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Net emissions targets for the coming decades demand that new greenhouse gas removal (GHGR) technologies be developed and scaled to up to 10 GtCO2e/yr. by 2050. Due to the interdisciplinarity and novelty of GHGR technologies, GHGR research faces challenges of adapting technical disciplines to new domains and broadly empowering researchers with the knowledge necessary to identify and solve key problems. This Perspective discusses the significant, but underexplored, role biotechnology could play in several GHGR technologies as well as the common research, community, and knowledge gaps that are limiting progress. The GHGR technologies of focus are (1) the potential for the enzyme carbonic anhydrase to catalyze CO2 exchange in direct air capture; (2) the potential utility of microbes for accelerating soil-based or reactor-based enhanced rock weathering; and (3) the potential for methanotrophic bacteria or methane monooxygenase enzymes to oxidize methane for atmospheric methane removal via enhanced methanotrophy or bioreactors. Research progress on those GHGR methods is strongly limited by lack of interdisciplinary research community development as well as knowledge gaps. There is a need for clear and accessible articulation of actionable problems, ideally paired with risk-tolerant funding opportunities, as a tool for recruiting and empowering relevant researchers to these under-addressed technology areas.
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1 Introduction

Achieving climate goals is predicted to require greenhouse gas removal (GHGR) up to 10 Gt-CO2e/yr. by 2050 and 20 Gt-CO2e/yr. by 2,100, using novel technologies that facilitate capture of greenhouse gases from the atmosphere and subsequent storage (National Academies of Sciences, Engineering, and Medicine, Division on Earth and Life Studies, Ocean Studies Board, Board on Chemical Sciences and Technology, Board on Earth Sciences and Resources, Board on Agriculture and Natural Resources, 2019). Today, < 3 × 10−4 GtCO2e/yr. of GHGR is implemented, the overwhelming majority of which is carbon dioxide removal (CDR) that stores carbon in low-durability forms, i.e., as soil, living biomass, or biochar expected to remain stable for <100 years (CDR, 2024). Novel GHGR technology development is therefore needed, particularly for durable methods, i.e., methods that keep the GHG out of the atmosphere for >1,000 years. To meet that need, GHGR has grown over the past decade as a new interdisciplinary field of technology research and development. The 21st century is therefore expected to be a “century of GHGR.”

The 21st century has also been heralded as a “century of biology,” anticipating a continued life sciences revolution. Biological processes mediate many of Earth’s Gt-scale elemental fluxes, suggesting strong potential for biology in GHGR. Indeed, CDR technologies based on ecosystem biomass, soil, and cultivated biomass are well-appreciated, wherein CO2 is captured from the atmosphere through photosynthesis and subsequently stored; storage is primarily in low-durability forms including the biomass of living ecosystems, soil, and biochar, as well as higher-durability forms such as CO2 that is captured from bioprocessing operations such as ethanol manufacturing and then stored geologically (Griscom et al., 2017; Paustian et al., 2019; Dees et al., 2023); however, those established methods are not explored here. Instead, this Perspective, discusses several underappreciated potential applications of biotechnology in durable GHGR and explores the gaps limiting their evaluation and development.

This Perspective begins with an overview of carbonic anhydrase (CA)-enhanced direct air capture (DAC); bio-enhanced rock weathering (bio-ERW) in soils and in reactors; and biological atmospheric methane removal (bio-MR) in reactors and through terrestrial methanotrophy enhancement (ME; Figure 1A). The next section discusses barriers to progress using a framework centered on growing an empowered technology community that conducts mutually-reinforcing research and knowledge work (Figure 1B), focusing on common gaps between the technologies. Engagement of the regulatory field during technology development is also important for ensuring that technologies are safe and can be legally deployed, particularly for engineered organisms that would be used, e.g., in soil; however, regulation is not discussed here, as the focus of this Perspective is on core technology development. This article concludes by advocating for cultivation of interdisciplinary relationships and collaborative problem-identification paired with risk-tolerant funding to enable development of GHGR technologies.
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FIGURE 1
 Overview of emerging biological GHGR technologies and productive technology development. (A) Schematics of (i) CA-enhanced DAC; bio-ERW in (ii) soils and (iii) reactors; and bio-MR via (iv) ME and (v) reactors. (B) Growing an empowered technology community that conducts mutually-reinforcing research and knowledge work.




