts and Rate Limiting Steps, FRONT. CHEM. 9:745347, 1 

(“The analysis shows that the methane removal rate increases with the SUT dimensions and can be enhanced by 

changing the configuration design. More importantly, the low methane removal rate on conventional TiO2 

photocatalyst can be significantly improved to, for example, 42.5% on a more effective Ag-doped ZnO photocatalyst 

in a 200 MW SUT while the photocatalytic reaction is the rate limiting step. The factors that may further affect the 

removal of methane, such as more efficient photocatalysts, night operation and reaction zone are discussed as possible 

solutions to further improve the system.”). 

30 Jackson R.B., et al. (2021) Atmospheric methane removal: a research agenda, PHILOS. TRANS. R. SOC. A 379:1–

17, 8 (“Large volumes of air must be processed to realize Tg-scale conversion of methane to CO2. Air handling could 

pass through an initial step of adsorption, concentrating methane before contact with catalysts, radicals, or microbes 

(see above). Alternatively, active or passive systems could be used to remove methane directly at atmospheric 

concentrations. Electric fans powered by renewable fuels could be used to move the air in active systems, but research 

is needed to optimize rates of methane conversion against pressure drop through the system. . . . By contrast, natural 

winds and air currents can provide air movement for passive removal systems; wind-based passive systems have been 

proposed for capturing CO2 based on anion-exchange and absorbent resins. At larger scales, the generation of artificial 

wind for electricity generation has been proposed using solar updraft chimneys (SUC). These possibilities range from 

small ventilation systems for houses or buildings, inspired by Trombe walls, to full-scale 200–400 MW power plants 

generating carbon-free renewable energy.”). 

31 Ming T., et al. (2022) Perspectives on removal of atmospheric methane, ADV. APPL. ENER. 5(2022):100085, 3 

(“Existing infrastructure could be used for CH4 removal. For example, titanium dioxide in self-cleaning windows or 

other photocatalytic coatings such as paintings on buildings could contribute to CH4 removal and attract carbon credits 

and certificates, thus helping to finance future removal infrastructure. Aircrafts, wind turbines, or other structures 

already in contact with large quantities of air might also provide reaction surfaces to oxidize CH4.”). 

32 Lackner, K. (2020) Practical constraints on atmospheric methane removal, NAT. SUSTAIN. 3:357 (“An energy bill 

that is three orders of magnitude larger for a ton of methane would be prohibitive, and it is a good example of how 

Sherwood’s Rule—separation costs tend to scale linearly with dilution—can assert itself. At ¢3 kWh−1, 220 GJ add 

US$1,833 in cost. For methane, Sherwood’s Rule eliminates fans and blowers as a practical means of moving air 

through sorbent beds; the amount of air that would need to be moved would simply be too great. However, it does not 

prohibit passive methods of removing methane. If methane is to be stripped out of the atmosphere, taking advantage 

of natural air flow provides a viable solution.”). 

33 Jackson R. B., et al. (2021) Atmospheric methane removal: a research agenda, PHILOS. TRANS. R. SOC. A, 

379(2210):20200454 11 (“Another consideration for active methane-removal systems is the volume of air needed to 

be processed to remove teragrams of methane. If air handling is to be undertaken at large scales, it would make 

economic sense to convert other greenhouse gases simultaneously, particularly the catalytic reduction of N2O to N2. 

Although our current paper emphasizes methane removal, co-removal of other gases would reduce unit costs.”). 

34 Ming T., de Richter R., Shen S., & Caillol S. (2016) Fighting global warming by greenhouse gas removal: 

destroying atmospheric nitrous oxide thanks to synergies between two breakthrough technologies, ENVIRON. SCI. 

POLLUT. RES., 23(7):6119–6138, 6119 (“But, the removal of all the excess anthropogenic atmospheric CO2 will not 

be enough, due to the fact that CO2 outgases from the ocean as its solubility is dependent of its atmospheric partial 

pressure. Bringing back the Earth average surface temperature to pre-industrial levels would require the removal of 

all previously emitted CO2. Thus, the atmospheric removal of other greenhouse gases is necessary. This article 

proposes a combination of disrupting techniques to transform nitrous oxide (N2O), the third most important 

greenhouse gas (GHG) in terms of current radiative forcing, which is harmful for the ozone layer and possesses quite 

high global warming potential.”). 

35 Nisbet-Jones P., et al. (2021) Is the destruction or removal of atmospheric methane a worthwhile option?, PHILOS. 

TRANS. R. SOC. A 380:20210108 3 (“Atmospheric methane occurs in air masses at a wide range of concentrations. 

