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In 2005, California Governor’s Executive Order S-3-05 set GHG reduction goals: 

 Emissions to 1990 levels by 2020 (~25% reduction)

( )

 The transition from lab to pilot scale is critical. It is not uncommon for energy 
technologies to perform well in a lab, yet fail at a pilot scale. Project costs and 
manpower requirements commonly increase significantly during this transition Reduction to 80% below 1990 levels by 2050.

CA  Assembly Bill 32, the Global Warming Solutions Act of 2006, codified the Executive 
Order. CA faces the daunting task of reducing GHG emissions at an average rate of ~14 

manpower requirements commonly increase significantly during this transition.

 Technology risk and time to full deployment decrease as projects move to the right. 

g g g
million tonnes of CO2 equivalent per year for the next 37 years, from 2013 to 2050 (Fig. 1).
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Fig. 2. Methodology used to analyze CO2 utilization 
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Fig. 3. Project cost versus project scale, with 
Technology Readiness Level (TRL) rankings [2].
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 Typical technology, regulatory, and economic barriers considered:

 Technology: unable to scale-up process to meet feed stream volumes, or achieve 
acceptable performance2050 goal. p p

Regulatory: regulations that impede deployment, or favor competing technologies

 Economics: process economics are unacceptable for the marketplace.
The California Energy Commission funded this study to assess potential CO2 utilization 

Evaluation  Parameters Factors

Technology maturity Technology Readiness Level (TRL)

Input to process
Attributes of CO2 required, especially amount of CO2 used by processASSESSMENT OF BENEFICIAL CO UTILIZATION TECHNOLOGIES

2

technologies that could significantly contribute to the state’s GHG reduction goals. Based 
on our assessment, we ranked the technologies to guide public R&D investment decisions.

Criteria for beneficial CO2 utilization technologies evaluated for this study:

 Timely commercialization to impact the 2020 and 2050 GHG reduction goals

Input to process 2 q p y 2 y p
Attributes of additional components, especially any water usage

Output from process Attributes of Product Produced

Time frame for Less than 10 years

ASSESSMENT OF BENEFICIAL CO2 UTILIZATION TECHNOLOGIES

 Use or sequester millions of tons of CO2 per year, unless there are other benefits, e.g.: 

Displace more potent GHGs (e.g., hydrofluorocarbons)

 Produce biofuel that replaces fossil fuel without sequestering CO2

commercial viability Greater than 10 years
Environmental impacts Potential impact on air emissions, disposal of used components, etc.
Economic benefit Job creation / growth of new or existing industries in California Produce biofuel that replaces fossil fuel without sequestering CO2

Displace fossil fuel-generated energy (e.g., CO2 as a geothermal working fluid to 
create renewable power and store CO2)

 P d f l d t di tl f t d th i CO i ti

Federal investment Status of previous & existing Federal RD&D investment in technology

Barriers to deployment
Example: Technology- / Regulatory- / Economic-based factors that 
limit deployment of technology

RESULTS & CONCLUSIONS

 Produce a useful product directly from captured anthropogenic CO2, or in connection 
with the processes of capture or storage of CO2

Capture technologies need to produce a product as part of the capture process

Knowledge gaps Knowledge or know-how hindering the removal of barriers

Suppliers Existing developers / suppliers for the technology

RESULTS & CONCLUSIONSGeologic sequestration is excluded unless there is a valuable byproduct, e.g., 
additional oil, natural gas, geothermal heat, or usable water or brine.

Categories of Technologies Technology Description

There is no systematic set of data or methodology to compare CO2 utilization technologies. 
Each has pros and cons, but their relative importance can only be qualitatively inferred. Categories of Technologies Technology Description

CO2 as a working fluid

Enhanced oil recovery (EOR)
Enhanced gas recovery (EGR)
Enhanced coal bed methane recovery (ECBM)

p p y q y

 Lifecycle analysis would provide essential data to identify technologies for development, 
and perhaps should be required prior to funding further R&D of these technologies. While 
lifecycle analysis is needed, it is complex for many energy and carbon technologies (e.g.,y ( )

Enhanced geothermal systems (EGS)
CO2 for building materials manufacture Carbonates and other construction materials

Biochar Pyrolysis of biomass

lifecycle analysis is needed, it is complex for many energy and carbon technologies (e.g., 
the carbon footprint of ethanol biofuels is contentious after years of study).

