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Summary 

The Carbon Dioxide Removal Innovation Workshop aims to identify emerging technologies that 

could reasonably be expected to have the potential to revolutionize CDR. Innovations in materials 

science, digital technology, and biotechnology offer prospects for more efficient, cost-effective, and 

scalable CDR methods. For instance, new sorbent materials could drastically reduce the energy 

needed for DAC, while advancements in biotechnology could introduce bioengineered organisms 

capable of capturing large amounts of CO2 effectively. 

CDR is inherently a multi-disciplinary challenge that requires insights from materials science, 

engineering, biology, information technology, and even social sciences and policy. For example, 

developing a sustainable and scalable CDR technology may require not just new materials but also 

data analytics for process optimization and policy frameworks for deployment. 

CDR technologies stand as an essential pillar in the comprehensive strategy needed to address 

climate change. While current approaches are still being developed, significant challenges remain. 

This workshop seeks to catalyze the next wave of innovations in CDR by scrutinizing emerging 

technology trends in other domains and how they could accelerate CDR solutions.  
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Introduction 

The Carbon Dioxide Removal (CDR) Innovation Workshop, sponsored by the U.S. Department of 

Energy’s Office of Fossil Energy and Carbon Management and hosted by SRI International and 

SLAC National Accelerator Laboratory, will serve as a nexus for cross-disciplinary collaboration and 

discussion of opportunities for research to accelerate CDR outcomes. Taking place on October 24, 

2023 at the Palo Alto Research Center in Palo Alto, CA, this full-day event seeks to identify novel 

solutions to CDR that go beyond traditional approaches.  

The event will convene a diverse assembly of experts who bring innovative perspectives from 

various fields, ranging from materials science to digital technologies and synthetic biology, to explore 

a broad array of disruptive techniques and methodologies not yet applied to CDR. The goal is to 

ideate on emerging technology breakthroughs that have the potential to significantly 

accelerate CDR outcomes. We aim to identify technologies with high impact and high 

likelihood of emergence within the next decade. 

Primer on Carbon Dioxide Removal 

Carbon Dioxide Removal (CDR) represents a category of climate mitigation strategies aimed at 

directly capturing and storing carbon dioxide (CO2) from the atmosphere. Given the escalating levels 

of atmospheric CO2 and the corresponding acceleration in global warming, CDR is increasingly 

central in achieving climate targets (NASA, 2023). 

 

Figure 1: Balance of sources and sinks of CO2 from 1850 to present (The Global Carbon Project, 2022) 

The Need for CDR 

While reducing emissions at the source remains the primary method to mitigate climate change, 

experts agree that this alone will not be sufficient to limit global warming to safe levels (Fawzy et al., 

2020; Lin, 2019). Due to historical emissions and fossil fuels use, merely decreasing or even halting 

new emissions is insufficient; we must seek to actively remove existing CO2 from the atmosphere. 
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Figure 2: Causes and response options for climate change (Rouse, 2018) 

 

Several CDR technologies have been explored and are at varying stages of development. Some of 

the more established methods include those shown in the graphic below (Minx et al., 2018): 

 

Figure 3: Carbon dioxide removal (CDR) options (Erans et al., 2022) 
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In scope for this workshop (Hepburn et al., 2019; Refrew et al., 2020; Terlouw et al., 2021): 

• Direct Air Capture with Carbon Storage (DACCS): Chemical and mechanical systems that 
directly capture CO2 from the air. 

• Bioenergy with Carbon Capture and Storage (BECCS): Combines biomass use with 
geological storage of captured CO2. 

• Enhanced Weathering (EW): Accelerates natural weathering processes to store CO2 in 
rocks. 

• Ocean Alkalinization and Fertilization: Increases the pH of the ocean to enable greater 
CO2 absorption. 

• Soil Carbon Sequestration: Utilizes plants and soil management techniques to capture and 
store CO2 in the ground. 

• Afforestation and Reforestation: Natural methods involving the planting of trees to absorb 
CO2. 

