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INTRODUCTION

INDEX

Hydrogen—atomic number 1.

It’s the first element we learn about as students.

It forms water, which is essential for life on Earth, the planet of water.

It is abundant throughout the universe.

It is light, di�uses rapidly, and burns.

“Burning” forms the foundation of civilization, because it is a source of energy.

Energy is essential to our daily lives, and meeting the world’s increasing needs, while 

reducing CO2 emissions, is a critical issue of our times.

We have arrived at a watershed in the history of energy with the diversification of energy 

sources such as renewables and the impact of their evolution on the best energy mix.

Hydrogen is a clean energy source that does not emit CO2 upon combustion.

The accelerated introduction of IT, continued economic development in emerging nations, and 

a forecast for increased demand, plus reliable technology for control of the highly flammable 

element, make hydrogen power generation—clean and abundant—a viable alternative.

Competition among developers of the technology is taking place around the world, where 

engineers are solving a host of issues.

Realizing a carbon-neutral society

Accelerating the shift to decarbonization.  Driving the potential of hydrogen generation.

The hydrogen gas turbine, successfully fired with a 30% fuel mix, is a major step towards a carbon-free society

TECHNICAL REVIEW

Development of Hydrogen and Natural Gas Co-firing Gas Turbine

Hydrogen-fired Gas Turbine Targeting Realization of CO2-free Society

Validation Results of 1650°C Class JAC Gas Turbine at T-point 2 Demonstration Plant

Development of Next-Generation Large-Scale SOFC toward Realization of a Hydrogen Society

E�orts toward Introduction of SOFC-MGT Hybrid System to the Market
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Notes on the Publication of the Revised Edition (second edition) of the Hydrogen Power Generation Handbook

Two year has passed since Mitsubishi Power published the first edition of the Hydrogen Power Generation Handbook 

in June 2019.

Since then, the drive towards a carbon-neutral society and hydrogen energy, which is expected to contribute to its 

realization, has been growing stronger.

In this revised edition (2nd edition), we introduce new trends and summarize hydrogen-related engineering information 

as a compendium at the end of the handbook. We hope this book will prove useful for all its readers.
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The world faces a tipping point that could be called the 

"decarbonization revolution.” Energy industries around the world 

have taken a major turn toward decarbonization, and the leaders of 

many countries have expressed their determination to achieve carbon 

neutrality.

At the same time, there is an urgent need for a stable supply of 

electricity to meet the increasing power demand due to population 

growth and economic development. Increasing supply of renewable 

energy such as wind and solar power also demand a stable power 

supply as they depend on natural conditions for their output.

In collaboration with other Mitsubishi Heavy Industries Group 

companies, Mitsubishi Power has set a course for energy transition-  

solutions for the expansion of renewable energy sources without 

compromising economic e�ciency. Mitsubishi Power has also laid out 

a road map for technological development to achieve this goal. As a 

leading provider of power generation technologies and solutions, 

Mitsubishi Power is working to apply non-CO2 emitting fuels such as 

hydrogen and ammonia to power generation for reducing CO2 

emissions and decarbonizing thermal power generation. We aim to 

achieve this through the further development of highly e�cient power 

generation technologies and environmental technologies that we 

have fostered over the years.

The hydrogen power generation technology we introduce in this 

handbook replaces natural gas, the fuel for gas turbine combined 

cycle (GTCC) power generation, which currently emits the least 

amount of CO2 among thermal power generation systems, with 

hydrogen, which does not emit any CO2 during combustion. Mitsubishi 

Power's hydrogen power generation technology achieves a low cost 

of installation by maximizing the use of existing facilities and 

converting them for hydrogen power generation.

A 400MW class GTCC power plant uses about the same amount of 

hydrogen as 2 million fuel-cell vehicles. By developing hydrogen 

power generation technology, we are aiming to contribute to the 

realization of a hydrogen society by creating a virtuous cycle of 

stimulating large-scale hydrogen utilization and cost reduction.

To respond to diversifying demands in the power market, we are moving 

forward with the development of solid oxide fuel cells (SOFC), as we are 

advancing initiatives for both the concentrated power supply of 

large-scale GTCC and the distributed power supply of SOFC.

Mitsubishi Power has a track record of producing and supplying various 

hydrogen-related products including rocket engines that use hydrogen 

as a liquid fuel and hydrogen production facilities. In the half century 

between 1970 and the present, we have abundant accomplishments in 

the use of by-product gas that contains hydrogen for utilization of the 

power we generate. In addition to supplying equipment, Mitsubishi 

Power is also involved in the entire fuel value chain, from the 

production, transportation, storage, and utilization of carbon-free 

hydrogen and ammonia. With our proven technological capabilities and 

our promotion of decarbonized energy, Mitsubishi Power will continue to 

contribute to the protection of the global environment and move the 

world closer to a carbon-neutral society.