For simplicity, these should be considered in five categories, ranked by increasing concentration and rapidly 

decreasing prevalence. 1. Ambient air—around 1.9 ppm methane, available anywhere on the planet (about 0.1 ppm 

higher in the Northern Hemisphere than the Southern Hemisphere). 2. Methane-enriched air, around 10 ppm, for 

example in the wider vicinity of a group of cattle, directly above large area sources such as wetlands, rice paddies or 

landfill, or in the blast zone of an open-cast coal mine. 3. High-methane air, around 100 ppm, for example above a 

https://www.frontiersin.org/articles/10.3389/fchem.2021.745347/full
https://www.frontiersin.org/articles/10.3389/fchem.2021.745347/full
https://royalsocietypublishing.org/doi/10.1098/rsta.2020.0454
https://www.sciencedirect.com/science/article/pii/S2666792422000038#bib0044
https://www.nature.com/articles/s41893-020-0496-7
https://royalsocietypublishing.org/doi/10.1098/rsta.2020.0454
https://pubmed.ncbi.nlm.nih.gov/26805926/
https://pubmed.ncbi.nlm.nih.gov/26805926/
https://royalsocietypublishing.org/doi/10.1098/rsta.2021.0108


 16 

 
tank of manure or above feeding troughs in a barn holding a herd of dairy cattle. 4. Very high-methane air, 1000 ppm, 

for example near a gas-field dewatering installation, or a leaky compressor. 5. Near-explosive air, 1% methane, near 

a deliberately venting oil-field installation, leaking gas distribution or landfill gas extraction pipe, etc.”). 

36 M. P. Bailey (21 October 2021) Johnson Matthey Announces Research Project Aimed at Catalytic Reduction of 

Dairy Methane Emissions, Chemical Engineering (“The new project, a collaboration between Durham University, 

sustainable technologies leader Johnson Matthey, University of Nottingham and NFU Energy, will test the feasibility 

of catalytic equipment to safely decompose methane in barn air, where it is most concentrated and preventing it from 

being released into the wider atmosphere.”). 

37 See, e.g., Jin Y. & Su S., Proof-of-Concept Photocatalytic Destruction of Methane for Coal Mining Fugitive 

Emissions Abatement (last visited on 9 May 2022) (“CSIRO has proposed a novel concept for abating fugitive 

emissions from coal mining using photocatalytic oxidation of methane into carbon dioxide under ambient temperature 

and pressure conditions. . . . The initial scope was to carry out the laboratory tests of VAM photocatalytic oxidation 

in a batch mode reactor with commercial and synthesised titanium dioxide (TiO2) photocatalysts to assess the 

efficiency of VAM photocatalytic oxidation and understand the materials characteristics of TiO2 photocatalysts for 

high-efficiency VAM oxidation. The photocatalytic test results at the early stage of the project showed that the 

simulated VAM can be oxidised at ambient temperature by photocatalytic reaction with commercial TiO2; however, 

the reaction rate was slow.”); Yin J., et al. (2020) Site Trials and Demonstration of a Novel Pilot Ventilation Air 

Methane Mitigator, ENERGY FUELS 34:9885–9893, 9886 (“Lean-burn gas turbines have been developed across the 

world to generate power from VAM, including EDL’s recuperative gas turbine, CSIRO’s lean-burn catalytic turbine 

(VAMCAT), Ingersoll-Rand (IR)’s microturbine with a catalytic combustor, and Kawasaki Heavy Industries (KHI)’ 

methane catalytic combustion gas turbine.”). 

38 Janbey A., et al. (2003) Noble metal catalysts for methane removal, CHEMOSPHERE 52: 1041–1046, 1041 (“Using 

a bench-scale rig, the activities of Pt, Pd and Pt + Pd catalysts supported on γ-Al2O3 and on TiO2 (anatase) for the 

complete oxidation of methane (300 ppmv) in air have been measured as a function of temperature; values of T10, 

T50 and T90 together with the Arrhenius parameters (activation energy and pre-exponential factor) are reported. Pt is 

less active than Pd when deposited on the surface of the TiO2, but more active when deposited on γ-Al2O3, however 

when combined, the Pt + Pd mixture is more active than either metal individually. The T10 for Pt + Pd/γ-Al2O3 was 

being as low as 228 °C. The significance of the Arrhenius parameters, for metal containing catalysts is that they exhibit 

compensation with increasing activation energy, while securing a more rapid increase in conversion from 0% to 100% 

when the temperature is increased.”). 

39 Zhang Y., et al. (2020) A Rhodium-Based Methane Oxidation Catalyst with High Tolerance to H2O and SO2, ACS 

CATAL 10(3) 1821–1827, abstract (“Increased use of natural gas as a fuel in efficient, lean-burning engines could offer 

environmental advantages, but this necessitates a catalytic oxidation of methane escaping from the engine. The 

challenge for the catalytic oxidation of CH4 is that the catalyst must operate in the exhaust, which contains H2O (5–

15 vol %) and SO2 (∼1 ppm), and both components cause a severe inhibition of the catalyst. Here, we report that a 2 

wt % Rh/ZSM-5 catalyst offers great promise by showing that high methane conversion can be reached at practically 

achievable conditions and high space velocities also in the presence of H2O and SO2. Rh-based catalysts, which are in 

the form of Rh2O3 under reaction conditions, become superior to the state-of-the-art Pd-based catalysts in an 

atmosphere with both H2O and SO2. Although both H2O and SO2 inhibit Pd and Rh catalysts, water is found to have 

a destabilizing effect on rhodium sulfate that enables a partial decomposition of the sulfate below 400 °C. We propose 

that this partly alleviates the sulfur poisoning of Rh catalysts; wherefore, the combined inhibition from H2O + SO2 is 

weaker for Rh than that for Pd.”) 