Current CDR approaches face several challenges, including but not limited to, scalability, cost, 

energy use, and environmental impacts. For example, Direct Air Capture systems are energy-

intensive, and the scale needed for significant impact is immense.  
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Emerging Technology Classes for CDR 

This section provides an overview—examples only, not meant to be exhaustive—of some emerging 

technologies that display promise of accelerating CDR outcomes. We have identified four emerging 

technology classes, and there may be others, to draw focus towards those that are on a trajectory to 

have the greatest impact on CDR. For purposes of this workshop we are not interested in 

technologies related to clean energy generation, although we acknowledge these innovations could 

be enabling technologies for more widespread CDR adoption. 

Material-Chemical Innovations 

The domain of materials science offers novel chemistries and architectures for capturing carbon 

dioxide. Innovations in this area are targeting liquid and solid sorbents and materials that can not 

only capture CO2 with high selectivity but can also be regenerated with minimal energy input. These 

developments could potentially revolutionize Direct Air Capture (DACCS) systems and make them 

more cost-effective and scalable. 

Supply Chain, Infrastructure, and Process 

These are logistical and infrastructure innovations that could dramatically streamline the CDR 

process. These innovations range from low-cost, high-throughput contactor production methods to 

new techniques in additive manufacturing aimed at improving heat and mass transfer efficiencies. 

Coupled with advancements in CO2 transportation and sequestration, these could make CDR a 

more integrated and seamless process, lowering cost and speeding deployment at relevant scales. 

Digital Technologies 

As digital technologies become more pervasive, their application in CDR is becoming increasingly 

relevant. These include the use of blockchain for tracking and validating carbon credits, AI and 

Machine Learning algorithms for optimizing capture materials and processes, edge-computing based 

sensor systems and simulation models for better monitoring, reporting, and verification (MRV) of soil 

carbon sequestration and enhanced weathering methods. 

Biotechnology-Based Solutions 

Biotechnology offers avenues for bio-engineered solutions to CDR. These include genetically 

engineered organisms designed for more efficient photosynthesis and carbon capture, as well as 

biochemical pathways that can convert captured CO2 into value-added products, like biofuels or 

building materials. If successful, these technologies could create an entirely new paradigm for CDR. 

Interdisciplinary Approaches 

Many of the most promising emerging technologies are at the intersection of different domains. 

Whether from the integration of AI algorithms in material screening for better sorbents or the 

combination of biotechnology with chemical engineering for new capture and conversion processes, 

interdisciplinary approaches are likely to drive innovative and effective solutions. 

In summary, the emerging technologies in CDR are as varied as they are promising. The intent of 

this workshop is to explore the evolution of technologies particularly as they may intersect with CDR, 

evaluate their feasibility and scalability, highlighting in particular, gaps that may benefit from targeted 

research pursuits, and to foster collaborations that can accelerate their development and 
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deployment. By considering a wide range of innovative solutions, we aim to catalyze meaningful 

advancements that can substantially alter the trajectory of global CDR efforts. 

Questions to Consider for Workshop 

1. Innovation Synergies: Which emerging technologies hold the most promise for creating 
synergies with current CDR methods? 

2. Enabling Technologies: Do approaches exist today which are not economically or technically 
possible, but could be enabled by an emerging technology in another area, such to make 
these competitive or disruptive?  

3. Scalability: What are the biggest challenges in scaling up current and emerging CDR 
technologies? How can these be addressed? 

4. Interdisciplinary Collaboration: How can experts from diverse fields such as material science, 
biotechnology, data science, and environmental engineering be encouraged to work on 
applications in CDR? What needs to happen today for these integrations to occur? 

5. Cost-effectiveness: How can emerging technologies be made more cost-effective to 
encourage large-scale adoption? What role can governmental and private funding play in 
this? 

6. Environmental Impact: How can we ensure that CDR technologies are developed and 
deployed in an environmentally responsible manner? 

7. Data Integrity and Monitoring: How can advancements in Monitoring, Reporting, and 
Verification (MRV) be leveraged to build trust and facilitate the adoption of CDR 
technologies? 

8. Which emerging technology classes should be considered beyond those identified in this 
document, if any? 

These questions aim to provoke thought and encourage a robust discussion that will contribute to a 

comprehensive report on technologies that have the potential to accelerate Carbon Dioxide 

Removal. 
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Example Emerging Technologies 

In this section, we delve deeper into some examples of emerging technologies within the broad 

categories previously outlined. Each technology is explored in terms of its core innovation, its 

intersection with other emerging technologies, the problem it aims to solve, and the potential impact 

if it proves to be successful. These technologies are described to stimulate thinking and ideas for 

discussion at the workshop and are not intended to be a comprehensive compendium of 

innovations. We expect to expand and explore these options in much greater depth during the 

workshop. 

