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Mitsubishi Heavy Industries, Ltd. (MHI) has delivered more than 150 MP*1-system 
MACH-30G gas engines since 2001 and held more than 80% of the domestic market share. MHI 
has now added the newly developed SI*2-system MACH II-SI engine to its lineup to meet recent 
changes in market needs. The SI system uses no pilot oil, has enhanced power-generation 
efficiency, and attained a total efficiency equivalent to or higher than the current MP system. 

The total efficiency, combined with the generation efficiency and steam efficiency, is 66%, 
the world’s highest level for this class of engine. In addition, its 0–100% start-up time has been 
reduced to less than 7 minutes in commercial applications. MHI plans an early launch of this 
new engine to the market after completing the 4,000-hour durability tests in October 2009. 

*1 MP: Micro Pilot ignition system  *2 SI: Spark Ignition system 

  

 
 
|1. Introduction 

Mitsubishi Heavy Industries, Ltd. (MHI) has delivered more than 150 MP-system 
MACH-30G gas engine units since 2001 and maintained more than 80% of the domestic market 
share. This type of unit is an eco-friendly power-generation system with less carbon dioxide (CO2), 
sulfur oxide (SOx), and nitrogen oxide (NOx) emissions. 

MHI has developed the new MACH II-SI engine with an even further-enhanced total 
efficiency, and added it to its MACH gas engine series lineup to meet the needs for simple gas 
engines with improved energy efficiency that do not require precombustion ignition fuel as well as 
demand for improved efficiency in energy utilization. 

Between 2005 and 2008, MHI Yokohama Machinery Works conducted a 3-year joint study 
of the MACH-30G with the New Energy and Industrial Technology Development Organization 
(NEDO) and the Japan Gas Association (JGA) and improved the generation efficiency by more 
than 50%. We applied a part of high-efficiency technologies to the newly developed engine and 
changed the ignition concept to a spark ignition (SI) system. To use waste heat and improve the 
generation efficiency, we raised the exhaust gas temperature and obtained a total efficiency of 66%, 
combined with the generation efficiency and steam efficiency, which is the world’s highest in this 
class of engine. 

The new engine is based on the MACH-30G’s successful track record with the air/fuel ratio 
optimized for the main and precombustion chambers. We reduced the start-up time from activation 
to 100% loading to less than 7 minutes, less than half that of conventional models. This new engine 
can thus be used in a wide range of applications. 

We have been conducting rigorous verification testing for start-up, performance, reliability, 
and overall system operation in our in-house test plant since October 2008, and plan to complete 
4000-hour durability verification testing by October 2009.  

We have also applied high-efficiency technologies to the MACH-30G. Starting with the 
micro pilot (MP) ignition system’s strong ignition performance, we further improved the efficiency
and updated the technology to work with low-calorie gases such as coal mine methane gas or even 
biogases. Thus, by expanding the lineup, we believe that we are able to meet a wide variety of 
customer needs. 
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|2. Features of the MACH II-SI engine 
2.1 The world’s highest total-efficiency technology 
(1) Key technology for high efficiency 

In improving the efficiency of the gas engine, balancing the improved combustion 
efficiency and compression ratio with the control of abnormal combustion, such as knocking or 
pre-ignition, was a challenge. To meet this technical challenge, MHI made concerted efforts 
with the NEDO and JGA to improve the key technologies during the 3-year joint “Technical 
development of ultra-high efficiency natural-gas engine combined system” study between 2005 
and 2008, and achieved considerable success. 

In the early stages of the study, we thoroughly tested the basic technologies by 
conducting single-cylinder tests to control abnormal combustion and enhance the combustion 
efficiency. These tests included the normalization of the fuel/air mixture formation and swirl in 
a cylinder, and the optimization of piston geometries or combustion-chamber contours for the 
precombustion chamber. 

Figure 1 shows a sample of the efficiency-improvement techniques conducted during the 
single-cylinder engine tests. Incorporating these results, we fabricated an 18-cylinder 
demonstration engine and successfully enhanced its efficiency by matching the knocking limit 
with the combustion efficiency. These technologies are applicable to both the MACH-30G and 
MACH II-SI and contribute to the high efficiency of both engines. 

  
 

 Figure 1 Process contributing to the high efficiency 
  
(2) The world’s highest MACH II-SI total efficiency  

We optimized the MACH II-SI ignition system based on the optimum conditions for the 
MP system used in the MACH-30G. In addition to the efficiency-improvement technologies 
described above, focusing further on the reduction of CO2 emissions as cogeneration, we 
stabilized combustion for more enriched fuel/air mixtures to maximize the sum of the efficiency 
of power generation and waste heat energy recovery. 

We then achieved a proper balance between the generation efficiency and 
exhaust-gas temperatures through optimization of the ratio of expansion to 
compression by adjusting the timing between the intake and exhaust valves. 

Abnormal combustion such as knocking or pre-ignition was contained under such 
combustion conditions during the operational testing of the demonstration engine, resulting in a 
total efficiency of 66% combined with the generation efficiency and steam efficiency. Table 1
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lists the main specifications and Figure 2 shows an overview of the MACH II-SI. 