Realizing a carbon-neutral society

Decarbonization with a power-generation technology 
that emits no CO2.
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The world will change to a carbon-neutral society by 2050 through the advancement of carbon reduction and capture technologies.

Adopt SDGs Accelerate decarbonization

Supporting 
Policies 

Renewable 
Energy

CO2 Reduction

Achieve 
net-zero emissions

CO2 Recovery

Realize a carbon
neutral world

CO2

emissions

2020 2030 2050

Accelerating the shift to 
decarbonization.

Driving the potential of 
hydrogen generation.

In 2019, the EU announced their action plan to achieve the 

carbon-neutral target by 2050. On October 26, 2020, Prime Minister 

Suga declared that by 2050, Japan aims to become a decarbonized 

nation with zero greenhouse gas emissions. A month earlier, 

President Xi Jinping of China announced that they aim to go 

carbon-neutral by 2060. And in January 2021, the new U.S. 

president, Joe Biden signed an executive order to rejoin the Paris 

Treaty. The world is now picking up the pace to achieving 

carbon-neutrality with increasing usage of hydrogen to produce CO2 

free energy.

Accelerated e�ort towards a
Hydrogen Society

The world is now aligned to become a 
Hydrogen Society

At present, the majority of energy production in the world relies on 

thermal power using an a�ordable, safe, and stable fossil fuel. To 

realize the carbon-neutral society in the future, Mitsubishi Power will 

continue to support the current power generating methods with a 

major focus of reducing CO2 emissions and driving carbon capture. 

At the same time, it will continue to promote the use of renewable 

energy as well as mixed combustion of hydrogen or ammonia which 

produces no CO2. In addition, Mitsubishi Power will continually 

increase the ratio of hydrogen to 100%, eventually removing all 

carbon emissions, enabling us to reach our goal.

The Roadmap towards a Carbon-Neutral 
Society

On October 14, 2020, the online Special Event of Hydrogen Energy 

Ministerial Meeting was held for concerned countries to work together 

to further promote the use of hydrogen on a global scale. 

Representatives from 23 di�erent countries, regions, and international 

organizations, as well as representatives of companies participated in 

the event. Mitsubishi Power, a pioneer that is working on the practical 

application of hydrogen, sent its executive senior vice president 

assistant to the president, executive o�cer and CTO (at that time), 

Muyama to the event. His talk, titled "Hydrogen Power Generation 

towards Beyond Zero Society,” stressed the importance of hydrogen 

power generation and introduced Mitsubishi Power’s activities around 

the world.

There are increasing number of examples of hydrogen application 

coming out of Europe. In January 2017, the Hydrogen Council, a global 

initiative to position hydrogen as the new energy was set up, which 

started with 13 world-leading companies in energy, transport, and 

manufacturing. As of January 2021, over 109 companies have joined 

the initiative. Mitsubishi Power is participating in the initiative as a 

supporting member.
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Energy Transition and Solution

Mitsubishi Heavy Industries (MHI) Group identifies the four steps to a 

carbon-neutral society as: “Decarbonization of Thermal Power 

Generation,” “E�cient Energy Use in Industries,” “Promoting Carbon 

Recycle,” and “Developing the Hydrogen Value Chain.” MHI aims to o�er 

solutions for each step along the way. We are already a part of several 

large-scale global projects and continue to support their success.

The world's first integrated green hydrogen solution

Mitsubishi Power has also begun providing the world's first 

integrated green hydrogen solution that includes power balancing 

and energy storage across multiple projects in the U.S. The 

integrated green hydrogen solutions are the Hydaptive™ integrated 

package and Hydaptive™ Storage package. The Hydaptive™ package 

provides renewable energy flexibility by acting as a 

near-instantaneous power balancing resource that greatly enhances 

the ability of a simple cycle or combined cycle power plant to ramp 

output up and down to provide grid balancing services. It integrates a 

hydrogen and natural gas fueled gas turbine power plant with 

electrolysis to produce green hydrogen using 100% renewable power 

and onsite storage of green hydrogen. Patent-pending TOMONI™ 

software and controls enable rapid load response by integrating 

operations of the gas turbines and the electrolysis plants. The 

Hydaptive™ Storage package combines the Hydaptive™ package 

with access to a large-scale o�-site hydrogen production and 

storage infrastructure to sustain the supply of carbon-free green 

hydrogen, during the peak energy demand period.