Material-Chemical Innovations 

1.1 Advancements in Material Science for Novel Sorbents 

Core Challenge 

Sorbent materials that absorb/desorb CO2 are at the core of many capture processes, but traditional 

sorbents often suffer from limitations such as low capture efficiencies, slow kinetics, and high energy 

requirements for regeneration (Siegelman et al., 2021). Novel sorbent materials in development aim 

to substantially enhance the volumetric productivity of DACCS. These materials are engineered at 

the molecular level for high selectivity for CO2 over other gases like nitrogen and oxygen. They are 

also optimized for energy-efficiency and maximal regeneration, which are critical factors in the 

overall economics of DACCS systems. The limiting step in implementing these technologies at scale 

is the high cost of material, low volumetric productivity, and their ineffectiveness in regeneration over 

prolonged use. 

Emerging Research 

• Boron nitride nanotubes, structurally similar to carbon nanotubes, have unique electronic 
and thermal properties. Their potential in carbon dioxide removal could allow for selective 
capture and release based on external electronic stimuli (Jakubinek et al., 2022). 

• Transition metal chelated weak base resins integrate metal ions such as copper(II) to 
enhance carbon capture. These resins could offer significantly higher adsorption capacity by 
chelating multiple carbon dioxide molecules per transition metal complex (Chen et al., 2023). 

• Switchable solvents change their physical properties in response to exposure to a gas 
molecule (like CO2) or changes in temperature. The response to CO2 can be altered by 
external factors such as temperature, pressure, or inert gas, which can be exploited for the 
capture and release of CO2 (Kumar, 2021). 

• Ionic liquids are unique solvents with negligible vapor pressure, high thermal stability, wide 
liquidus range, relative non-flammability, designability, and recyclability. These solvents 
could solve multiple shortcomings with traditional liquid sorbents including high volatility, high 
cost, substantial energy consumption and corrosiveness (Elmobarak et al., 2023). 

• Phase-changing polymers alter their state based on external stimulus. The ability to 
change phase could provide opportunities to dynamically alter the adsorption-desorption 
enthalpy and reduce the energy requirement for reversible capture of CO2 (Hu, 2020). 

Intersection with other Emerging Technologies 

One of the most exciting facets of these novel sorbent materials is their intersection with advanced 

material science and process techniques. For example, additive manufacturing (3D printing) could 

be employed to create sorbents with highly specific surface geometries that maximize capture 

efficiency in a manner that overcomes the relatively low concentrations of carbon dioxide in the 
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atmosphere. Additionally, AI can be used in molecular design and nanotechnology may be 

leveraged to alter material properties at the atomic or molecular scale, further enhancing their 

performance. 

1.2 Dual Function Materials: Combined Capture and Conversion to Value-Added Products 

Core Challenge 

Traditional carbon capture materials focus primarily on capturing CO2, with downstream utilization 

happening in a separate unit operation or system. Dual-function materials, however, extend this 

concept by targeting not only the capture of CO2 but also its simultaneous conversion into products 

of significant value at point of capture. By amalgamating these processes, these materials offer 

additional benefits with respect to process intensification, increased energy efficiency, reduced 

capital expenditure, and improved transport and storage capabilities. This integrated approach has 

the potential to transform CDR from a mere environmental imperative to an economically 

advantageous venture (Deutsch et al., 2021). 

Emerging Research 

• Covalent Organic Frameworks (COFs) are crystalline polymers known for their adaptability 
and high surface areas. Their advantages in pore structure, specific surface area, and 
thermal and chemical stability make them promising candidates for CO2 capture and 
conversion (Lyu et al., 2022). 

• MOF (Metal-Organic Framework) Based Electrocatalysts harness the porosity of MOFs 
to enhance electrochemical reactions. With this synergy, they could simultaneously absorb 
CO2 from the air and transform it into valuable compounds or fuels (Zheng et al., 2021). 