2 Three emerging opportunities for biotech in GHGR


2.1 Carbonic anhydrase-enhanced direct air capture of CO2

DAC is a CDR technology that loads a CO2-capture material, such as an alkaline aqueous solvent, with CO2 from air and then regenerates concentrated CO2 using a heat or pH swing (Erans et al., 2022). The concentrated CO2 output can be stored with high durability, for example via subsurface geologic storage (Massarweh and Abushaikha, 2024). The current cost of DAC at scale is estimated at $100 s to $1,000/tCO2, driven primarily by the cost of a large air contactor and the energy required to regenerate CO2 (Erans et al., 2022; Young et al., 2023). It is difficult to co-optimize air contactor size and CO2 regeneration energy, because CO2 capture materials with a high absorption rate, which allow a smaller air contactor, generally interact with CO2 more strongly and thus have high regeneration energies (McQueen et al., 2021). CO2 absorption into an alkaline aqueous solvent to form (bi) carbonates proceeds by Equations 1–4, with forward and reverse rate constants indicated with positive and negative subscripts and taken from Sharifian et al. (2021):
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Biological catalysts may alleviate the trade-off between absorption rate and regeneration energy. The enzyme carbonic anhydrase (CA) catalyzes CO2 (de)hydration (Equations 2, 3; Supuran, 2016), which is rate-limiting in CO2 absorption into aqueous CO2 capture solvents. Through catalysis, CA can enable fast CO2 absorption in CO2 capture solvents with low regeneration energy, like K2CO3 solutions (Salmon and House, 2015). One techno-economic analysis (TEA) indicated reductions1 in cost and regeneration energy of 31.5 and 41% by leveraging CA in point-source capture (Reardon et al., 2015). Indeed, CA has been explored for point-source CO2 capture (Bose and Satyanarayana, 2017; de Oliveira Maciel et al., 2022) and is under commercial development (Saipem and Novozymes to work together to create a more, 2021). Point-source CO2 capture technology absorbs CO2 from industrial waste gas streams, such as those from fossil fuel combustion, and is a far older and more mature technology than DAC, with demonstration at scale occurring as early as 1996 (Ma et al., 2022). This indicates a strong possibility for similar use of CA in DAC (Figure 1Ai; however, this possibility has not yet been explored in peer-reviewed literature, despite being briefly acknowledged in several review articles (Wilcox, 2012; McQueen et al., 2021; Sclarsic, 2021; Sharifian et al., 2021; Erans et al., 2022).



2.2 Bio-enhanced rock weathering

Enhanced rock weathering (ERW) technology seeks to accelerate dissolution of alkalinity-generating minerals, a natural process which already absorbs CO2 at Gt scale (Campbell et al., 2022). Primary limitations on ERW are (1) the rate of mineral dissolution, which limits the overall rate of CDR; and (2) passivation of mineral surfaces by solid metal oxides, which reduces the extent of mineral dissolution and thereby reduces the CDR achieved per unit financial and energy expenditure involved in transporting and deploying minerals (Strefler et al., 2018). In cases where minerals are ground for the purpose of ERW (as opposed to being sourced from already-ground mining and industrial wastes), the energy required to grind minerals is an additional factor contributing to overall efficiency2 (Strefler et al., 2018). Thus, ERW technology is largely concerned with exposing finely-ground minerals to conditions that maximally increase dissolution kinetics and the extent of dissolution, to maximize the rate of CDR and minimize the cost and energy demands per unit CO2 removed.