40 See Dou J., et al. (2018) Complete Oxidation of Methane on Co3O4/CeO2 Nanocomposite: A Synergistic Effect, 

CATAL. TODAY 311:48–55, 48 (“Development of nonprecious metal-based catalysts highly active for complete 

oxidation of CH4 at a temperature less than or equal to 600ºC is significant for removing unburned CH4 at exhaust of 

engines of vehicles using natural gas or liquefied petroleum gas. CeO2 is active for complete oxidation of CH4. Co3O4 

has been identified as a promising catalyst for this reaction. A Co3O4/CeO2 nanocomposite catalyst consisting of ceria 

nanorods supported on Co3O4 nanoparticles was prepared through a modified deposition precipitation method. The 

Co3O4/CeO2 nanocomposite exhibits high activity for complete oxidation of methane with an apparent activation 

energy of 43.9 kJ/mol, which is obviously lower than 95.1 kJ/mol of pure CeO2 and 89.7 kJ/mol of pure Co3O4, 

suggesting a synergetic effect between Co3O4 and CeO2.”). Tao F.F., et al. (2015) Understanding complete oxidation 

of methane on spinel oxides at a molecular level, NAT. COMMUN. 6:7798 2 (“The high cost of precious metals has 

driven the search of catalysts made of earth-abundant elements. Spinel oxide, a type of reducible early transition metal 
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oxides, consists of M2 þ and M3 þ in its lattice. Co3O4 is one of the spinel oxides. It has almost weakest M–O bonds 

among all transition metal oxides. Oxygen vacancies can be readily generated even at a temperature below 25 C. In 

addition, the barrier for hopping oxygen vacancies on the surface of Co3O4 is only 0.23 eV. Due to the high density 

of oxygen vacancies of surface of Co3O4, Ni cations and oxygen vacancies are mixed at atomic scale, while Ni cations 

are integrated to the lattice of Co3O4 through formation of a doped spinel oxide NixCo3 xO4.”). 

41 Chen X., et al. (2016), Photocatalytic oxidation of methane over silver decorated zinc oxide nanocatalysts, NAT. 

COMMUN. 7:12273 (“The search for active catalysts that efficiently oxidize methane under ambient conditions remains 

a challenging task for both C1 utilization and atmospheric cleansing. Here, we show that when the particle size of zinc 

oxide is reduced down to the nanoscale, it exhibits high activity for methane oxidation under simulated sunlight 

illumination, and nano silver decoration further enhances the photo-activity via the surface plasmon resonance. The 

high quantum yield of 8% at wavelengths <400 nm and over 0.1% at wavelengths ∼470 nm achieved on the silver 

decorated zinc oxide nanostructures shows great promise for atmospheric methane oxidation.”). 

42 See Brenneis R.J., Johnson E.P., Shi W., & Plata D.L. (2021) Atmospheric- and Low-Level Methane Abatement via 

an Earth-Abundant Catalyst, ACS ENVIRONMENTAL AU, acsenvironau.1c00034 B (“The zeolite pore structures 

enhance catalytic reactions by placing metal oxides into unfavorably high energetic configurations that geometrically 

constrain gaseous reactants into contact through nanoscale channels. Most efforts have focused on methane-to-

methanol conversion for fuel and chemical production under industrial conditions, (25,26) but these efforts have been 

stymied by a lack of selectivity, overoxidation, and poor economics of methanol separation and use. Further, in an 

attempt to reduce overoxidation to CO2, researchers have employed extreme oxygen levels (e.g., 100%) in a two-step 

process of catalyst oxidation followed by reaction with high levels of methane, which is irrelevant to deployment in 

the environment and also not representative of the evolutionary optimum of MMOs (i.e., low levels of methane and 

oxygen). However, it is precisely the acceleration of conversion of methane to CO2 that could dramatically reduce net 

radiative forcing and overcome the practical challenges associated with methanol production. Additionally, the ability 

to operate at low levels of methane and oxygen would expand the application space for the catalyst where it is most 

needed and across a spectrum of methane sources.”); Jackson R. B., Solomon E. I., Canadell J. G., Cargnello M., & 

Field C. B. (2019) Methane removal and atmospheric restoration, NAT. SUSTAIN. 2: 436–438, 437 (“One promising 

family of materials for trapping CH4 is nanoporous zeolites. Zeolites have been identified for concentrating methane 

in industrial applications based on their favourable sorption capacities and CH4/CO2 and CH4/N2 selectivity. These 

materials raise the possibility of weakly binding methane molecules within their porous system using oxygen groups 

on the zeolite framework, utilizing methane-methane interactions in the cavities to oxidize the molecule (Fig. 1). . . . 