• Photoactive Porous Polymers capitalize on light energy to activate their porous structures. 
These polymers can be effectively impregnated with inorganic nanoparticles as active cites 
for photocatalysis (González-Béjar, 2021). 

Intersection with other Emerging Technologies 

The advancement of dual-function materials is intrinsically linked with the domain of catalysis. A 

multitude of the envisioned conversion processes necessitate the integration of potent catalysts 

within the capturing material. This convergence is evident in the burgeoning field of AI-driven 

catalyst designs, which has demonstrated significant potential in areas such as pharmaceutical drug 

discovery. Additionally, material science plays a pivotal role in devising efficient composites or 

coatings that can seamlessly perform both capture and conversion functions. 

Supply Chain, Infrastructure, and Process 

2.1 Advanced Manufacturing Techniques 

Core Challenge 

The primary focus of advanced manufacturing techniques within the domain of CDR lies in 

addressing the intricacies and inefficiencies inherent to the production of first of a kind systems. For 

CDR to be impactful, it must be executed at a grand scale and with expediency to meet gigaton-

scale removal goals, all while remaining cost-effective. Advanced manufacturing technologies 

present a vehicle for these goals, suggesting the possibility of developing CDR systems that are 

precise, adaptable, and more economically feasible. By enhancing production methodologies, the 

road to large-scale, sustainable carbon capture could become increasingly tangible. 
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Emerging Research 

• Additive Manufacturing (3D Printing) enables precise layering to fabricate intricate 
structures, facilitating the design of materials that are optimized for heat and mass transfer – 
configurations that traditional manufacturing would be unable to achieve (Ashokkumar et al., 
2022). 

• Robotics and Cobots: The advent of advanced robotics and collaborative robots promises 
a new era of precision, adaptability, and automation on the production floor, potentially 
revolutionizing the manufacturing aspects of CDR equipment. 

• Supercritical Fluids in Material Processing: These fluids, which exist at their critical point 
(neither purely liquid nor gas), may serve as replacements for traditional solvents in 
extraction and other material production steps, edging CDR materials towards a carbon-
neutral status. 

• High Throughput Manufacturing: Emphasizing rapid, cost-effective production methods, 
high throughput manufacturing techniques such as roll-to-roll coating, fiber spinning, and 
extrusion processes are under exploration to increase production rates while driving down 
manufacturing costs. 

Intersection with other Emerging Technologies 

The advancements in the manufacturing arena intertwine with other domains such as digital design, 

computational fluid dynamics, nanotechnology, and process optimization. For instance, digital design 

facilitates the creation of optimized configurations for CDR systems, while nanotechnology can 

introduce novel materials that further the efficiency of capture processes. 

Notable research or partnerships 

Pioneering collaborations and research ventures underscore the significance of advanced 

manufacturing in the CDR sector. AirCapture and 3D Systems have collaborated to harness additive 

manufacturing for refining the design and production of various carbon capture components. In 

parallel, researchers at Oak Ridge National Lab have developed a unique 3D-printed device that 

merges a heat exchanger with a mass-exchanging contactor to enhance CO2 capture. Diverse 

studies have also assessed the performance of different 3D-printed monolith adsorbent materials. 

Noteworthy developments include research on flexible extruded monofilaments and NETL's patented 

creation of an innovative fiber sorbent that integrates amine sorbents within a porous polymer fiber 

structure. 

2.2 Process Innovations 

Core Challenge 

Process innovations in CDR aim to enhance the entire value chain from capture to sequestration. 

This encompasses the development of advanced pipeline materials, optimization of compression 

techniques, and exploration of alternative energy transmission. By honing these processes, the goal 

is to improve efficiency while minimizing costs associated with vital operational stages. 

Emerging Research 

• Continuous DACCS: A transformation from traditional batch systems, continuous DACCS 
focuses on simultaneous CO2 capture and release. This continuous method promises a 
consistent and efficient carbon extraction process. 

• Microwave-based Desorption: By selectively exciting water molecules attached to a 
radiation-transparent monolith using microwaves, this innovation targets energy efficiency. 
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The directed application of heat could reshape the energy requirements of CDR systems 
(van Schagen, 2022). 