Organisms including plants, fungi and bacteria shape Earth’s mineralogy (Hazen and Ferry, 2010). Biological mechanisms can increase the rate of mineral weathering: bioweathering mechanisms include cation chelation by organic acids (Drever and Stillings, 1997) and nutrient-scavenging siderophores (Torres et al., 2014, 2019; Van Den Berghe et al., 2021); mechanically-induced cracking (Gazzè et al., 2012; Bonneville et al., 2016; Porder, 2019); oxidoreduction by chemolithotrophs (Napieralski et al., 2019); and export of acids into soil (Porder, 2019). Open questions remain regarding the overall impact and context-dependence of bioweathering mechanisms (Wild et al., 2022), though lab experiments have demonstrated nearly 10-fold weathering rate enhancement (Lunstrum et al., 2023) and little impact in others (Pokrovsky et al., 2021). While it remains unclear whether and to what extent biological activity accelerates natural mineral weathering overall (Finlay et al., 2020), the existence of such mechanisms raises the possibility of leveraging them for biologically-enhanced rock weathering (bio-ERW; Verbruggen et al., 2021; Campbell et al., 2022; Vicca et al., 2022; van den Berghe et al., 2024). Importantly, bio-ERW only affects CDR when the liberated alkalinity neutralizes acidity from CO2: while organic acids and biologically-produced sulfuric acid can accelerate mineral weathering (Drever and Stillings, 1997; Yi et al., 2021), those processes do not necessarily contribute to CDR unless residual alkalinity remains after neutralization of non-CO2 acids.

A leading ERW approach involves spreading crushed alkaline rocks on agricultural soils, where they dissolve and uptake atmospheric CO2 as dissolved (bi)carbonates (Hartmann et al., 2013; Beerling et al., 2020). Stable storage of such (bi)carbonates is hypothesized to occur via transport through groundwater to the ocean (Hartmann et al., 2013), though methods for quantifying the true permanence of carbon removal by ERW are still under development, and are complicated by the risk of CO2 off-gassing if exposed to acidic conditions during transport to the ocean (Clarkson et al., 2024).

It has been proposed that the soil microbiome and rhizosphere could be leveraged to accelerate ERW in soil, for example by managing soils to encourage growth of microbial communities with weathering activity, inoculating soils with microbes, or factoring soil biology into ERW siting (Verbruggen et al., 2021; Vicca et al., 2022; Wild et al., 2022; Figure 1Aii). To date, however, only one pre-print experimentally investigating bio-ERW for CDR in soil is known (Fuenzalida-Meriz et al., 2024); in that study, soils treated with a microbial inoculant encouragingly showed a ~ 10% increase in soil inorganic carbon, soil organic carbon, and crop yield. Further study of bio-ERW in soil is needed (Verbruggen et al., 2021; Vicca et al., 2022; Wild et al., 2022).

Bio-ERW in reactor systems has also been proposed (Corbett et al., 2024; van den Berghe et al., 2024; Figure 1Aiii). In reactors, natural or engineered microbes would accelerate reaction of minerals with atmospheric CO2 or concentrated CO2 streams from other CDR technologies and store them as solid carbonates or dissolved inorganic carbon in the ocean, possibly coupled with metal extraction (van den Berghe et al., 2024). Currently, there are no proposed designs for bio-ERW reactor systems or quantitative analyses of the feasibility of reactor-based ERW.



2.3 Biological atmospheric methane removal

Methane is a potent greenhouse gas that has contributed ~0.5°C of global warming to date (Synthesis Report, n.d.). Even if anthropogenic methane sources are reduced, natural methane sources may increase via feedback to warming (Zhang et al., 2023). Atmospheric methane removal (MR) technologies, all of which are at a conceptual stage, seek to remove methane from the atmosphere (Jackson et al., 2019, 2021; Nisbet-Jones et al., 2022; Lidstrom, 2023; Wang and He, 2023; Gorham et al., 2024). The effect of methane on radiative forcing (i.e., its warming effect) is stronger than that of CO2, though it also labile in the atmosphere (i.e., it oxidizes to CO2 through natural atmospheric processes, and thus has an atmospheric half-life); as a result, the effect of methane effect on radiative forcing is more impactful in the short term than the long term, causing 83-fold and 30-fold greater warming than CO2 over 20 and 100 years, respectively [Intergovernmental Panel on Climate Change (IPCC), 2023]. Methane removal is therefore most impactful in the short term, with the effect on warming of 1 GtCO2 removal being accomplished by 12 MtCH4 and 33 Mt. methane removal over 20 and 100 years.

