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From the viewpoint of energy security and global warming issues, the integrated coal 
gasification combined cycle (IGCC), a highly efficient coal-based power generation system, is 
an effective clean coal technology that is close to commercialization. Combination of the IGCC 
with CO2 capture and storage technology is also planned; this concept further attracts people 
looking for ways to reduce CO2 emissions. This report focuses on the features of an air-blown 
IGCC with CO2 recovery and introduces our approaches to reduce CO2 emissions. We also 
discuss the status of IGCC commercial plant such as the ZeroGen project we are undertaking in 
Australia. 

  

 
 
|1. Introduction-Approaches to Clean Coal Technology 

More efficient coal-fired power plants with least CO2 emission are getting required to 
mitigate the effects of global warming. Table 1 lists CO2 reduction approaches from the viewpoint 
of the development of coal-fired power generation technologies. Step 1 indicates the plant 
efficiency can be improved by using USC, IGCC, and A-USC power generation. CO2 recovery will 
be required for further reduction of CO2 emission, as described in Step 2. Figure 1 shows a 
roadmap in Japan, for CO2 reduction using these coal-fired technologies.  

Of the three “efficiency-improving” technologies described in Step 1, materials were
developed for USC and demonstration tests on actual plants were performed for a long time. USC 
already became a mature technology and has been used practically. USC coal-fired power plants 
with 600°C-class steam temperatures have been in operation since the 1990s. 
   
 Table 1 Coal-fired Power Generation and CO2 Recovery Technologies – Their Development 

and Status in Japan 

 Step Content and status of CO2 reduction technologies 
 Step 1 

CO2 reduction 
(power generation 
efficiency 
improvement) 

(1) Ultra-supercritical (USC) power generation 
 Mature technology proven in Japan 
 Technical license concluded with manufacturers in China and India 
(2) Integrated coal gasification combined cycle (IGCC)  
 Finishing demonstration to near-commercialization (air-blown IGCC) level 
 Targets 50% or more efficiency by combining with next-generation 1700°C-class 

gas turbines 
 (3) Advanced ultra-supercritical (A-USC) power generation 
 >700°C-class; material development for Fe-Ni base alloy piping/Ni-based rotors, etc

is on-going as. a national project since 2008 (some suppliers in participation) 
 Step 2 

CO2 recovery 
(1) Boiler flue gas recovery (post-combustion) 
 Achieved several goals in chemical plants, can be combined with Steps 1(1) and 1(3)
(2) IGCC gasified fuel gas recovery (pre-combustion) 
 Achieved large volumes in chemical plants, can be combined with Step 1(2) 
(3) Recovery from the boiler for oxygen combustion (oxy-fuel combustion) 
 Pilot-scale plant in operation 
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Figure 1 CO2 Reduction Roadmap for Coal-fired Power Generation 

An air-blown IGCC demonstration plant was constructed in Nakoso, Fukushima Prefecture 
in Japan by Clean Coal Power R&D, Ltd., underwent a demonstration test and achieved a 3-month
continuous operating record during the high demand for power in the summer of 2008. IGCC is 
now recognized as an advanced technology that is close to commercialization and that could come 
into wide practical use by 2015-2020. It is expected that the deployment of many commercial 
IGCC plants in Japan and abroad will contribute to reduce CO2 emissions significantly. 

A-USC aims to maximize the efficiency of conventional thermal power systems by 
increasing steam temperature from 600 to 700°C and by using single or double reheat cycle. 
European countries lead in the development of this technology. Japan has also started development 
of materials and their validation for boilers, turbines, and large valves and is examining overall 
structure and manufacturability of components. 