The two combined will solve the challenges faced by power plants 

operators and power transmission companies by integrating 

renewable energy, gas turbine, green hydrogen, and fuel storage 

technology, etc., to drive the momentum towards an 100% 

carbon-free power generation.

Storing green hydrogen in salt domes

Together with Magnum Development, Mitsubishi Power is driving the 

Advanced Clean Energy Storage Project. Using power generated 

from wind and solar power, the electrolyzer produces green 

hydrogen which is then stored in an underground salt dome 

controlled by Magnum Development. Hydrogen is then provided to 

the power plants as needed. The salt dome has the capacity to store 

the equivalent of 150GWh of energy.

Mitsubishi Power has cutting-edge hydrogen combustion 

technologies, and its hydrogen gas turbine requires minimum 

modification to the existing infrastructures at the power plants. In 

2018, Mitsubishi Power had already achieved 30% hydrogen 

co-combustion and aims to make this 100% hydrogen by 2025. 

Large-scale hydrogen generation is a crucial piece in creating a truly 

sustainable society across the globe. Cost is a challenge today, 

however as technology evolves, we will continue to reduce the cost 

of green hydrogen. Mitsubishi Power is fully committed to playing a 

significant leadership role in addressing this global obligation and 

deliver technological advancements to attain a carbon-free hydrogen 

society.

Mitsubishi Power’s Hydrogen Project

Converting Natural Gas Combustion Turbine into 

100% Hydrogen Capable

Mitsubishi Power is taking part in the hydrogen conversion project at 

natural gas Gas Turbine Combined Cycle (GTCC) at the Magnum 

Power Plant in the Netherlands. The project aims to convert one of 

the three existing M701F gas turbines to a 100%-hydrogen firing 

device and ultimately drive demand for hydrogen amongst thermal 

power businesses. MHI Group also has the Carbon dioxide Capture 

and Storage (CCS) technology, essential for supplying carbon-free 

(blue) hydrogen, playing a vital role towards a hydrogen society.

Public-private green hydrogen strategy for the region

Mitsubishi Power is also instrumental in the launch of the Western 

Green Hydrogen Initiative (WGHI) in the Western Region of the U.S. In 

addition, two Canadian provinces are part of the Initiative supporting 

the green hydrogen strategy for the region that includes large-scale 

green-hydrogen storage. They expect to reinforce the reliability and 

independence of the energy across the Western region by actively 

adopting green hydrogen, creating jobs locally, avoiding creation of 

uneconomical grids, re-using existing infrastructure, and diversifying 

energy across multiple sectors are amongst other benefits.

Carbon Neutral World

Establish Hydrogen Value Chain

Contribute to achieving a carbon-neutral world 
by 2050 through decarbonization 
technologies and hydrogen value chain

Promote Carbon Recycling

Higher E�ciency in Industrial Energy

Decarbonize Thermal Power

Vattenfall’s Magnum GTCC power plant

Energy Storage to
Underground salt caverns

Clean Power
Generation

Compressors

Electrolyzers Hydrogen
storage

Compressed
air storage

Expanders

H2 combustion
turbines

Fuel cells

Flow batteriesAdvanced Clean Energy Storage

O�-takers

Energy Storage Capacity 

Location

150GWh

Utah, USA

Electricity

Hydrogen

Compressed air

Green H2 Onsite StorageElectrolyzer Gas Turbines

Controls the charging rate
(MW)

Controls the amount of 
energy stored

(MWh)

Controls the 
discharging rate 

(MW)

HYDAPTIVETM STANDARD FLEXIBILITY PACKAGE

Zero Carbon 
Dispatchable Energy

Integrated thermal cycle optimized 
by intelligent solutions TOMONITM 

The HydaptiveTM package accelerates the path toward 100% carbon-free power generation
• Technology adapts as the grid needs larger amounts of energy storage
• Standard packages reduce the cost and complexity of decarbonization
• Integrated technology adds flexibility to existing dispatchable power generation

Curtailed Energy Zero Carbon
Dispatchable Energy

This project was launched in May 2019. 

Renewable hydrogen will be stored in salt 

caverns owned by Magnum Development LLC 

and be delivered to power generation, 

industrial & transportation sectors.
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Expectations for hydrogen
energy and technologies

The hydrogen gas turbine,
successfully fired with a 30%
fuel mix, is a major step
towards a carbon-free society

Coping with the conflict between robust energy demand and 

global decarbonization

“Energy is the cornerstone of industry,” said Satoshi Tanimura—

Chief Engineer, GTCC Business Division, Energy Transition & Power 

Headquarters, Energy Systems, Mitsubishi Heavy Industries, Ltd.