 Table 1 Main specifications of MACHⅡ-SI  

  

 

  4-cycle gas engine 

Type 
MACHⅡ-SI  

Spark Ignition 

with precombustion chamber 

Number of cylinders  12Ｖ 14Ｖ 16Ｖ 18Ｖ

Bore/stroke mm 300/380 

Number of revolution min-1 720/750 （60/50Hz） 

Output of power generation kW 

3,650 

／ 

3,800 

4,250

／ 

4,450

4,900

／ 

5,100

5,500

／ 

5,750

Engine weight t 40 48 54 60 

Total efficiency 

（Generation efficiency*/ 

steam efficiency） 

％ 66.1      （47/19.1） 

NOx(O2=0％) ppm 320 

* Based on ISO conditions and MHI recommended standard gas properties
 

 

 

 
Figure 2 Overview of the  

MACHⅡ-SI 
  
2.2 High-reliability design to follow the time-tested MACH-30G  

The development of the high-reliability MACH II-SI was completed within a short period of 
time because it followed the basic design of the time-tested MACH-30G. The design changes were 
limited only to the ignition system as shown below to minimize the overall design while 
maintaining the reliability. About 80% of the engine parts are common with the MACH-30G.  

Figure 3 shows the area around the precombustion chamber, which constitutes the main 
portion of the design change. 
  
 

 
 Figure 3 Configuration of the area around the MACH II-SI precombustion chamber 
  

(1) Precombustion chamber gas supply system with simple optimal control 
The gas engine driven by the SI system requires an independent gas supply to an 

precombustion chamber. This engine has a gas-supply solenoid valve combined with automatic 
valves for the precombustion chamber to attain flexibility of controlling the fuel/air mixture in 
the precombustion chamber. At the same time, using the same control system as in the 
service-proven MACH-30G secures a high reliability. 

To avoid problems related to automatic valves such as sticking due to soot deposits or 
abrasion in the valve seats, we enhanced the reliability through an optimal design based on 
numerical analyses. We also employed a dual non-return valve system by placing for backup a 
second non-return valve upstream of the supply system. 

(2) Long spark plug life 
In general, the maximum continuous operational time of high-powered lean-burn gas 

engines like the MACH II-SI is limited by the life of the spark plugs. This is normally 
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operational life for the MACH II-SI, and established a one-time replacement cycle at the 
midpoint of the 4000-hour primary maintenance interval. 

We altered the cooling structure and its placement around the spark plugs to extend their 
life. We also reduced electrode abrasion (oxidized abrasion) by adopting an improved 
electrode-temperature spark plug. 

2.3 Combustion control technology to ensure reliability and high performance  
Figure 4 shows the combustion control system of the MACH II-SI. 
The Mitsubishi real-time intelligent control system (M-RICS) accurately controls the ignition 

timing for each cylinder and exhaust-gas temperatures using real-time direct measurement of 
cylinder pressure. This diagnostic unit was used for the MACH-30G and has demonstrated its high 
reliability and controllability. In addition, we added a knock detector to correspond to its operation 
in the range close to the knocking limits.  

These two systems provide accurate and prompt control to avoid the start of knocking along 
with independent control of the optimal combustion conditions in each cylinder to maintain 
long-life high-efficiency stable operations. 

The M-RICS is even able to ascertain misfires not detected by the knock detector as a matter 
of course, and provides highly reliable diagnosis and controllability 
 
 

 Figure 4 MACH II-SI combustion control system 
  

2.4 Improvement of quick-start and load-following capability 
Reciprocating gas engines generally have the advantages of quick starting and high 

load-following capability. We pursued the advantages as applications by enhancing these features 
even further. 

Sudden load changes present technical problems in dealing with difficulties such as misfires 
and knocking. We resolved these problems in the MACH II-SI development by optimizing the 
fuel/air mixture and ignition timing for each cylinder in the main combustion and precombustion
chambers using the latest control and diagnostic technologies. We have conducted reliability 
verification in conjunction with the durability check in our demonstration plant using actual 
operational conditions with the 0–100% loading time consistently less than 5 minutes. 

Improvement of the load-following capability enables to cope with drastic demand changes
and also maximizes the efficiency in an entire plant in which multiple units are installed. Therefore, 
the MACH II-SI has the advantage of maintaining a higher efficiency over a broad loading range 
than a single gas turbine or a gas turbine combined-cycle generation. 
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Figure 5 shows the relationship between the power generation output and the generation 
efficiency of ten 18MACH II-SI (55-MW) units along with the start-up time. The figure shows that 
the tested start-up time for the demonstration engine was 5 minutes at 100% output, and the 
planned start-up time for the commercial model will be 7 minutes. Thus, the MACH II-SI has 
greater reliability and flexibility, and is suitable for a wide variety of needs. 
  

 

 Figure 5 Relationship between the power generation output and generation efficiency for ten
18MACH II-SI (55-MW) units along with starting time (example)  

  

|3. Conclusion 
MHI has launched the new MACH II-SI gas engine that does not require the use of 

precombustion ignition fuel. We have achieved improved total efficiency, start-up performance,
and load-following capability based on the latest efficiency improvements, optimization 
technologies, feedback from the field, and increased accuracy of controls and diagnostic systems. 
By incorporating the results of ongoing durability verification tests, we plan to deliver this
high-reliability gas engine to the market in October 2009 to satisfy the needs of our customers. 
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