Low-temperature methane reactivity for conversion to methanol has already been observed in several Cu- and Fe-

zeolites (for example, Cu-ZSM-5 and Fe-ZSM-5). . . . Potential complements to zeolites are porous polymer networks 

(PPNs), polymeric materials that contain small pores that can be used to capture, trap, and store compounds such as 

methane, and photocatalytic approaches for oxidizing methane. One advantage of PPNs compared with zeolites is the 

ability to tune specific chemical interactions with methane by introducing functional groups on the polymer backbone, 

while taking advantage of favourable methane– methane interactions within micropores.”). See also Snyder B. E. R., 

Vanelderen P., Bols M. L., Hallaert S. D., Böttger L. H., Ungur L., Pierloot K., Schoonheydt R. A., Sels B. F., & 

Solomon E. I. (2016) The active site of low-temperature methane hydroxylation in iron-containing zeolites, NATURE 

536(7616): 317–321, 317 “(Iron-containing zeolites (microporous aluminosilicate minerals) are noteworthy in this 

regard, having an outstanding ability to hydroxylate methane rapidly at room temperature to form methanol. Reactivity 

occurs at an extra-lattice active site called α-Fe(ii), which is activated by nitrous oxide to form the reactive intermediate 

α-O; however, despite nearly three decades of research, the nature of the active site and the factors determining its 

exceptional reactivity are unclear. The main difficulty is that the reactive species—α-Fe(ii) and α-O—are challenging 

to probe spectroscopically: data from bulk techniques such as X-ray absorption spectroscopy and magnetic 

susceptibility are complicated by contributions from inactive ‘spectator’ iron. Here we show that a site-selective 

spectroscopic method regularly used in bioinorganic chemistry can overcome this problem.”). 

43 de Richter R., Tingzhen M., Davies P., Wei L., & Caillol S. (2017) Removal of non-CO2 greenhouse gases by large-

scale atmospheric solar photocatalysis, PROG. ENERGY COMBUST. SCI. 60: 68–96, 75 (“Photocatalysts with organic 

ligands have also been developed, usually in the form of metal-organic frameworks. Many ways of doping or 

modifying the photocatalyst are employed, usually to prolong the functional life-time, to enhance the redox activity 

and the electron–hole charge separation, as well as to enhance the light absorption and confer visible-light activity to 

the photocatalyst. The photocatalytic activity can also be enhanced by supporting the photocatalyst particles on porous 

materials like zeolites. The photocatalyst can be incorporated in porous materials, or coated as thin films (single or 

multiple layers) on quartz, glass, polymeric substrates or fibers.”) 
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44 Hokkaido University (5 September 2018) Methane to syngas catalyst: two for the price of one, Science Daily 

(“Noble metal catalysts, such as rhodium and platinum, are better and work at lower temperatures than base metal 

catalysts, such as cobalt and nickel, but they are also more expensive. The cheaper base metal catalysts require 

temperatures above 800 °C, exceeding the temperature range for industrial stainless-steel reactors. . . . In the study 

published in Communications Chemistry, the team successfully generated tiny particles of the base metal cobalt by 

dispersing them onto a mineral deposit called zeolite. They then added a minute amount of noble metal rhodium atoms 

onto the cobalt particles.”). See also A. Myers (9 February 2022) Stanford engineers create a catalyst that can turn 

carbon dioxide into gasoline 1,000 times more efficiently, Stanford News Service (“Like any catalyst, this invention 

speeds up chemical reactions without getting used up in the process. Ruthenium also has the advantage of being less 

expensive than other high-quality catalysts, like palladium and platinum. . . . “An uncoated catalyst gets covered in 

too much hydrogen on its surface, limiting the ability of carbon to find other carbons to bond with,” Zhou said. “The 

porous polymer controls the carbon-to-hydrogen ratio and allows us to create longer carbon chains from the same 

reactions.”). 

45 Advanced Research Projects Agency-Energy (8 April 2021) Reducing Emissions of Methane Every Day of the Year, 

ARPA-E Programs (“Program Description: REMEDY (Reducing Emissions of Methane Every Day of the Year) is a 

three-year, $35 million research program to reduce methane emissions from three sources in the oil, gas, and coal 

value chains: 1) Exhaust from 50,000 natural gas-fired lean-burn engines. These engines are used to drive compressors, 

generate electricity, and increasingly repower ships. 2) The estimated 300,000 flares required for safe operation of oil 

and gas facilities. 3) Coal mine ventilation air methane (VAM) exhausted from 250 operating underground mines. 

These sources are responsible for at least 10% of U.S. anthropogenic methane emissions. Reducing emissions of 

methane, which has a high greenhouse gas warming potential, will ameliorate climate change.”). 

46  Advanced Research Projects Agency-Energy (30 September 2020) Prevention and Abatement of Methane 

Emissions (“We’re open to all options – but specifically are looking for solutions that: Prevent methane emissions 

from anthropogenic activities. In other words, solutions which intervene before anthropogenic emissions escape to the 

atmosphere. Abate methane emissions at their source.  Sources include vents, leaks, and exhaust stacks. Remove 

methane from the air. As mentioned above, methane only lasts about 9 years in the atmosphere. Nature is very good 

at getting rid of methane using reactions in the atmosphere and methanotrophs in the soil. Maybe we can learn from 

Nature, and help her out.”). See also Lewnard J. (16 November 2020) REMEDY – Reducing Emissions of Methane 

Every Day of the Year, ARPA-E Presentation, Slide 7 (“Example Potential Approaches, Not Intended to Limit or 

Direct… “Geo-engineering”: Accelerate tropospheric reactions; Accelerate soil/methanotroph reactions”). 