—a leader in the development of hydrogen-fueled gas turbines 

that feature CO2-free combustion technology. “If demand exists, 

supply will be provided by electric power companies, and 

power-generating facilities are necessary to provide this supply. 

At the same time, there is increasing public scrutiny toward 

power-generation that produces CO2 emissions. They want 

electricity, but they don’t want the attendant CO2 emission. It’s the 

mission of engineers to pursue thermal power generation that 

emits zero CO2.”

In Japan, the country’s primary energy is mainly converted into 

electricity, accounting for 46% of all energy. Thermal power accounts 

for 77% of the electricity supply volume with the fuel type 

break-down being as follows: LNG at 38%; oil and petroleum at 7%; 

and coal at 32% (as of 2018).

As energy choices steadily increase, thermal power still remains a 

key energy source. “With regard to thermal power using fossil fuels, 

e�orts have continuously been made toward reducing emissions by 

enhancing e�ciency through technological innovation,” said 

Tanimura. “CO2 emissions per unit with gas turbine combined cycle 

(GTCC) plants, which combine gas and steam turbines, are less than 

half of those generated by coal-fired thermal power. But it doesn’t 

change the fact that CO2 is still emitted in the generation of gas-fired 

thermal power; we cannot close our eyes to this fact. As an engineer, 

I’m particularly sensitive to global issues and expectations toward 

resolving them. And we must develop technology to cope with the 

conflicting issues of strong demands for energy and for CO2 reduction.”

A clear roadmap to the achievement of a hydrogen society

Satoshi Tanimura’s focus is on thermal power generation that does not 

emit CO2. “Our area of involvement is the development of hydrogen gas 

turbines,” he said.

Japan’s Basic Hydrogen Strategy includes the target of 

commercialization of hydrogen power generation by 2030. 

However, is it possible to commercialize hydrogen power generation in a 

little over ten years? Even if technology is successfully developed, how 

many power plant operators can a�ord to renew their facilities?

“Even if hydrogen power-generating facilities are installed at power plants 

already scheduled for renewal, it’s not realistic to expect substantial power 

generation volume to be secured in only ten years,” said Tanimura. “That’s 

where Mitsubishi Power comes in—we conceived a hydrogen power 

generation system that utilizes existing gas turbine facilities.”

Tanimura and his colleagues at Mitsubishi Power succeeded in 

developing a large-scale hydrogen gas turbine combustor that uses a 

mix of LNG—the fuel used in gas-fired thermal power—and 30% 

hydrogen. It burns hydrogen while allowing suppression of NOx 

emissions to the level of gas-fired thermal power. The technology is 

compatible with an output equivalent to 700MW (with temperature at 

turbine inlet at 1600°C), and it o�ers a reduction of about 10% in CO2 

emissions compared with GTCC.

As this technology enables the use of existing facilities, large-scale 

modification of power generation facilities becomes unnecessary. This 

makes it possible to lower costs and other hurdles, promoting a smooth 

transition to a hydrogen society.

But can hydrogen be infused into the fuel mix of existing facilities so 

easily? Aspects such as fusion, combustion, and the quality and 

behavior of hydrogen must be di�erent from those of LNG. What is this 

hydrogen-mixed combustion technology developed by Mitsubishi 

Power? Where was the technological breakthrough? And what is the 

next move? We will now introduce the many challenges that Tanimura 

had to overcome.
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Source: University of Michigan at the 2014 University
Turbine Systems Research Workshop
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Successful 30% hydrogen combustion represents a major step
toward a hydrogen society

100% hydrogen power generation
— achieving a complete hydrogen-fired gas turbine

Easy-to-burn hydrogen and the struggle for safety

Hydrogen—atomic number 1—is the first element students learn about, 

and the lightest of all elements. Hydrogen is clean—when it burns, it 

produces only water. Conversely, it is a substance that is di�cult to 

handle. It burns violently, so the idea of hydrogen is often accompanied 

by the fear of explosions. It is highly combustible, only needs energy 

equivalent to static electricity to ignite, and has a broad combustion 

range. These are di�culties that come with such a combustible element. 

Thus there are many challenges that engineers must overcome in order 

to realize a hydrogen fuel mix of 30%.

“In the case of a 20% hydrogen fuel mix, the existing gas turbine can be 

used,” said Satoshi Tanimura of Mitsubishi Power. “However, making it 

usable with 30% hydrogen poses quite a challenge for the gas turbine 

engineer. It is necessary to understand the combustion characteristics 

and control the air mixing and behavior.” Even with superior materials, 

the technology must control those aspects, the facilities be made 

durable, and high quality consistently maintained. It is the job of an 

engineer to resolve these issues.