One broad proposed MR approach involves reactor facilities that process air and oxidize atmospheric methane with oxygen to form CO2 by exposing it to a catalyst, similarly to a DAC air contactor (Jackson et al., 2019, 2021; Lidstrom, 2023; Wang and He, 2023). Such conversion of methane to CO2 can be fairly considered durable removal of methane from the atmosphere, owing to the substantially lower warming potential of CO2 compared to methane. At 2 ppm, atmospheric methane is ~200-fold more dilute than CO2, and its CH bonds are highly stable (438.8 kJ/mol; Sun et al., 2020). Methane oxidation reactors would require very efficient catalysts (Wang and He, 2023; Hickey and Allen, 2024). Existing engineered methane-oxidation catalysts are currently at least an order of magnitude away from efficiency thresholds which would enable net-climate-beneficial oxidation of 2 ppm methane, given the need for significant energy input as heat, light, or electricity, and a recent review stated that such catalysts are not anticipated to undergo the necessary improvements (Abernethy et al., 2023). However, methane monooxygenase enzymes in methanotrophic bacteria (Tucci and Rosenzweig, 2024) catalyze methane oxidation under ambient conditions. Biological MR (bio-MR) reactors bearing methanotrophs (Lidstrom, 2023) or immobilized cell-free have therefore been proposed. Biofilter technologies based on the same principle are in use for point-source emissions, wherein gaseous methane from point sources that are too dilute to oxide by combustion (i.e., they are below 44,000 ppm) are passed over solid supports bearing methanotrophs in the presence of oxygen (La et al., 2018). While orders-of-magnitude efficiency improvements to such reactors would be required to handle 2 ppm methane (Yoon et al., 2009; Lidstrom, 2023), recent discoveries of methanotrophs that oxidize methane below 1,000 ppm (He et al., 2023) or at atmospheric concentrations (Tveit et al., 2019; Schmider et al., 2024) may provide a path forward.

Another bio-MR approach is natural methanotrophy enhancement (ME), wherein methanotrophy in soils or trees is maximized through management practices and amendments. The soil methane sink (i.e., permanent removal of methane from the atmosphere via oxidation to form biomass or CO2 that) is estimated at 30–40 Mt. CH4/yr. (Saunois et al., 2020), and it might be enhanced in natural and agricultural settings by increasing aeration with oxygen-rich air; reducing waterlogging, which serves to increase exposure to oxygen; reducing excess ammonia, which can be an alternative substrate for methanotrophs; or applying minerals bearing micronutrients like copper that are growth-limiting for methanotrophs (Davidson et al., 2024). Very recent work has identified the woody surfaces of trees as another substantial methane sink, preliminarily estimated at 25–50 Mt. CH4/yr. (Gauci et al., 2024). Some research indicates that leaf surfaces may also be a substantial sink (Gorgolewski et al., 2023). ME in trees might be possible through forestry practices (Gauci, 2024). In all cases, care must be taken to ensure that ME does not simultaneously result in increased N2O emissions, since N2O has 10-fold greater warming potential than methane and such feedbacks have been observed (Stein and Lidstrom, 2024).




3 Discussion

CA-enhanced DAC, bio-ERW, and bio-MR are attractive GHGR possibilities, but further work is required to evaluate their potential for impact, and, if warranted, to develop and scale them. This section discusses the gaps across these technologies that must be filled to enable progress, focusing on commonalities. This discussion of gaps is anchored on research gaps, and also accounts for the community and knowledge gaps that must be filled to enable effective research (Table 1).



TABLE 1 Research gaps, knowledge gaps, and community gaps across each technology.
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3.1 Research gaps

The technologies considered here are nascent, with research to date occurring predominantly at the concept phase. Therefore, the first research priority for each is to estimate its viability in theory, and then to identify and pursue promising engineering targets. Common research gaps across the technologies include proposed process designs, TEA, and LCA; use-inspired basic research; engineering research; and heterogeneity in deployment environments and feedstocks.