47 Advanced Research Projects Agency-Energy (2 December 2021) U.S. Department of Energy Awards $35 Million 

for Technologies to Reduce Methane Emissions, Press Release (“MAHLE Powertrain (Plymouth, MI) will develop a 

catalytic system to oxidize methane in the exhaust gas of lean-burn natural gas fired engines. (Selection amount: 

$3,257,089). . . . Johnson Matthey, Inc. (Wayne, PA) is developing new technology, which uses a noble metal catalyst 

to combust the dilute methane in coal mine ventilation systems. (Selection amount: $4,346,015) Massachusetts 

Institute of Technology (Cambridge, MA) is developing a low-cost copper-based catalyst for reducing methane 

emissions. (Selection amount: $2,020,903). . . .”); Advanced Research Projects Agency-Energy (2 December 2021) 

REMEDY—Reducing Emissions of Methane Every Day of the Year: Project Descriptions. 

48 European Commission, Understanding the Dynamic Nature of Catalysts for Methane Abatement Reactions (last 

visited on 11 May 2022) (“The EU-funded DynaCatMe project therefore aims to develop highly active and steam-

tolerant methane abatement catalysts. To this end, it will synthesise nanomaterials by using mechanochemistry, a 

cheap, environmentally friendly and readily scalable emission-control catalysis method. The project’s results are 

expected to advance methane-activation technologies for industrial application.”); European Commission, Low 

temperature catalytic methane decomposition for COx-free hydrogen production (last visited on 11 May 2022) (“With 

this in mind, the EU-funded 112CO2 project proposes a new chemical reactor capable of using methane for the 

production of carbon dioxide-free hydrogen in a cost-effective way. It will develop a very active low-temperature 

methane decomposition (MD, also known as methane pyrolysis) catalyst, incorporating a cyclic regeneration step 

involving the selective hydrogenation of the carbon-attaching interface with the catalyst.”). 

49 Barman S., et al. (2021) Metal-Free Catalysis: A Redox-Active Donor–Acceptor Conjugated Microporous Polymer 

for Selective Visible-Light-Driven CO2 Reduction to CH4, J. AM. CHEM. SOC. 143:16284–16292, 16292 (“In the 

present study, we report the rational design and synthesis of a redox-active conjugated microporous polymer (CMP), 

TPA-PQ, by assimilating an electron donor, tris(4-ethynylphenyl)amine (TPA), with an acceptor, phenanthraquinone 
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(PQ). . . . The results demonstrate a novel concept for CO2 photoreduction to CH4 using an efficient, sustainable, and 

recyclable metal-free robust organic photocatalyst.”). 

50 Ming T., et al. (2021) Solar chimney power plant integrated with a photocatalytic reactor to remove atmospheric 

methane: A numerical analysis, SOLAR ENERGY 226:101–111 (“A solar chimney power plant integrated with a 

photocatalytic reactor (SCPP-PCR) is a promising large-scale method for removing CH4 from the atmosphere. This 

study used computational fluid dynamics (CFD) to investigate the performance and factors influencing photocatalytic 

oxidation of methane by the SCPP-PCR system. The geometry of a SCPP is the same as the prototype of the SCPP 

built in Manzanares (Spain). The PCR is designed based on a honeycomb monolith photoreactor. The numerical results 

revealed that the SCPP-PCR system can degraded 21,312 g methane per day with the actual solar radiation data when 

the channel diameter of the honeycomb PCR was 4 mm and channel length was 8 m. Although increasing the length 

or decreasing the channel diameter of the PCR would improve photocatalytic efficiency, the rate of airflow of the 

system would be reduced.”); Huang Y., et al. (2021) Feasibility of Solar Updraft Towers as Photocatalytic Reactors 

for Removal of Atmospheric Methane–The Role of Catalysts and Rate Limiting Steps, FRONT. CHEM. 9:745347, 1 

(“The analysis shows that the methane removal rate increases with the SUT dimensions and can be enhanced by 

changing the configuration design. More importantly, the low methane removal rate on conventional TiO2 

photocatalyst can be significantly improved to, for example, 42.5% on a more effective Ag-doped ZnO photocatalyst 

in a 200 MW SUT while the photocatalytic reaction is the rate limiting step. The factors that may further affect the 

removal of methane, such as more efficient photocatalysts, night operation and reaction zone are discussed as possible 

solutions to further improve the system.”). 

51 A. Duckett (10 May 2022) Aussie reactor trial seeks to coax coal miners to capture methane, Chemical Engineer 

(“In an effort to encourage industry to invest in and adopt the use of methane abatement technology, the NSW 

Government has awarded South32 a A$15m (US$10m) grant to establish a pilot plant at its Illawarra coal mine to 

demonstrate the effectiveness of the technology. . . . Vammit is one of a suite of three technologies developed by 

CSIRO, designed for mines to use separately or integrated to mitigate, separate and generate electricity from fugitive 

methane emissions.”). 

