
     The two major research directions to limit global warming are to reduce greenhouse gas emissions, such as 
carbon dioxide, and to search for new energy sources to replace fossil fuels.
     The first direction includes studies on improving combustion efficiency and finding alternative fuels with lower 
carbon dioxide (CO₂) emissions, such as natural gas (methane). AIST has conducted studies to find more effective 
and efficient methods for using fossil fuel resources. Considering the second research direction, AIST has 
advanced our understanding of renewable energies and their applications.
     In addition to reducing CO₂ emissions, it is necessary to consider methods to process the emitted CO₂. To 
reduce CO₂ emissions, AIST has developed a technology for CO₂ capture and storage (CCS). This involves 
separating CO₂ from power plant emissions and other sources and burying it for fixation and storage. Another 
technology is CO₂ capture, utilization, and storage (CCUS), which aims to effectively use the separated and fixed 
CO₂ for different purposes. Dr. SHARMA Atul of the Global Zero Emission Research Center, AIST, has been 
involved in studies on the separation and fixation of CO₂.
     “Regardless of CO₂ being fixed, buried, or utilized as raw material, my research focuses on how to efficiently 
separate CO₂ from the gases generated by burning fossil fuels. In Japan, CO₂ emissions from power plants 
account for approximately 40% of total emissions, and emissions can be significantly reduced by simply taking 
measures to reduce this number. I would like to achieve zero emissions from thermal power plants effectively 
operating in Japan or worldwide, and the aforementioned issue motivated me to conduct this research.”

CO₂ separation technology in CCUS

Energy generation technology that stems from
CO₂ separation research

Chemical looping combustion 
technology  enables direct 
separation of carbon dioxide 
utilizing chemical changes in 
the medium. This technology 
was specifically developed to 
achieve zero emissions from 
thermal power plants; however, 
it is also expected to be applied 
in hydrogen production from 
methane, biomass, and bioderived 
waste.

KEY POINTS

Hydrogen Production
using Chemical Looping Technology

Chemical combustion power generation using chemical looping

and CO₂ from the emitted gases. One method is to separate O₂ from N2 before combustion and transfer pure O₂ 
into a combustion furnace to emit pure CO₂. The second method is to transport air directly to a boiler for 
combustion and separate CO₂ from the mixture of N2 and CO₂ via chemical absorption (using an amine solution), 
physical absorption (using activated carbon), or membrane separation methods. Among these absorption 
methods, chemical absorption using amine solutions has been applied extensively. CO₂ can be purified up to 99% 
using the chemical absorption method; however, this process requires additional energy and cost.
     We have proposed a chemical combustion power generation method using chemical looping (referred to as 
chemical looping combustion technology). In this method, the reduction and oxidation reactions proceed in 
cycles using a metal oxide as the medium (O₂ carrier) to prevent the mixing of fuel and O₂. The gases were 
separated directly followed by combustion and power generation. This process is illustrated below.

         

      The burning of fossil fuels in a thermal power plant typically emits a mixture of CO₂ and nitrogen (N₂) because 
of the direct contact between the fuel and air. Thus far, two main methods have been employed to separate N₂ 
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      In this process, we used two tower reactors: one for oxidation and the other for reduction. We used a metal 
oxide (Fe₂O₃) as an oxygen carrier that circulated between the two reactors. The fuels (methane, coal, and 
biomass) were fed into the reduction reactor, whereas air was fed into the oxidation reactor. Fe₂O₃ enters the 
reduction reactor and is reduced to Fe by carbon present in the fuel. Simultaneously, O₂ separated from Fe₂O₃ 
combines with C to form CO₂ that is emitted from the reduction reactor. The reduced Fe in the reduction reactor 
was transferred to the oxidation reactor, where it was oxidized and regenerated into Fe₂O₃. Air was split into N₂ 
and Fe₂O₃ via these reactions, and N₂ was emitted from the oxidation reactor.
    In conventional power generation methods, reactions are performed in a single reactor, allowing multiple 
gases to exit simultaneously. In contrast, chemical looping combustion technology uses two reactors: an 
oxidation reactor and a reduction reactor. The advantage of this technology is that different reactions occur 
separately, generating different gases. 
     “This method employs an oxidation–reduction (redox) reaction to avoid the reaction of fuel with air. The basic 
principle is that CO₂ is separated without using an adsorbent such as amine or an air separation machine.”
     Furthermore, the oxidation of Fe generates heat raising the temperature to a range of 900–950 ºC. This heat 
can be used to generate steam for power production. As this high-temperature energy can be used for other 
purposes, some estimates suggest that the overall system is more efficient than conventional power generation 
methods. However, chemical looping combustion technology has not yet been commercialized owing in part to 
the high cost of O₂ carriers.
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Next-generation thermal power generator (chemical looping combustion + CCS)
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Application of chemical looping combustion technology for hydrogen production

     Using chemical looping combustion technology, Dr. Sharma and his group attempted to find low-cost and 
high-efficiency O₂ carriers by collaborating with industries and universities. Existing artificial O₂ carriers are highly 
efficient but costly. Dr. Sharma attempted to identify suitable O₂ carriers from naturally occurring metal 
compounds through experiments. He identified a medium processed from Australian ilmenite (titanite) that has 
high reactivity. Compared with the current process of amine absorption, the cost of CO₂ separation and recovery 
can be reduced by 25%.
     It is also important to establish methods to control the circulation of O₂ carriers at high temperatures. As the 
equipment is larger at an industrial scale, various challenges arise in that successful laboratory-scale experiments 
are not necessarily successful at the industrial scale. AIST has been working to address these challenges using 
equipment of a 100kWth scale that is intermediate between laboratory and industrial equipment. It was 
demonstrated that the natural O₂ carrier continued to react without abrasion, even after 72h of continuous 
operation. The O₂ carrier was excellent in terms of both technicality and cost effectiveness.
     The final disposal of emitted CO₂ can be achieved via underground storage or its effective use as a carbon 
resource. Studies are being conducted to react CO₂ with hydrogen, derived from renewable energy sources for its 
reuse in the production of chemicals. 
     Although chemical looping combustion technology was originally developed for CO₂ separation, its 
application in other fields is also promising.
     “Chemical looping is a technology that can be applied to a variety of areas in addition to combustion. 
Therefore, I decided to expand this technology to other applications, such as methane decomposition at waste 
and sludge treatment facilities or gasification of biomass and hydrogen production. We believe that it is possible 
to produce hydrogen on a larger scale using this technology than that produced using solar light. As this 
technology can produce hydrogen from biomass and bioderived waste under a CO₂-neutral condition, several 
companies are interested in this strategy, and we have been receiving numerous visitors.”
     Chemical looping technology has significant potential in the field of hydrogen production. This technology is 
also being considered for enhanced oil recovery in oilfields and CO₂ gas production for beverages.
     “Coal is ubiquitous around the globe. It can be used in any country without being influenced by geographical 
factors. In developing countries with a rapidly expanding population, it is unlikely that the entire electricity 
demand can be fulfilled by renewable energy. Therefore, thermal power plants are inevitable as a constant source 
of power. Chemical looping combustion technology combined with CCS achieves zero-emission power 
generation. We believe we can contribute to the global reduction of CO₂ emissions by exporting this technology 
capable of completely separating CO₂ as well as the one producing hydrogen from biomass to the developing 
countries," Dr. Sharma says emphatically.
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This is a translation of an article published in Japanese on the official AIST web magazine on March 31, 2020, 
and was made by the Global Zero Emission Research Center in August 2022.
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