Developments of CO2 recovery include application to a 500 MW-class commercial IGCC 
plant equipped with a pre-combustion system, where demonstration of CO2 recovery from IGCC 
fuel gas (coal-gasified syngas) is planned in the middle to the late 2010s. A post-combustion
method is used to recover CO2 from boiler flue gas. Commercial plants are already in operation in 
using natural gas flue gas on small scales. A demonstration in coal-flue gas is planed in the future, 
targeting commercialization in 2015 or later. Oxy-fuel combustion pilot plants are under 
construction in Australia and the other countries. 

Each technology is at a different level of development and realization. However, IGCC has 
the greatest potential among them to become widely used in the late 2010s to the 2020s because it 
has reached the final stage of its successful demonstration. In addition, IGCC is superior to 
conventional thermal power generation technologies because of its lower energy consumption both 
with and without CO2 recovery. Therefore, Mitsubishi Heavy Industries, Ltd. has aggressively 
developed IGCC as one of the most potential and realistic next-generation thermal power 
generation systems. 

|2. IGCC– Its Status and Outlook 
Figure 2 shows the status and outlook of efficiency improvements in coal-fired power 

generation. Potential of IGCC for future efficiency improvement is described as follows; 
・ Natural gas firing gas turbines with turbine inlet temperature at 1,500°C are in practical use 

and are being operated commercially. For higher efficiency, 1,600°C-class was already 
decided to be deployed for a certain utility company’s project in Japan. In addition, 
1,700°C-class super-high-temperature gas turbines are being developed as a national 
project. If this project succeeds, the gross power efficiency (lower heating value, LHV) of 
natural gas-fired combined cycle systems will reach 62 to 65%. 

・ The gross power efficiency (LHV) will be >55% if 1,700°C-class super-high-temperature gas 
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turbines are applied to the IGCC.  (Corresponding net efficiency will exceed 50%.) 
・ The gross power efficiency (LHV) will be >65% if integrated coal gasification fuel cell

(IGFC) combined cycle, which is a combination of IGCC and a solid oxide fuel cell
(SOFC), is applied. 

Elemental technologies of a 1,700°C-class gas turbine have been developed in a national 
project since 2004, and application technologies are now in the developmental stage geared toward 
practical use. The demonstration of the turbine is planned in 2015 or later. After the natural gas 
combined cycle applies these turbines, they could be used in an IGCC. Although the heating value 
of coal-gasified syngas in IGCC is lower than that of natural gas, operation in the IGCC 
demonstration plant proved that coal-gasified syngas could be very stably fired in high-temperature 
gas turbines. 

 
Figure 2 Capital Efficiency Improvements by Clean Coal Technologies 

|3. Air-blown IGCC with CO2 Recovery 
3.1 Outline of the CO2 recovery technology 

As described previously, three methods can be used to recover CO2 from coal-fired power 
generation: 

・ Recovery from IGCC gasified fuel syngas (pre-combustion) 
・ Recovery from boiler flue gas (post-combustion) 
・ Recovery from the boiler by oxygen combustion (oxy-fuel combustion) 
The pre-combustion method recovers CO2 from the IGCC high-pressure fuel gas 

(coal-gasified syngas) before the fuel gas is fired in the turbine. This method has such advantages 
as requiring less auxiliary steam consumption and lower energy consumption than the other two. 
Therefore, we MHI also agree to the publicly well-known statement “IGCC has better affinity for 
carbon capture and storage (CCS)” 1 and take the same position as its publisher. 

The post-combustion method recovers CO2 from the boiler flue gas at the atmospheric
pressure. Because this technology works on the boiler flue gas, it can be applied to retrofit of or 
addition to existing coal-fired power plants. 

The oxy-fuel combustion method recovers CO2 from CO2-rich flue gas produced by firing
coal with oxygen.  It, however, needs large facilities and high energy consumption in its system as 
its nature. 

Some CO2 recovery technologies are already in practical use, but their recovery in cost and 
energy consumption remains in future challenges. Figure 3 shows that the pre-combustion 
recovery has achieved records of several thousand tons of CO2 per day in chemical plants, but its 
application to thermal power plants will introduce new challenges from the viewpoint of its 
integrity with the power plants. 