• High Temperature Heat Pumps: These devices, tailored for efficient heat transfer at high 
temperatures, may significantly decrease the energy consumed during sorbent regeneration. 
This could optimize the CDR process and reduce operational expenses (Hamid et al., 2023). 

• Polymer Bio Reactors: Crafted from organic polymers, these bioreactors present a cost-
effective alternative to their steel counterparts. Their potential lies in cost-efficient production 
of bio-organisms utilized in CO2 capture, questioning the traditionally steep costs and limited 
scalability of bio-based processes. 

• Self-Healing Polymeric Materials: These polymers, with their unique self-repair capability, 
could be vital for coating CO2 transport pipelines and storage facilities. Their inherent 
resilience minimizes leak and damage risks, promoting reliable and secure transport and 
storage of captured CO2 (Shen et al., 2023). 

Intersection with Other Emerging Technologies 

Process innovations in CDR intersect with diverse technological domains. Within transport 

engineering, innovations are required for the safe and efficient transportation of large volumes of 

captured CO2, necessitating advancements in pipeline materials, pumping systems, and monitoring 

technology. Geological sciences are crucial in this juncture to understand subsurface compositions 

and identify optimal sequestration sites that ensure long-term stability and minimal risks. 

Collaboration with the renewable energy sector, particularly solar, wind, and geothermal 

technologies, offers potential avenues for powering CDR processes with a reduced carbon footprint. 

Moreover, the integration of advanced sensors, IoT, and monitoring systems can provide real-time 

detection of inefficiencies or leaks, enhancing the overall safety and efficacy of CDR operations. 

Notable research or partnerships 

Current endeavors in this domain are focusing on predictive modeling and simulation tools for 

subsurface geological carbon reservoirs, such as the ECHELON toolset. Furthermore, novel 

methods are being investigated to broaden transportation and sequestration options for captured 

carbon, an example being the exploration of stimulated abiotic subsurface hydrocarbon formation. 

The energy efficiency and cost-effectiveness of CO2 compression processes remain a focal point of 

research, underpinning their importance in the carbon transportation and sequestration paradigm. 

Digital Technologies 

3.1 Digital Representation and Data Integrity 

Core Challenge 

As the CDR industry scales up, the importance of accurately representing physical processes and 

ensuring the integrity of process data for carbon accounting becomes increasingly important. There 

is a pressing need to visualize, monitor, and validate data in real-time, ensuring seamless operations 

and facilitating informed decision-making across all methods of carbon removal. 

Emerging Research 

• Digital Twinning is an approach to process monitoring and optimization, creating virtual 
replicas of physical assets. These twins allow for real-time data monitoring, simulation, and 
predictive maintenance, ensuring that CDR systems function optimally (Yao et al., 2023). 

• Augmented Reality (AR) has the potential to make strides in facility and equipment 
maintenance. It allows on-site operators to see data overlays, enhancing their understanding 
of equipment and processes. This direct access to data, combined with real-time guidance, 
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promises to streamline troubleshooting and maintenance efforts, and allow for reduced 
operating costs (Dargan et al., 2023). 

• Blockchain and Distributed Ledgers: A decentralized ledger system, blockchain 
introduces a new level of transparency and traceability in the CDR supply chain. With its 
ability to validate data at every stage, blockchain can play a critical role in lifecycle analyses 
and ensuring data integrity and validation for carbon credits (Bachman et al., 2023). 

Intersection with Other Emerging Technologies 

Digital Representation & Data Integrity technologies intertwine with the realms of IoT for real-time 

data collection, and advanced sensor technology for accurate data acquisition. 

Notable research or partnerships 

In the realm of blockchain, its integration in sectors like oil & natural gas—where complex 

transaction automation occurs through smart contracts—paves the way for its adoption in the CDR 

domain. Consortia like Blockchain for Energy are actively fostering the innovative application of 

blockchain, underscoring its significance in ensuring traceability and promoting collaborative 

endeavors for its continued incorporation. 

3.2 AI and Digital Design 

Core Challenge 

At the heart of efficient carbon dioxide removal (CDR) processes lies the necessity for optimized 

materials and designs. Traditional trial-and-error methods, often reliant on long iterative cycles and 

extensive human intervention, are unable to keep pace with the current urgency for effective CDR 

solutions. There's a pressing need to accelerate the discovery, design, and optimization of materials 

and processes, guided by computational intelligence, and rooted in real-world process performance. 