52 M. P. Bailey (21 October 2021) Johnson Matthey Announces Research Project Aimed at Catalytic Reduction of 

Dairy Methane Emissions, Chemical Engineering (“The new project, a collaboration between Durham University, 

sustainable technologies leader Johnson Matthey, University of Nottingham and NFU Energy, will test the feasibility 

of catalytic equipment to safely decompose methane in barn air, where it is most concentrated and preventing it from 

being released into the wider atmosphere. The £250,000 project, partly funded by UKRI’s Farming Innovation 

Pathways funding grants, will build on existing technology and look specifically at how to adapt this to the agricultural 

sector.”). 

53 See Lott P., et al. (2020) Understanding sulfur poisoning of bimetallic Pd-Pt methane oxidation catalysts and their 

regeneration, APPL CATAL B-ENVIRON 278:119244, abstract (“Sulfation of the noble metal and the support material 

led to pronounced catalyst deactivation. A pronounced transfer of sulfates to the support, particularly alumina, only 

partially protects the noble metal. In situ X-ray absorption spectroscopy gave insight into the nature and evolution of 

Pd species during regenerative treatment. Although palladium sulfate that formed during poisoning is decomposed at 

approximately 200 °C in oxygen-free conditions, support regeneration requires higher temperatures, which result in 

PdS formation above 400 °C. Despite its high stability under rich conditions, PdS decomposition by oxidation in lean 

atmosphere leads to the recovery of the activity. In addition, water vapor that is present during the rich regeneration 

exhibited a beneficial effect on the regeneration with higher catalytic activity after regeneration.”); Lott P., & 

Deutschmann O. (2021) Lean-Burn Natural Gas Engines: Challenges and Concepts for an Efficient Exhaust Gas 

Aftertreatment System, EMISSION CONTROL SCI. TECH. 7:1–6 (“Palladium-based catalysts are considered as most 

effective in low temperature methane conversion, but they suffer from inhibition by the combustion product water and 

from poisoning by sulfur species that are typically present in the gas stream. Rational design of the catalytic converter 

combined with recent advances in catalyst operation and process control, particularly short rich periods for catalyst 

regeneration, allow optimism that these hurdles can be overcome. The availability of a durable and highly efficient 

exhaust gas aftertreatment system can promote the widespread use of lean-burn natural gas engines, which could be a 

key step towards reducing mankind’s carbon footprint.”). 

54 Canadell, J.G., et al. (2021) Chapter 5: Global Carbon and Other Biogeochemical Cycles and Feedbacks, in 

CLIMATE CHANGE 2021: THE PHYSICAL SCIENCE BASIS, Masson-Delmotte V., et al. (eds.), 5-34 (“About 90% of the 

loss of atmospheric CH4 occurs in the troposphere by reaction with hydroxyl (OH) radical, 5% by bacterial soil 

oxidation, and the rest 5% by chemical reactions with OH, excited state oxygen (O1D), and atomic chlorine (Cl) in 
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the stratosphere (Saunois et al., 2020).”). Lan X., Nisbet E. G., Dlugokencky E. J., & Michel S. E. (2021) What do we 

know about the global methane budget? Results from four decades of atmospheric CH4 observations and the way 

forward, PHILOS. TRANS. A MATH. PHYS. ENG. SCI., 379(2210):20200440, 8 (“The largest atmospheric loss process 

in the global CH4 budget is mostly initiated by reaction with OH, especially in the tropical mid-troposphere, but also 

by Cl and O(1D) (stratosphere only). Oxidation by microbes in soils is likely a small sink, but uncertainty in its 

magnitude and trend remain large.”). 

55 Tromp T. K., Shia R.-L., Allen M., Eiler J. M., & Yung Y. L. (2003) Potential Environmental Impact of a Hydrogen 

Economy on the Stratosphere, SCIENCE, 300(5626):1740–1742, 1742 (“Our model predicts that a rise in H2 

concentration at the surface will make the mean OH concentration in the troposphere decrease by about 7%, whereas 

that in the stratosphere will increase by 10%; these changes will affect the lifetimes of other trace gases that react with 

OH (such as CH4 and CO).”); Derwent R. G. (2018) Hydrogen for Heating: Atmospheric Impacts—A Literature 

Review, UK Department for Business, Energy & Industrial Strategy 3 (“Although it is not a pollutant in its own right, 

hydrogen can take part in atmospheric chemical reactions in the lower and upper atmospheres and these chemical 

reactions may lead to environmental damage. In the upper atmosphere, hydrogen may moisten and cool the 

stratosphere, slowing down the recovery of the ozone layer. In the lower atmosphere, hydrogen may hasten the build-

up of the greenhouse gases: methane and ozone and hence contribute to climate change. Hydrogen therefore has the 

potential to cause global environmental impacts both on the stratospheric ozone layer and on climate change.”); 