We have developed in pilot test programs in Japan and abroad a unique post-combustion 
technology that has a capability of recovering several hundred tons of CO2 per day from natural gas
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flue gas. When applied to large-scale commercial coal-fired power plants, the post-combustion 
method has to recover 10,000 to 20,000 tons of CO2 per day. Thus, before the commercialization, 
demonstration has to be completed for several hundred to several thousand tons of CO2 per day. 

 
Figure 3 Installed Capacity of CO2 Recovery Systems and Ooutlook for Their Development 

3.2 Features of air-blown IGCC with CO2 recovery 
(1) Efficiency degradation factors due to CO2 recovery 

Figure 4 shows a schematic flow diagram of the pre-combustion method for our air-blown 
IGCC system with CO2 recovery. CO in the coal-gasified syngas produced in the gasifier is 
transformed into CO2 and H2 through a shift reaction with H2O in CO shift reactors. After that CO2

is separated and recovered in the acid gas removal (AGR) system. The CO2-recovered H2-rich 
syngas is supplied to the gas turbine. The recovered CO2 is pressurized by the compressor, and is 
transported and stored outside of the plant.  

Figure 4 System Flow Diagram of an IGCC with Pre-combustion CO2 Recovery 

The plant efficiency is degraded by the CO2 recovery due to the following three factors;  
(i) Increased auxiliary steam consumption required for the CO shift  

Almost all steam used in the shift reaction is supplied by extracting from the bottoming 
system of the combined cycle, resulting in lower power output of the steam turbine. 

(ii) Increased AGR auxiliary power  
Power for the CO2 absorbent circulation pumps and absorbent regenerators is not only 

increased by the CO2 recovery system but also in the wet desulfurization system. 
(iii) Increased CO2 compressor power 
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The CO2 compressor consumes power to pressurize the CO2 for transport. 
Hence, it is important to optimize the integrity of the CO2 recovery system, including the CO 

shift and AGR systems as well as the plant performance of the IGCC itself. 
(2) Comparison with the oxygen-blown IGCC 

Numerical comparison in performance was made between the air-blown IGCC and the 
oxygen-blown IGCC. Both plant efficiencies are shown in Figure 5 for each degradation factor (i) 
to (iii). The results read; 

(i) CO shift reaction 
The CO shift reaction is an exothermal reaction that uses catalysts facilitated in the shift 

reactors. Temperature of the coal-gasified syngas increases, through the process of the CO shift 
reaction (from CO to CO2). The catalysts have their own preferred temperature ranges for the
shift reaction, and operation temperature of the coal-gasified syngas must be maintained within
these ranges. The shift reaction generally requires multiple reactors to accomplish multiple 
reaction stages, and one heat exchanger is placed between each two reactors. It is the catalyst
reaction, which needs excess steam to net necessary steam for the shift reaction. 

The oxygen-blown IGCC also requires multiple CO shift reactors. Because of its higher 
coal-gasified syngas temperature than the air-blown IGCC, the oxygen-blown needs more 
numbers of shift reactors. In contrast, the air-blown requires fewer shift reactors.. This 
difference in the temperature arises from that the produced coal-gasified syngas in the 
air-blown contains about 50% N2, resulting in more moderate increase in the temperature 
thorough the shift reactions. The more moderate temperature increase transfers the chemical 
reaction equivalence of the shift reaction to the more conversion-promotion side, reducing the 
required auxiliary steam consumption less than that of the oxygen-blown.  

(ii) AGR power 
As shown in Figure 5, the air-blown IGCC has to process larger flow rate of syngas 

because of the higher N2 content in the coal-gasified syngas. This requires slightly more power 
for the sorbent circulation compared to the oxygen-blown. 

(iii) CO2 compressor power 
This power is used to pressurize the recovered CO2 to transport and store. The 

compressor power of the air-blown IGCC and oxygen-blown IGCC is same because it depends 
only on the recovered CO2 volume. 