Emerging Research 

• Generative Adversarial Networks (GANs): Pushing the boundaries of data generation, 
GANs offer a unique solution to MRV within CDR. With their capability to produce synthetic 
data, they could aid in critical tasks such as assessing the integrity of carbon storage wells 
and early detection of CO2 leakages (Jozdani et al., 2022). 

• Generative Design with Multiphysics Optimization combines the power of AI with design, 
proposing numerous design solutions concurrently, while factoring in defined constraints and 
goals. The differentiator is incorporation of multiphysics optimization which ensures that the 
proposed designs are not mere theoretical bests, but are rooted in and compliant with real-
world physical laws. This could allow for multiparameter optimization of heat and mass 
transfer, pressure drop, and manufacturability simultaneously (Wu et al., 2019). 

• AI-Driven Process Optimization enriched with neuromorphic computing blueprints that 
mirror the human brain's architecture, has potential to impact the landscape of CDR process 
optimization. These systems, through techniques like reinforcement learning, dynamically 
adapt and refine processes, ensuring optimal outcomes. Furthermore, context-aware 
computing tailors operations based on varied environmental or situational factors (He et al., 
2023). 

• Autonomous Materials Discovery: Pioneering the next phase in material science for CDR, 
AI-driven tools are replacing conventional methods with data-centric strategies. This shift 
promises a drastic acceleration in the R&D of material discovery, optimizing for CDR 
performance (Stach et al., 2021). 
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Intersection with Other Emerging Technologies 

The infusion of AI and computational techniques in material discovery and process optimization 

closely intertwines with quantum computing, potentially further speeding up complex simulations. 

Moreover, they resonate with biotechnologies, especially in harnessing natural methods of carbon 

capture, and robotics for automating high-precision tasks in material synthesis and testing. 

Notable research or partnerships 

Accelerating material discovery has seen a bolstered interest, especially with the amalgamation of 

machine learning and high-throughput screening techniques, as demonstrated in the development of 

novel materials like porous substances. The efficiency strides in CO2 capture processes have been 

significantly influenced by AI-centric algorithms. Research in this domain extends into real-time 

modeling of CO2 capture, transport, and storage, aimed at enhancing the deployment of current 

systems and crafting futuristic infrastructure. Partnerships, like the Carbon Capture Simulation for 

Industry Impact (CCSI2), comprising national labs, academia, and industry, strive for an all-

encompassing modeling of novel carbon capture solutions, factoring in critical constraints from 

manufacturing to cost. 

Biotechnology Based Solutions 

4.1 Bio-Enhanced CDR 

Core Challenge 

Bio-enhanced mineralization and biological processes in Carbon Dioxide Removal focus on using 

living organisms—such as bacteria, algae, or plants—to accelerate the capture and stable storage of 

carbon dioxide. By tapping into natural biological mechanisms, this approach aims to improve the 

mass transfer efficiency in various CDR methods, potentially reducing costs and increasing the 

speed at which carbon can be captured and stored.  

Emerging Research 

• Carbonic Anhydrase for Enhanced Mineralization: Carbonic anhydrase, a naturally 
occurring enzyme, catalyzes the conversion of CO2 into bicarbonate. Harnessing this 
enzyme could bolster the rates of CO2 mineralization, laying the foundation for more efficient 
bio-enhanced mineralization methods (Steger et al., 2022). 

• Optimization of Phytoplankton Growth for Ocean Sequestration: Phytoplankton, the 
primary carbon sequesterers in oceanic environments, have specific growth characteristics 
that can be tailored for optimized carbon uptake. By targeting factors influencing 
phytoplankton growth, there's potential to streamline bio-enhanced ocean carbon 
sequestration (Babakhani et al., 2022). 

• Microalgae capture and conversion: CO2 capture by microalgae is a promising technology 
to drastically reduce emissions by converting it to scalable value-added products. Microalgae 
utilizes CO2 to synthesize various biochemical compounds, including lipids, proteins, 
carbohydrates, pigments, and phenols. The enriched microalgal biomass with different 
biochemicals can be used to obtain range of products, including biofuels, biopolymers, feed, 
and biomedicine (Onyeaka et al., 2021). 