3.1.1 Process designs, techno-economic analyses, and life-cycle analyses

CA-enhanced DAC, reactor-based bio-ERW, and reactor-based MR, require reactors or facilities for which scalability may be limited by construction cost, materials, or energy. For those technologies, the highest research priority is the proposal of process designs and associated LCA and TEA that assess scalability and guide efforts toward engineering benchmarks to address key constraints. A challenge to producing designs, LCA, and TEA for these technologies is their need for sophisticated facilities, which highlights the importance of integrating communities familiar with related industrial process designs such as DAC, biomining, biomanufacturing, or sewage treatment, as discussed in section 3.2. A key consideration of LCA and TEA for these biological GHGR technologies should be whether the advantages conferred by incorporating biological elements outweigh the accompanying limitations; for example, cells and biocatalysts are able to tolerate a smaller range of physicochemical parameters, such as pH temperature, than abiotic technologies. Earnest comparisons to abiotic variants of each technology should be made to determine whether development of novel biological GHGR technologies is warranted.

For CA-enhanced DAC, design and modeling are needed to identify the CO2 capture and regeneration modalities and process parameter ranges (e.g., heat, pH) where CA might confer a benefit compared to abiotic DAC. Such models should consider a range of potential CA activity, overall CA-catalyzed CO2 mass transfer rates, CA stability, and CA cost, in order to identify targets for CA engineering and manufacturing that would be needed to enable competitive CA-enhanced DAC.

Similarly, design and modeling of reactor-based bio-ERW should assess what ranges of weathering rates, nutrient and metabolic efficiency per unit weathering, and energy feedstock carbon intensity could enable a system that could compete with abiotic ERW reactor approaches (van den Berghe et al., 2024).

For reactor-based bio-MR, design and modeling should assess what ranges of whole-cell specific affinity for methane (for cell-based systems), methane monooxygenase enzyme efficiency (for cell-free systems), and overall methane mass transfer rate could enable a system that is competitive with abiotic MR, given assumptions about nutrient efficiency and costs for growing microbes or manufacturing enzymes (Lidstrom, 2023; He and Lidstrom, 2024).



3.1.2 Use-inspired basic research

Bio-ERW and bio-MR approaches rely on mechanisms that are insufficiently understood for developing scaled GHGR applications, and therefore require basic research to achieve deeper understanding of known mechanisms or survey nature for new, useful mechanisms. For soil-based ERW and ME, the top priority for basic research is to illuminate mechanisms that can help to estimate the GHGR potential of each pathway.

For bio-ERW, the magnitude of bioweathering should be measured under conditions relevant to soil-based or reactor-based bio-ERW in ERW-relevant soil, and the contexts where bioweathering in soil contributes to overall increased weathering (if any) should be identified. The mechanisms, rhizosphere interactions, and microbial community functions underlying such bioweathering, as well as the abiotic factors that impact them, should also be characterized (Verbruggen et al., 2021; Vicca et al., 2022; Wild et al., 2022). In light of such fundamental research, efforts should be made to understand how mechanistic levers for bio-ERW would change at scale, and how measurement, reporting and verification (MRV) could identify the net effects of bio-ERW.

For ME in trees, the magnitudes of methane uptake should be determined in bark and leaves across geographies, and the impact of of tree species, tree age, tissue composition, methanotroph colonization rate, and limiting nutrients on such uptake should be characterized (Gauci, 2024). For ME in soils, the impact of copper and other trace micro-nutrient limitation, aeration, hydrology, and excess ammonia on methane and nitrous oxide flux magnitudes across managed soil types should be characterized (Davidson et al., 2024). For reactor-based bio-MR, efforts should be made to discover and mechanistically characterize a broader range of methanotrophs (Schmider et al., 2024), microbial community functions that support utilization of atmospheric methane, and the methane-uptake efficiency of biofilms for use in reactors (Lidstrom, 2023; He and Lidstrom, 2024).

To maximize impact for GHGR technologies, all of the basic research efforts discussed above should be scoped and pursued in close discourse with the broader effort to develop and assess the relevant GHGR methods.



3.1.3 Engineering research

All of the technologies discussed here require engineering novel industrial systems, land management practices, or research tools. CA-enhanced DAC is the only technology discussed here that is mostly an engineering challenge; the others must proceed in collaboration with use-inspired basic science research. CA-enhanced DAC research may therefore be particularly attractive for funding sources seeking to rapidly accelerate GHGR technology development in the near-term.