Obstacles standing in the way of a 30% hydrogen mix are flashback, 

combustion pressure fluctuation, and NOx. The unique characteristics of 

hydrogen and the mixing of hydrogen with air are the cause of 

flashbacks. Flashback is a phenomenon where the flames inside the 

combustor travel up the incoming fuel and leave the chamber. As 

hydrogen burns rapidly, flashback commonly occurs.

The type of fuel co-firing presents a challenge in terms of flashback 

prevention. Mitsubishi Power has successfully applied 100% hydrogen 

through a process called “di�usion combustion” where the fuel and air 

are put in the combustor separately. However, this technology results in 

a high NOx value. On the other hand, “Pre-Mix (DLN) combustion,” where 

the fuel and air are mixed prior to being put into the combustor is 

possible with a low NOx count. However, fuel that contains hydrogen is 

prone to flashback. To resolve this, improvements were made to the 

swirler nozzle.  The low velocity area in the center of the nozzle was 

successfully reduced, significantly enhancing flashback resistance.

Burning of fuel anywhere but inside the combustor absolutely must be 

avoided. If flashback cannot be prevented, a hydrogen gas turbine cannot 

be successfully developed.

Innovative technology to control combustion pressure fluctuation 

that can destroy a combustor

Combustion oscillation presents yet another obstacle. Temperatures 

inside the combustor reach 1,600°C, and it is known that imposing an 

extremely high thermal load on the combustor cylinder results in the 

generation of a very loud noise due to the cylinder’s specified eigenvalue. 

This is the phenomenon known as combustion pressure fluctuation.

Put the oscillation from the loud sound together with the oscillation of 

the flames from combustion and they amplify, producing immense 

power. Also, given the particularly short interval when combusting 

hydrogen, the flame and the oscillation are more likely to match, 

increasing the likelihood of combustion pressure fluctuation.

So how loud is the sound?

“It’s actually beyond loud. And once oscillation occurs, it will destroy the 

combustor in an instant,” said Tanimura. “In order to avoid this, not only 

do we adjust the location and method of fuel burning, we continue to 

incorporate a number of innovations such as a sound absorption device.”

While suppressing these phenomena and satisfying the necessary 

conditions, Tanimura and his team must also extend the service life of 

the facility by enhancing maintenance capabilities and the performance 

of the facility overall. Moreover, they must constantly search for the 

best materials, the optimum form, and the ideal combination—from the 

optimization of the shape and material of the fuel delivery nozzle and 

the combustor shape and material to the quality of the thermal 

insulation ceramic coating and adjustment of particle size. The 

repetition of this trial-and-error process brings them ever closer to the 

development of a CO2-free power generation system and ultimately to 

the realization of a carbon-free society.

Of utmost importance to power plant operators—users of the gas 

turbine—are safety, stable supply, and cost. In providing a steady 

supply of electricity, naturally a stable supply of fuel is a requirement, 

along with the mitigation of outages, longer intervals between periodic 

inspections, and low operation costs. “The gas turbine has to withstand 

three years of continuous operation under rigorous conditions 

including a fast rotation speed of 3,600 revolutions per minute at over 

8,000 hours per year,” said Tanimura. “The flexibility to continue 

generating power with only LNG should the supply of hydrogen stop 

temporarily is undoubtedly another great benefit to the customer.”

A hydrogen gas turbine that can adjust flexibly to fluctuations in fuel 

supply and price, and highly resistant to thinning, wear, and oscillation 

results from the synergy of numerous technologies, which is 

demonstrated in its performance.

The dream of a CO2-free society—100% hydrogen thermal 

power generation

The values below are emissions per unit indicating CO2 emission 

volume when generating 1kWh of electricity.

Standard coal-fired power generation: 863g-CO2 /kWh

Ultra-supercritical (USC) coal-fired power generation: 820g-CO2 /kWh

GTCC power generation: 340g-CO2 /kWh

Hydrogen 30% mixed-combustion gas turbine: 305g-CO2 /kWh

Development Status of Hydrogen Combustion Technology

As Mitsubishi Power has successfully achieved mixed-combustion 

power generation at 30% hydrogen, Satoshi Tanimura’s next objective 

is CO2-free power generation, or 100% hydrogen power generation 

technology. However, with a high concentration of hydrogen, the risk of 

flashback rises, as does the concentration of NOx. A combustor for 

hydrogen-fired power generation demands technology that enables 

e�cient mixing of hydrogen and air, and stable combustion.