Intersection with Other Emerging Technologies 

Genetic engineering and CRISPR technology play pivotal roles in refining the biological components 

used in Bio-enhanced CDR. Concurrently, AI-driven genomic analyses and computational modeling 

can provide profound insights into the biological intricacies and potentials of these methods. 
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4.2 Biochemical Production Pathways for CDR Materials 

Core Challenge 

Biochemical production pathways for Carbon Dioxide Removal materials employ biotechnological 

methods to synthesize or modify materials that can effectively capture and store carbon dioxide. 

Leveraging the natural metabolic pathways of microorganisms, these approaches seek to produce 

sorbents, catalysts, or other essential materials in a more sustainable and potentially less expensive 

manner than traditional chemical engineering methods. 

Emerging Research 

• Microbial Factories - Advanced Biomanufacturing: Utilizing microbes as miniature 
factories, advanced biomanufacturing harnesses their metabolic capabilities to produce 
materials that could be tailored for CDR. By engineering their metabolic pathways, 
researchers can guide microbes to generate materials for CO2 capture, or microbes with the 
capability to capture and sequester carbon directly (Cho et al., 2022). 

• Cell-Free Synthetic Biology for CO2 Transformation: This approach focuses on using the 
molecular machinery of cells, without the cell itself, to catalyze reactions. By extracting and 
utilizing cellular components in a controlled environment, cell-free synthetic biology can offer 
a faster, more scalable pathway to produce materials or chemicals from CO2, without the 
constraints of cell growth and viability (Lu, 2017). 

• Metagenomic Mining for Novel Pathways: Nature possesses a vast array of organisms 
with untapped metabolic potential. Through metagenomic mining, researchers can explore 
diverse environmental samples to discover novel biochemical pathways or enzymes that can 
be harnessed for efficient CO2 capture or transformation into valuable materials. 

Intersection with Other Emerging Technologies 

This technology stands at the intersection of biotechnology and material science. It utilizes cutting-

edge techniques in synthetic biology, microbiology, and enzymology to produce materials tailored for 

CDR applications. It also involves material science for the characterization and testing of these bio-

produced materials to ensure they meet the required standards for effective carbon capture and 

storage.



 

15 

 

Additional Resources 

CDR Primer 

 

A Research Strategy for Ocean Carbon Dioxide Removal and Sequestration 

 

Negative Emissions Technologies and Reliable Sequestration: A Research Agenda 

https://sriintl.sharepoint.us/sites/FECMCarbonRemovalWorkshop/Shared%20Documents/General/2023%20Workshop%20Preparation/cdrprimer.org/
https://www.nationalacademies.org/our-work/a-research-strategy-for-ocean-carbon-dioxide-removal-and-sequestration
https://nap.nationalacademies.org/read/25259/chapter/1
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Technology Evaluation Framework 

To effectively assess emerging technologies for both impact and viability we propose the following 

matrix for evaluating opportunities within the Carbon Dioxide Removal domain. By delineating 

technologies based on their potential impact and the likelihood of their emergence, this matrix 

facilitates a nuanced understanding and discussion among workshop attendees. It aids in identifying 

and prioritizing technologies that not only hold promise for significant impact but also have a 

reasonable likelihood of becoming operational. This structured assessment will help to inform 

resource allocation, steering clear of overly speculative ventures while ensuring potentially 

transformative technologies are not overlooked. Through this matrix, a balanced view encompassing 

both the visionary and the pragmatic aspects of emerging CDR technologies may be achieved. 

 

  Likelihood of Emergence within Next Decade 

 
 

Very Likely 

(L4) Likely (L3) Unlikely (L2) 

Very Unlikely 

(L1) 
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High 

Impact  

(I4) 

Breakthrough  

(Emerging 

technologies 

with high impact 

and readiness) 

Promising  

(Emerging 

technologies 

with solid 

evidence, 

moderate risk) 

Speculative  

(Potential 

game-changers 

with uncertain 

viability) 

Moonshot  

(Long-term 

vision, high risk 

and reward) 

Moderate 

Impact  

(I3) 

Incremental  

(Refined 

technologies 

with known 

benefits) 

Next-Gen  

(Upcoming 

technologies, 

moderate impact 

and evidence) 