Derwent R. G., Stevenson D. S., Utembe S. R., Jenkin M. E., Khan A. H., & Shallcross D. E. (2020) Global modelling 

studies of hydrogen and its isotopomers using STOCHEM-CRI: Likely radiative forcing consequences of a future 

hydrogen economy, INT. J. HYDROG. ENERGY, 45(15):9211–9221 (“Several studies in the 2000s raised the issue that 

a hydrogen economy would potentially lead to an increase in atmospheric hydrogen levels due to leakage from the 

hydrogen production, storage, transmission and distribution systems. This additional loading of atmospheric hydrogen 

could have impacts on the stratospheric ozone layer and the global climate system.”);  Prather M. J. (2003) An 

Environmental Experiment with H2?, SCIENCE, 302(5645): 581–582, 582 (“H2 is often portrayed as an environmentally 

friendly gas whose atmospheric degradation yields only water vapor. However, chemically reactive gases such as H2 

have been recognized as indirect greenhouse gases in international climate assessments since 1990. Atmospheric H2 

affects global atmospheric chemistry in the same way as CO: Its photochemical loss reaction with the OH radical takes 

up one OH and releases one HO2 radical (plus water vapor; see the figure). The net effect of adding H2 to the 

atmosphere is to reduce OH (the primary methane sink) and thereby increase methane abundance. Thus, H2, like CO, 

is an indirect greenhouse gas.”). 

56 Ocko I. B. & Hamburg S. P. (2022) Climate consequences of hydrogen emissions, ATMOS. CHEM.  PHYS. 22(14): 

9349–68, 9361 (“For the worst-case hydrogen leak rates (10 %), these levels of demand could yield anywhere from 

0.01 °C to 0.1 ± 0.05 °C warming. On the other hand, if total hydrogen emissions are kept minimal (1 %), temperature 

responses could be less than 0.02 °C including uncertainties.”).  

57 Warwick N., Griffiths P., Archibald A., & Pyle J. (2022) Atmospheric implications of increased hydrogen use, UK 

Met Office, 9 (“When only hydrogen increases in our model experiments, we calculate an effective radiative forcing 

of 0.148 W m-2 for an increase in hydrogen of 1.5 ppm; when the methane lower boundary is increased by 340 ppb, 

consistent with the decrease in hydroxyl radicals, the radiative forcing approaches 0.5 W m-2 (a warming tendency). 

In contrast, if there is no leakage of hydrogen into the atmosphere, and methane and other co-emissions are reduced, 

the change in radiative forcing is -0.29 W m-2 (a cooling tendency). Assuming an equilibrium climate sensitivity of 

0.86 K W-1 m2, this level of radiative forcing if sustained would lead to global-mean temperature changes of 0.12, 

0.43 and -0.26  ̊C (without accounting for the reduced emissions of carbon dioxide that would result).”). 

58 See de Richter R., et al. (11 September 2019) Iron Salt Aerosol a natural method to remove methane & other 

greenhouse gases, Institution of Mechanical Engineers Presentation, 8 (“Iron Salt Aerosol can enhance both natural 

sinks: the hydroxyl radical sink and the chlorine sink.”). See also Canadell, J.G., et al. (2021) Chapter 5: Global 

Carbon and Other Biogeochemical Cycles and Feedbacks, in CLIMATE CHANGE 2021: THE PHYSICAL SCIENCE BASIS, 

Masson-Delmotte V., et al. (eds.), 5-34 (“About 90% of the loss of atmospheric CH4 occurs in the troposphere by 

reaction with hydroxyl (OH) radical, 5% by bacterial soil oxidation, and the rest 5% by chemical reactions with OH, 

excited state oxygen (O1D), and atomic chlorine (Cl) in the stratosphere (Saunois et al., 2020).”). Lan X., et al. (2021) 

What do we know about the global methane budget? Results from four decades of atmospheric CH4 observations and 

the way forward, PHILOS. T. R. SOC. A 8 (“The largest atmospheric loss process in the global CH4 budget is mostly 

initiated by reaction with OH, especially in the tropical mid-troposphere, but also by Cl and O(1D) (stratosphere only). 

Oxidation by microbes in soils is likely a small sink, but uncertainty in its magnitude and trend remain large [37].). 

See also Zhao Y., et al. (2019) Inter-model comparison of global hydroxyl radical (OH) distributions and their impact 
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on atmospheric methane over the 2000–2016 period, ATMOS. CHEM. PHYS. 19:13701–13723 (“The modeling study 

presented here aims to estimate how uncertainties in global hydroxyl radical (OH) distributions, variability, and trends 

may contribute to resolving discrepancies between simulated and observed methane (CH4) changes since 2000.”). 