For CA-enhanced DAC, the engineering research needed includes protein engineering to produce CA that is stable, active, and amenable to immobilization under DAC-relevant conditions (Mesbahuddin et al., 2021); development of low-volume (<100 μL) assays for CO2 absorption rates to enable high-throughput screening of engineered CA variants; composite materials for CA immobilization at the gas-solvent interface (Molina-Fernández and Luis, 2021; Russo et al., 2022); and design of air contactors containing such materials.

All forms of bio-ERW will require novel lab platforms for rapidly measuring and screening weathering rates to facilitate basic research (Campbell et al., 2022; van den Berghe et al., 2024). Novel methods are needed for rapidly measuring bioweathering rates in soil and distinguishing them from abiotic factors (Campbell et al., 2022; Vicca et al., 2022; Wild et al., 2022). Development of soil-based bio-ERW methods could involve developing ERW siting frameworks that account for biotic factors, land management practices that maximize bioweathering, and/or microbial inoculants that increase weathering. Reactor-based bio-ERW will require development or discovery of stable microbial communities with high weathering rates in reactors, and may also require metabolic engineering in non-model organisms to enhance weathering or metal/biomass recovery.

The basic science underlying ME in trees will require development of standardized methods for gas flux measurements across tree surfaces and foliage to enable comparable measurement across the research community (Gauci, 2024). For implementation, ME methods will require forestry and/or soil management frameworks that balance methane uptake with other economic and environmental factors (Gauci, 2024; Davidson et al., 2024).

For reactor-based bio-MR, novel methods are required to enable the required underlying science and engineering, including methods for cultivating methanotrophic communities that can oxidize ultra-dilute methane; methods for rapidly screening, evolving and/or engineering such methanotrophs (Lidstrom, 2023; He and Lidstrom, 2024); and, for systems that would involve cell-free enzymes, methods for manipulating and engineering cell-free methane monooxygenase enzymes. For bio-MR technology itself, necessary engineering research includes development of air contactors that host methanotrophs and optimize methane mass transfer while minimizing energy and water usage; methods for utilizing methanotrophs under non-growth conditions [e.g., high density immobilization of cells directly onto reactor matrix; and methods for disposing (or valorizing) produced biomass or, if using cell-free methane monooxygenase, methanol].



3.1.4 Heterogeneity

Soil-based bio-ERW and ME approaches are complicated by environmental heterogeneity. For example, variations in geography, crop-type, and soil composition impact soil microbial communities (Wild et al., 2022), while geography, tree species, and tree tissue composition impact the sign and/or magnitude of methane fluxes (Gauci, 2024; Gauci et al., 2024). Understanding the impacts of these heterogeneities on GHGR magnitudes and levers will require basic science and engineering to be performed across diverse environments, demanding standardized sampling methods and tools.

Reactor-based bio-ERW will need to accommodate input materials from different sources, which will vary in mineral composition and trace metal content that could impact microbial metabolism. Engineered bio-ERW reactor systems would need to either be robust to this heterogeneity or be designed specifically for different input materials (van den Berghe et al., 2024).




3.2 Community gaps

Rapidly assessing, and if appropriate, developing, novel biological GHGR technologies will require communities empowered with the skills and collaborative relationships needed to carry out research and synthesize results into new knowledge resources. Several common community gaps must be addressed to enable effective research, including integrating relevant disciplines, orienting basic science researchers toward engineering goals, and recruiting talent from small communities of practice.


3.2.1 Integrating disciplines

The CA-enhanced DAC, bio-ERW, and reactor-based bio-MR require novel cross-disciplinary collaborations.

CA-enhanced DAC requires collaboration between protein engineering, composite biomaterials engineering, and DAC process engineering, but there has been no peer-reviewed research drawing on all three disciplines. Anecdotally, several DAC companies have explored use of CA but abandoned the idea owing to a lack of team capacity to overcome its challenges. The community surrounding point-source capture applications of CA (Bose and Satyanarayana, 2017; de Oliveira Maciel et al., 2022) provides a jumping-off point, but needs input from the most recent advances in protein engineering, which is undergoing a revolution (Wang et al., 2021; Notin et al., 2024). Skills and perspectives from the commodity chemicals biomanufacturing community should also be integrated, given their experience deploying biocatalysts in high-volume industrial processes.