“There are important conditions concerning the mixing of hydrogen and 

air as well,” said Tanimura. “It is di�cult to mix hydrogen and air in a 

large space, and using a rotational current and mixing them well 

requires a rather large space. This is what pushes the risk of flashback 

upward. In order to mix hydrogen and air in a short period of time, it 

has to be done in as confined a space as possible. The problem is that 

in this case the fuel nozzle jets and flame are in closer proximity, 

making flashback increasingly likely. We thought about how to deal 

with this, and it occurred to us that we needed to disperse the flame 

and reduce the fuel spray particle size. The key technology to this 

method is the fuel delivery nozzle. We upgraded the design, which 

normally features eight nozzles, and created the distributed lean 

burning, or multi-cluster combustor, which incorporates many nozzles. 

We reduced the size of the nozzle opening and injected air, and then 

sprayed hydrogen and mixed them. As this method does not employ a 

rotational current, mixing is possible on a smaller scale, and low-NOx 

combustion can be accomplished.”

Hydrogen is an excellent fuel, but di�cult to handle. Changing thinking in 

mixing methods by upgrading the nozzle. That’s the kind of challenges 

engineers are wrestling with in the battlefield of development.
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The relation between Mitsubishi Power’s hydrogen power generation technology
and the hydrogen network

   
Generation Network

  
Hydrogen Network

Hydrogen
Hydrogen Gas Turbine

CO2

CO2

Fossil Fuel
natural gas, coal, oil

Energy Carrier**Hydrogen

Battery

Power

Renewable Energy

Power Generation
Hydrogen

Thermal Power Plant

CO2  Capture & Storage

Household

Factory

FCV/EV*

Solid Oxide Fuel Cell (SOFC)

* FCV=Fuel Cell Vehicle  EV=Electric Vehicle
** Hydrogen is transported after conversion to ammonia, 
    organic hydride, methane, methanol, etc. 

Satoshi Tanimura
Chief Engineer, GTCC Business Division, 
Energy Transition & Power Headquarters, Energy Systems,
Mitsubishi Heavy Industries, Ltd.

An expert in gas turbine combustor development, from basic design to 
combustion adjustment, his focus. Tanimura joined Mitsubishi Heavy 
Industries in 1986 and was assigned to the Gas Turbine Engineering 
Department, where he pursued the development of large-scale gas 
turbine combustors and also served as an engineer. He worked on the 
development of a 1300°C-class gas turbine combustor, and 
spearheaded e�orts to develop low-NOx technology for the 1500°C- 
and 1600°C-class models.

A gas turbine alone is not enough to achieve 100% hydrogen-fired 

combustion technology: Stable sources of hydrogen must be secured; a 

supply source and way to transport the hydrogen to a pipe-less

Japan must be considered; technology to extract hydrogen from the 

source material, and technology to collect and retain the CO2

emitted during the process must be developed.  Such hydrogen 

infrastructure must mature along with the development of hydrogen 

combustion technology.

“Simply increasing gas turbine e�ciency does not necessarily lead to 

enhanced e�ciency overall,” said Tanimura, when taking a 

comprehensive perspective of the practical use of hydrogen. “In Japan, 

we simply assume we’ll have hydrogen transported from abroad and use 

it in fuel-cell vehicles and industry. Meanwhile, there is a blueprint 

overseas from the hydrogen supply phase through to use, including the 

CCS scheme for processing CO2 emitted during manufacturing. In 

Europe, with the advantage of their existing natural gas pipeline being 

well-developed, they are proceeding with hydrogen use while taking a 

holistic view through to supply, considering it part of the overall 

infrastructure,” he said.

As engineers developing gas turbines, Tanimura and his colleagues have 

a clear understanding of the need for a comprehensive hydrogen usage 

plan. “In Japan, as we don’t have a developed pipeline, naturally the 

transport of hydrogen constitutes a major issue,” Tanimura said. “As of 

now, there are schemes for extracting hydrogen from renewable energy, 

petroleum, and natural gas. If renewable energy, regarded as unstable, is 

converted into hydrogen, the storage and transport of energy becomes 

possible, which is a huge benefit. Today, liquid hydrogen, methyl 

cyclohexane (MCH), and ammonia (NH3) are regarded as the most promising 

hydrogen transport vehicles, and if demand increases further, we should 

see economies of scale emerge in transport as well,” said Tanimura.