59 The precise details of this process are still subject to research and verification. See, Zetzsch C., Bleicher S., & 

Wittmer J. (2013) Smog Chamber Investigation on the Iron-Catalyzed Activation of Chloride from Seasalt for a 

Depletion of Tropospheric Methane, American Geophysical Union, Fall Meeting 2013, abstract, “Investigations on 

NaCl saltpans in an environmental simulation chamber under artificial sunlight yield high concentrations of chlorine 

atoms in the gas phase if FeCl3 is added to the salt mixture. The impact of chlorine atoms led in a direct experiment 

to a methane reduction of 8% within 24 h. This corresponds to a methane lifetime of only 12 days in a constantly 

illuminated chamber (or a half-life of 8 days).”); Wittmer J., et al. (2015) Iron(III)-induced activation of chloride from 

artificial sea-salt aerosol, ENVIRON CHEM 12(4):461–475 461 (“Inorganic, natural aerosols (sea-salt, mineral dust, 

glacial flour) and contributions of anthropogenic components (fly ash, dust from steel production and processing, etc.) 

contain iron that can be dissolved as FeIII in saline media. This study investigates photochemical processes in clouds 

and aerosols producing gas-phase Cl as a function of salt- and gas-phase composition employing a simulation chamber. 

Atomic Cl may contribute to the oxidative capacity of the troposphere, and our findings imply local sources. Abstract 

Artificial sea-salt aerosol, containing FeIII at various compositions, was investigated in a simulation chamber (made 

of Teflon) for the influence of pH and of the tropospheric trace gases NO2, O3 and SO2 on the photochemical activation 

of chloride.”); Wittmer J., et al. (2017) Photochemical activation of chlorine by iron-oxide aerosol, J ATMOS CHEM, 

74(2):187 – 204, 187 (“The photochemical activation of chlorine by dissolved iron in sea-salt aerosol droplets and by 

highly dispersed Fe2O3 aerosol particles (mainly hematite, specific surface > 100 m2/g), exposed to gaseous HCl, was 

investigated in humidified air in a Teflon simulation chamber. Employing the radical-clock technique, we quantified 

the production of gaseous atomic Cl. When the artificial sea salt aerosols contained suspended Fe2O3 alone at pH 6, 

no significant Cl production could be observed, even if the dissolution of iron was forced by ‘weathering’ (repeatedly 

freezing and thawing for five times). Adjusting the pH in the stock suspension to 2.6, 2.2, and 1.9 and equilibrating 

for one week resulted in a quantifiable amount of dissolved iron (0.03, 0.2, and 0.6 mmol/L, respectively) and in 

gaseous Cl production rates of ~1.6, 6, and 8 × 1021 atoms cm-2 h-1, respectively. Exposing the pure Fe2O3 aerosol 

in the absence of salt to various gaseous HCl concentrations resulted in rates ranging from 8 × 1020 Cl atoms cm-2 h-

1 (at ~4 ppb HCl) to 5 × 1022 Cl atoms cm-2 h-1 (at ~350 ppb HCl) and confirmed the uptake and conversion of HCl 

to atomic Cl (at HCl to Cl conversion yields of 2-5 % mol/mol, depending on the relative humidity).”). 

60 Johnson, M. (2020) Proposed Iron Salt Aerosol (Methane Removal) Climate Restoration (presentation). 

61 Methane Action, About Methane Action (visited on 4 February 2022) (“Our first field test is therefore to determine 

whether the effect is occurring, and if it is, to notify authorities so international regulations can take it into account. . . . 

Methane Action takes safety very seriously and has commissioned an independent environmental impact assessment 

of ISA, which is now underway.”). 

62 See Ming T., et al. (2021) A nature-based negative emissions technology able to remove atmospheric methane and 

other greenhouse gases, ATMOS. POLLUT. RES. 12(5):101035 2 (“Iron is the 4th most abundant element in the earth’s 

crust, but its solubility and bioavailability are low depending of its oxidation state and chemical form or environment. 

Consequently, large areas of the world’s ocean are iron-deficient, as are calcareous alkaline soils where plants suffer 

from chlorosis as explained in the next subsection. Primary productivity in [High-Nutrient–Low-Chlorophyll] oceanic 

regions is limited by the availability of iron (Martin et al., 1994). . . . Mimicking natural iron deposition to HNLC 

regions by Ocean Iron Fertilization (OIF) or by ISA could increase productivity and might help decreasing the 

atmospheric CO2 with a global cooling effect (Martin 1990). . . . [Ocean iron fertilization] is different from Iron Salt 

Aerosol in many respects. Iron Salt Aerosol would apply a concentration of iron to the ocean 2–3 orders of magnitude 

smaller than OIF, aiming to enhance marine phytoplankton growth, and induce other cooling effects in the atmosphere 

and over the continents (Oeste et al., 2017). The variety, scope and magnitude of the combined cooling benefits of 

ISA, notably its methane removal effect which is described in section 3, mean that most if not all criticisms of OIF do 

not apply to ISA. Testing ISA at small scale and extremely dilute levels might be a safe and effective way to inform 

the likely effects in field conditions.”). 

63 B. Hale, & L. Dilling (2010) Geoengineering, Ocean Fertilization, and the Problem of Permissible Pollution, SCI., 

TECH. HUMAN VALUES 36(2):190–212, 190 (“Many geoengineering projects have been proposed to address climate 

change, including both solar radiation management and carbon removal techniques. Some of these methods would 

introduce additional compounds into the atmosphere or the ocean. This poses a difficult conundrum: Is it permissible 
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