For bio-ERW, the microbial weathering, metagenomics, and ERW communities must collaborate, but only a few articles to date discuss all three topics (Verbruggen et al., 2021; Vicca et al., 2022; Wild et al., 2022; van den Berghe et al., 2024), and no experimental studies addressing all three are known. The value of collaboration is particularly timely for soil-based bio-ERW: to access microbial processes in ERW-relevant conditions across heterogeneous soil environments, it would be helpful for geobiological studies to be integrated into the ERW field trials that are increasingly being performed by academic groups and companies across diverse soils and geographies. However, anecdotally, bio-ERW researchers report that bio-ERW is rarely represented or discussed at their field’s convenings. For reactor-based bio-ERW, the biomining community can provide perspective on incorporating microbes into scaled mineral processing technologies. The sewage and wastewater processing communities should also be engaged, given their experience deploying microbial technologies at scale.

For reactor-based bio-MR, methanotroph biologists and microbial physiologists, or protein engineers in the case of cell-free methane monooxygenase systems, will need to work closely with the process design and ultra-dilute gas separation communities to optimize for atmospheric or near-atmospheric methane concentrations. The community surrounding point-source methane biofilters can be a bridge, but the low methane concentrations targeted in bio-MR will likely require novel reactor formats to optimize mass transfer while minimizing energy for moving air (Lidstrom, 2023; Wang and He, 2023). For ME, microbiologists, soil scientists, botanists, and the gas flux measurement communities will need to collaborate in novel ways.

Bio-ERW and bio-MR technologies may also need input from the genomics technology community, which can help develop tools for more rapid genetic study, manipulation, and screening of non-standard organisms (He and Lidstrom, 2024b; van den Berghe et al., 2024).



3.2.2 Pure-science disciplines

Design, assessment and development of bio-ERW and bio-MR technologies require substantial inputs from the research communities of microbial mineral weathering, methanotrophy, and field-based measurement of gas flux across surfaces, which have historically focused primarily on pure descriptive science rather than technology development.

There may be a cultural inertia to overcome for researchers when shifting from an observation-first ethos to an engineering-first approach focused on assessing potential impact and scaling. It will also require recruitment of those communities to different funding sources, of which they might not currently be aware, or that must be created by funding bodies to attract and accelerate a burst of novel, fast-moving basic and translational research intended to enable GHGR technologies to be developed in order to meet society’s daunting GHGR needs.



3.2.3 Small communities

The microbial weathering and methanotroph research communities who must lead the way on bio-ERW and bio-MR are relatively small and niche, which may complicate the required shift from pure science to engineering research described in the previous section. Given the complex research activities required for GHGR technology development—which span use-inspired basic research, prospective designs, and engineering—active community engagement and support will be needed. Recruitment efforts will be required to empower the pioneering researchers who are already working on these problems; identify the best-equipped researchers, and support them to recruit and train the next generation of GHGR experts; and incentivize prioritization of new research directions. Funding from government and private entities will be required to enable those activities.




3.3 Knowledge gaps

Mature research communities have shared goals and tools, from which actionable subproblems and methods are collaboratively understood and prioritized through literature, discourse, and tacit community knowledge. Given that CA-enhanced DAC, bio-ERW, and bio-MR are nascent technologies that require contributions across novel cross-disciplinary boundaries, intentional work is required to communicate actionable problems to researchers and provide access to specialized research methods and resources to enable them to effectively apply their expertise. Funding must be made available to support creation of such knowledge resources.


3.3.1 Actionable problems

To best enable practitioners to whom GHGR technology may be new, thought leaders should collaboratively synthesize the state of the art and technology goals to identify and itemize actionable problems.