Gas turbine engineers factor in everything from production to costs. “We 

need a vision for hydrogen use, encompassing everything from creation 

of infrastructure to the various methods of use,” Tanimura said. “For 

instance, a fuel mix of 20% hydrogen can be used without any 

technological improvements, and if we use a gas turbine with an output 

capacity of 500MW, and a turbine e�ciency rating of 60%, it requires 1.4 

tons of hydrogen per hour. This equals the volume of hydrogen used by 

around 100,000 to 130,000 fuel-cell vehicles. If we are going to proceed in 

earnest with hydrogen use, it’s imperative that we quickly move to 

upgrade the hydrogen infrastructure, through measures such as 

proactively increasing the number of turbines using hydrogen. This is 

another reason hydrogen gas turbines will drive the forthcoming 

hydrogen society,” he said.

Human beings discovered fire and began using it purposefully about 

500,000 years ago. And now we are about to obtain CO2-free combustion 

technology that will turn into energy that supports society.

Tanimura and his colleagues remain dedicated to achieving 100% 

hydrogen combustion technology by 2025.

Creating a hydrogen fuel supply chain as a bridge to the future

Overview of Global Hydrogen Supply Chain

Production Transportation Demand

Hydrogen from fossil fuel 
(with CO2 capture & storage)

Hydrogen transportation

CO2 capture & utilization
Hydrogen from renewable source

Power

Transport

Industry

Household

CH4 + 2H2O → CO2 + 4H2 

LH2/MCH

Green H2 Blue H2
Carbon dioxide Carbon dioxide capture

H2

H2

Hydrogen

Hydrogen

Hydrogen

NH3

N2

H2 CH3OH/CH4

CO2

H2

H2

H2O

O2

Liquid Hydrogen/ Methylcyclohexane

Ammonia

Nitrogen gas

Synthetic Fuels/Materials
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Mitsubishi Heavy Industries Technical Review Vol. 55 No. 2 (June 2018)

Hydrogen Gas Turbine
■ Development of Hydrogen and Natural Gas Co-firing Gas Turbine

Hydrogen-mixed combustion technology in high e�ciency gas turbines. 
Achievement of 10% reduction in CO2 emissions compared to prior gas fired power 
generation.

■ Hydrogen-fired Gas Turbine Targeting Realization of CO2-free Society
Hydrogen single fuel firing technology in high e�ciency gas turbines. 
We lead the field in creating an international hydrogen supply chain to achieve a 
CO2-free Hydrogen Society.

■ Validation Results of 1650°C Class JAC Gas Turbine at T-point 2 
Demonstration Plant
Verification results of the 1650°C class JAC gas turbine, applying the combustor 
forced air-cooling system, ultra-thick TBC, and high pressure ratio compressor as 
its main technologies.

Fuel Cells
■ Development of Next-Generation Large-Scale SOFC toward Realization 

of a Hydrogen Society
Our fuel cell power generation technology meets today’s decentralized energy 
source needs.
We contribute to the realization of a “safe and sustainable energy environment 
based society.”

■ E�orts toward introduction of SOFC-MGT Hybrid System to the Market
Development with the goal to achieve a Low Carbon Society. 
The 250kW class have been empiracally demonstrated. We have begun testing the 
1MW class.

Source: Mitsubishi Heavy Industries Technical Review
Authors and a�liation names shown here are true and accurate at the time of writing

As a leading provider in the fields of thermal power generation and environmental technology, Mitsubishi Power is developing high e�ciency power generation 
technologies. This includes the field of gas turbine power generation technologies where Mitsubishi Power has made possible hydrogen-mixed combustion and 
is in the process of taking the technology to it's next phase. Energy market needs are diversifying and Mitsubishi Power is working to meet such decentralized 
needs. We will now introduce our large-scale hydrogen gas turbines, which have potential for mass consumption, and fuel cells that are able to e�ciently 
employ a diverse array of fuel types including hydrogen as dispersion type power sources through the Mitsubishi Heavy Industries technical review.

Mitsubishi Heavy Industries Technical Review Vol. 55 No. 2 (June 2018)
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Mitsubishi Heavy Industries Technical Review Vol. 55 No. 4 (December 2018)
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Mitsubishi Heavy Industries Technical Review Vol. 58 No. 1 (March 2021)
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Mitsubishi Heavy Industries Technical Review Vol. 52 No. 2 (June 2015)
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 • Simple Cycle Specs
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Compendium

Contents

In this section, we list the characteristics of hydrogen and information pertaining 
to engineering for your use. We also provide information about ammonia, which is seen 
as a potential hydrogen energy carrier from the Mitsubishi Heavy Industries Technical Review.
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1. Basic Data

2. Transport Property

3. Combustion Property

Fuel Name

Density   [kg/Nm3]