Figure 6 shows the net plant efficiency degradation in the air-blown and oxygen-blown 
IGCCs with 90% CO2 recovery and without recovery. Both plant efficiencies are degraded when
CO2 is recovered. The superiority of the air-blown IGCC in terms of the net plant efficiency is 
evident and it remains kept upto 90% CO2 recovery. 

Some people once pointed out that the air-blown IGCC with CO2 recovery might compensate
the economical merit by IGCC itself due to its higher N2 content in the coal-gasified syngas from 
the viewpoint of loss in efficiency and larger equipment size. However, it is only one-sided view
and cannot be put as a basis of comprehensive evaluation for competitiveness. We, in this regard,
are living in a real-market society with our air-blown IGCC system with CO2 recovery with a very 
accurate answer “the air-blown is superior in terms of both performance and cost.”. 

Figure 5 Efficiency Degradation in the
IGCC with CO2 Recovery 

 Figure 6 Comparison in Net Plant Efficiency
between Air-blown & Oxygen-blown 
IGCCs with CO2 Recovery 
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|4. Planned Commercialization of the IGCC with CO2 
Recovery-Approaches Used in the ZeroGen Project in Australia
As a total equipment supplier of gasifiers, gas cleanup systems, and gas turbine combined 

cycle systems we have been promoting total optimization of the entire IGCC plant with CO2

recovery rather than individual equipment optimization in terms of economic evaluation factors 
like performance and cost. The ZeroGen project we have been undertaking in Australia is one of 
the best examples of such an approach. 

In this project, the operator, ZeroGen Pty, Ltd., in Australia, plans to start operation of a 
530-MW gross power IGCC plant with CO2 recovery in 2015. CO2 will be recovered from the 
coal-gasified syngas, and H2-rich gas will be used to fuel the combined cycle. This project will 
include the transport and storage of the recovered CO2 into an aquifer deep underground. We 
received a request for a feasibility study of an entire IGCC system covering a gasifier island, a gas 
cleanup system, CO2 recovery equipments with a CO2 compressor, a complete set of combined 
cycle including the biggest gas turbine Figure 7 shows the specifications and the site arrangement 
of the ZeroGen project. 
     

    

    

    

    

    

  Item Specification 

  Coal Bituminous coal 

  Plant output 
(Gross power) 

530 MW 

  GT 
M701G × 1 

(1 on 1) 

  CO2 recovery 
rate 

65 to 90% 

  CO2 storage 
volume 

About 2 M to 3 Mt 
CO2/y 

  Figure 7 Specifications and Site Arrangement of the ZeroGen project 

|5. Conclusion 
To reduce CO2 emissions to mitigate the effects of global warming, the efficiency of 

coal-fired power plants should be essentially improved, and the plants themselves are required to
apply CO2 recovery systems. Among CO2 emission reduction and recovery technologies such as 
IGCC, A-USC, and CO2 recovery (pre-combustion/post-combustion), IGCC is expected to be 
commercialized by 2015-2020 as a next-generation commercial thermal power system that the 
most effectively contributes to reduce CO2 emissions.  

The demonstration of our air-blown IGCC plant in Nakoso has shown the capability of our 
technology that can be applied to many projects in  Japan and foreign countries in terms of its 
reliability and maturity. We also expect to make the air-blown IGCC more competitive by 
combining it with super-high-temperature gas turbines currently under commercialization and 
development. The air-blown IGCC retains its superiority when combined with a CO2 recovery 
system. We have been working on a feasibility study for a 530-MW gross power plant operating in 
2015 as part of the ZeroGen project in Australia. 

As a total equipment supplier, we intend to contribute to reduced CO2 emissions by 
supplying the air-blown IGCC plants with CO2 recovery systems that are totally optimized in terms 
of economy. 
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