 It is hard to compare direct uses (e.g., CO2 as a working fluid) with indirect uses (e.g., 
fresh water production from aquifer brine)y y

Fuel and chemical production
Chemical Conversion
Biological Conversion

Power generation applications
Super critical CO2 for Brayton Cycle turbines

fresh water production from aquifer brine).

 Some technologies claim sustainability because renewables can supply their energy 
needs. But it might be better to put the renewable power on the grid.

 Oth t h l i t t d CO t f l f d t k b tPower generation applications
p 2 y y

Working fluid / cushion gas for energy storage

CO2 as a solvent
Supercritical fluid extraction and other food 

processing uses

 Other technologies convert captured CO2 to fuels or feed-stocks, but use 
thermodynamically inefficient processes for energy production and CO2 capture. 

 Exceptions are technologies that use solar-powered biological processes for the 
Dry cleaning

CO2 in agriculture and biomedical 
applications

Greenhouse atmosphere additive
Grain silo fumigant
Sterilization for biomedical applications

conversion  (e.g., the growth of algae in CO2-enriched water, where the renewable 
energy cannot be put on the grid). 

 CO2 enhanced oil recovery (EOR) is a mature technology, but is rarely used in CA due to pp
Sterilization for biomedical applications
Fire extinguishers
Shielding gas for welding
Refrigeration and heat pump working fluid

2

a lack of CO2 supply (no natural sources, no pipelines, no coal-fired power plants, only 
moderate size gas-fired plants). EOR stores CO2, but increases fossil fuel production  
with possible fugitive CO2 emissions from operations. Similar issues apply to using CO2

Miscellaneous industrial applications
Refrigeration and heat pump working fluid
Propellant
Rubber and plastics processing - blowing agent
Cleaning during semiconductor fabrication

Summary Ranking CO2 Utilization Technology

for enhanced gas recovery, or as a cushion gas for gas storage.

g g

Water from displaced aquifer fluids
Water purification
Extraction of value-added solids from water A

 High potential for application in California
 R&D investment likely to lead to commercial

 Biological conversion
 Treatment of displaced aquifer fluids
 Enhanced oil & gas recovery (EOR 

and EGR)TECHNOLOGY EVALUATION METHODOLOGY  R&D investment likely to lead to commercial 
deployment in CA to meet 2020 GHG goals

and EGR)
 Building materials
 Working fluids for energy storage

B

TECHNOLOGY EVALUATION METHODOLOGY

The technologies were evaluated by experts in energy commercialization, CO2 utilization 
R&D, and CCS development and deployment.

B
 Moderate potential in California
 R&D investment might lead to commercially viable 

products and impact 2020 or 2050 GHG goals

 Geothermal working fluid (EGS)
 Chemical conversions
 Working fluids for energy generation

 Parameters to define the status for each technology were based on published literature 
searches using search tools at the National Labs and Univ. of California libraries, web 
searches, interviews of technology developers and vendors, and patent searches.

products and impact 2020 or 2050 GHG goals

The diverse CO2 utilization technologies have some common RD&D and regulatory needs:

 Lifecycle analysis to provide a basis for quantitative comparison of the technologies

 For each technology, inputs (CO2 and other components, including water), attributes, and 
outputs (product and other components, including waste) were identified (Fig. 2). 

 These factors provide insights into potential impacts on California’s resources,
 For subsurface CO2 storage, standardization and adoption of monitoring and accounting 

methods for cap-and-trade implementation

 For technologies that create products lifecycle analysis of CO2 mitigation commensurate

 These factors provide insights into potential impacts on California s resources, 
economy, and environment. Attributes included identifying existing 
suppliers/developers, and opportunities for deployment in CA. 

 Other parameters included technology readiness (maturity) barriers to deployment For technologies that create products, lifecycle analysis of CO2 mitigation commensurate 
with California’s GHG goals

 Adoption and streamlining of permitting, regulations, and legal issues for CO2 capture 
facilities pipeline infrastructure and subsurface CO storage to provide legal liability

Other parameters included technology readiness (maturity), barriers to deployment, 
knowledge gaps, availability of lifecycle analyses, environmental impact, water use, and 
economic benefits. 

 Technology Readiness Level (TRL) was used to assess the relative maturity of a
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facilities, pipeline infrastructure, and subsurface CO2 storage – to provide legal liability 
and chain-of-custody certainty for the network of CO2 suppliers and users. 

 Technology Readiness Level (TRL) was used to assess the relative maturity of a 
technology and is related to the relative time to commercialization (Fig. 3). 
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