Experimental  

(Potential 

innovations with 

moderate 

impact and 

uncertain 

viability) 

Conceptual  

(Early-stage 

ideas, minimal 

validation) 

Low 

Impact 

(I2) 

 

Peripheral  

(Supportive 

technologies 

with low impact 

and high 

readiness) 

Supplementary  

(Auxiliary 

technologies 

with low impact 

and some 

evidence) 

Peripheral 

Innovations  

(With low 

impact and 

uncertain 

viability) 

Speculative 

Innovations  

(With low 

impact and 

very uncertain 

viability) 

Negligible 

Impact 

(I1) 

Marginal  

(Technologies 

with negligible 

impact and high 

readiness) 

Marginal 

Innovations  

(With negligible 

impact and 

moderate 

likelihood) 

Impractical 

Innovations  

(With negligible 

impact and very 

uncertain 

viability) 

Theoretical  

(Ideas with 

negligible 

impact and no 

current viability) 

Table 1: Technology risk matrix for evaluation of emerging technologies in CDR (Rousina-Webb, 2023) 
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Emerging Technologies Mentioned (exemplars, not exhaustive) 

Technology Class Theme 

Boron Nitride Nanomaterials Material-Chemical Innovation 
Advancements in Material 
Science 

Transition Metal Chelated Weak Base 
Resins 

Material-Chemical Innovation 
Advancements in Material 
Science 

Switchable Solvents Material-Chemical Innovation 
Advancements in Material 
Science 

Ionic Liquids Material-Chemical Innovation 
Advancements in Material 
Science 

Phase-changing Polymers Material-Chemical Innovation 
Advancements in Material 
Science 

Covalent-organic Frameworks Material-Chemical Innovation Dual Function Materials 

Metal-organic Framework Based 
Electrocatalysis 

Material-Chemical Innovation Dual Function Materials 

Photoactive Porous Polymers Material-Chemical Innovation Dual Function Materials 

Additive Manufacturing 
Supply Chain, Infrastructure, 
and Process 

Advanced Manufacturing 

Robotics and Cobots 
Supply Chain, Infrastructure, 
and Process 

Advanced Manufacturing 

Supercritical Fluids in Material 
Processing 

Supply Chain, Infrastructure, 
and Process 

Advanced Manufacturing 

High Throughput Manufacturing 
Supply Chain, Infrastructure, 
and Process 

Advanced Manufacturing 

Continuous DACCS 
Supply Chain, Infrastructure, 
and Process 

Process Innovations 

Microwave-based Desorption 
Supply Chain, Infrastructure, 
and Process 

Process Innovations 

High Temperature Heat Pumps 
Supply Chain, Infrastructure, 
and Process 

Process Innovations 

Polymer Bio Reactors 
Supply Chain, Infrastructure, 
and Process 

Process Innovations 

Self-Healing Polymeric Materials 
Supply Chain, Infrastructure, 
and Process 

Process Innovations 

Digital Twinning Digital Technologies 
Digital Representation and 
Data Integrity 

Augmented Reality Digital Technologies 
Digital Representation and 
Data Integrity 

Blockchain and Distributed Ledgers Digital Technologies 
Digital Representation and 
Data Integrity 

Generative Adversarial Networks Digital Technologies AI and Digital Design 

Generative Design with Multiphysics 
Optimization 

Digital Technologies AI and Digital Design 



 

18 

 

AI-Driven Process Optimization Digital Technologies AI and Digital Design 

Autonomous Materials Discovery Digital Technologies AI and Digital Design 

Carbonic Anhydrase for Enhanced 
Mineralization 

Biotechnology-based 
Solutions 

Bio-enhanced CDR 

Optimization of Phytoplankton Growth for 
Ocean Sequestration 

Biotechnology-based 
Solutions 

Bio-enhanced CDR 

Microalgae Capture and Conversion 
Biotechnology-based 
Solutions 

Bio-enhanced CDR 

Microbial Factories 
Biotechnology-based 
Solutions 

Biochemical Production 
Pathways 

Cell-free Synthetic Biology 
Biotechnology-based 
Solutions 

Biochemical Production 
Pathways 

Metagenomic Mining 
Biotechnology-based 
Solutions 

Biochemical Production 
Pathways 
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