Several excellent resources exist describing goals and challenges in CA-enhanced DAC, bio-ERW (Verbruggen et al., 2021; Campbell et al., 2022; Vicca et al., 2022; van den Berghe et al., 2024), and bio-MR (Lidstrom, 2023; He and Lidstrom, 2024). Accessibility can be maximized through concise itemization of priority problems with specific calls to action, such that individual problems can be easily shared with the most relevant potential contributors. Crucially, these problems should be identified through cross-disciplinary collaborative efforts among the diverse relevant research communities, which may help reveal creative new possibilities. To be most actionable, problems would ideally be supported by a risk-tolerant funding opportunity willing to back early-stage ideas by researchers new to the field.



3.3.2 Specialized research methods

The necessary research for all the technologies discussed here requires specialized methods that cannot be implemented on common platforms, involve non-intuitive best practices, or must be developed anew, which raise barriers to entry. For example, CA-enhanced DAC requires novel methods for screening enzymatic enhancement of gas-to-liquid mass transfer rate; bio-ERW requires measurement of mineral weathering rates, which can be misrepresented by measurement of ions with different rates of liberation (Amann et al., 2022; van den Berghe et al., 2024); reactor-based bio-MR requires cultivating and screening ultra-slow-growing methanotrophs (He and Lidstrom, 2024) that can be supported in a bioreactor platform; and ME requires standardization of methods to measure gas flux across bark and leaf surfaces to enable broad comparability of data (Gauci et al., 2024). These challenges exemplify the need for interdisciplinary collaborations, including teaching and co-creation of methods.



3.3.3 Funding for identification of required research

Given the cross-disciplinary community challenges limiting progress on the biological GHGR technologies discussed in this Perspective, the challenge of identifying specific research problems should be recognized by the funding community as its own worthy research pursuit. In particular, cross-disciplinary collaboration to improve creativity when defining problems should be incentivized. To enable the community to identify and pursue important research problems, funding should be made available for the creation of knowledge resources, for example through collaborative roadmapping efforts or cross-disciplinary workshops.




3.4 Concluding remarks

Given that biology shapes Earth’s CO2 and methane cycles through biocatalyzed CO2 absorption (Badger and Price, 1994), bioweathering (Finlay et al., 2020), and methanotrophy (Saunois et al., 2020), it stands to reason that those mechanisms could be leveraged for Gt-scale GHGR. CA-enhanced DAC, bio-ERW in soils and reactors, and bio-MR through ME or reactors are early-stage GHGR technologies proposing to do so.

For early-stage climate change mitigation technologies like those discussed here, it is crucial that viability assessment and foundational technology development be performed by financially disinterested parties and made publicly-available; that will ensure fair assessment and enablement of the innovation community toward commercialization and scaling of viable approaches (Holmes et al., 2022). Doing so requires growth, empowerment, and resourcing of new research communities.

Each technology requires derisking to estimate its potential for impact. For CA-enhanced DAC, reactor-based bio-ERW, and reactor-based MR, proposing low cost and low energy process designs with associated LCA and TEA are the first step. For soil-based bio-ERW and ME, the first priority is basic research to identify their potential magnitude and the mechanistic levers available for interventions. CA-enhanced DAC is closest to development, as it requires only engineering. The other technologies also require basic research, and several must overcome the complexities of environmental or feedstock heterogeneity.

Each technology also faces community challenges of integrating non-overlapping disciplines, orienting pure-science disciplines toward engineering, and enrolling small expert communities into new, supported, research programs. Articulating actionable problems in a concise, accessible format will empower growth of new research communities, especially if associated with immediate risk-tolerant funding for new ideas. It will be helpful to facilitate high-trust, friendly relationships in the research community through focused in-person workshops that encourage blue-sky thinking, and inclusion of early-stage approaches in broader gatherings on DAC, ERW and MR.

GHGR technologies address a collective-interest problem that must be solved quickly to ensure the well-being of life on Earth. A culture of collaboration and unified effort that embodies optimism about collective agency and capacity for action will most effectively overcome the research, community, and knowledge gaps currently limiting swift progress.
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Footnotes

1   Relative to a 30% monoethanolamine solvent.

2   Mg-oxides and hydroxides, such as brucite, have faster dissolution rates and are limited by different factors, such as abundance or synthesis cost (Campbell et al., 2022).
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