Boiling Point (@hPa)   [℃]

Low-heating Value*  [MJ/kg]

Low-heating Value   [MJ/Nm3]

Heat Equivalent Ratio*  [-]

Maximum Combustion Potential*  [m/s]

Minimum Self-ignition Temperature*  [℃]

Generated CO2   [g/MJ]

Generated H2O   [g/MJ]

Molecular Weight

Hydrogen Content 
（weight %）

Hydrogen Density
（kg-H2/m3）

Boiling Point
（℃）

Other properties

Molecular Weight

Density (gas)
kg/Nm3 

Specific Heat Cp
kJ/(kg・K)
【25℃,1atm】

Heat Capacity Ratio Κ(-)
【25℃,1atm】

Gas Constant R
J/(kg・K)

Freezing Point
℃
【1atm】

Boiling Point
℃
【1atm】

2.016

100

70.8

-252.87

High hydrogen density
No recycling required

High purity

2.016

0.08987

14.306

1.4054

4124.3

-259.14

-252.87

16.04

0.717

2.2317

1.3062

518.4

-182.76

-161.49

28.02

1.2506

1.0413

1.4013

296.7

-209.86

-195.8

28.97

1.2932

1.0063

1.4018

287.0

-

-

17.03

0.771

2.1645

1.316

488.2

-77.7

-33.4

44.01

1.977

0.85085

1.2941

188.9

-56.6

-78.5 (rise) 

2.016

100

23

-

44.1

18.29

107.0

-42.07

-

2.016

100

39

-

98.18

6.16

47

101.05

17.03

17.76

120.0

-33.4

High hydrogen density
No recycling required
Can be used directly

Composition (%)

Methane CH4: 
Ethane C2H6: 
Propane C3H8: 
Butane C4H10: 

89.60
5.62
3.43
1.35

16.04

25.13

108.1

-161.49

-

Propane   C3H8

(liquid)

Ammonia   NH3

0.771

-33.4

18.6

14.34

0.63～1.40

0.07

651

0

85.4

Propane  C3H8

2.02

-42.1

46.6

93.67

0.51～2.51

0.43

432

64.4

35.1

Methane   CH4

0.717

-161.49

50.2

35.99

0.50～1.69

0.37

537

54.8

44.8

Hydrogen   H2

0.08987

-252.87

120.4

10.82

0.10～7.17

2.91

500

0

74.8

Liquid Hydrogen
H2

Hydrogen   H2 Ammonia   NH3 Carbon Dioxide    CO2Methane   CH４ Nitrogen   N2Air

Compressed 
Hydrogen   H2 

(350 atm)

Compressed 
Hydrogen   H2 

(700 atm)

Methylcyclohexane
C7H14 （MCH*）

Ammonia   NH3

(liquid)
Methane   CH4 

(liquid)

18.36

23.77

103.0

-161.49
(Methane)

Varies by composition

Natural Gas
(LNG 13A)

4. Comparison of Heat Required to Produce 1mol of Hydrogen

Method Thermochemical Equation Heat Required to Produce 1mol of Hydrogen

(1)

(2)

(3)

(4)

Methane Reforming

① CH4 (g) + H2O (g) + 205.7kJ = CO (g) + 3H2 (g)
② CO (g) + H2O (g) = H2 (g) + CO2 (g) + 41.2kJ
⇒ CH4 (g) + 2H2O (g) ＝ CO2 (g) + 4H2 (g) - 164.5kJ　(=①+②)

41.1kJ/mol

Ammonia Decomposition NH3 (g) + 46.1kJ ＝ 3/2H2 (g) + 1/2N2 (g) 30.7kJ/mol

Methane Pyrolysis CH4 (g) + 74.4kJ = 2H2 (g) + C 37.2kJ/mol

MCH Dehydrogenation C6H11CH3 + 202.5kJ ＝ C6H5CH3 + 3H2 (g) 67.5kJ/mol

High inflammable
Highly combustible

Explosive

* Carrying hydrogen using the di�erence of hydrogen between MCH toluene (C7H8) (molecular weight 92) and MCH (C7H14) (molecular weight 98) 

* Source: Journal of the Combustion Society of Japan Vol 58, Issue 183, (2016), 41-48

CH3 + 3H2 CH3 

Normal temperature
and pressure

Petroleum infrastructure
Available for use
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1

1

1

1

1

1

1

1

1

1

1

1

1

1
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6. Gas Turbine Lineup5. Conversion Tables

Energy

Volume

Cubic Meter
(m3)

Per Million British 
Thermal Units (MmBtu)

Per British Thermal Unit
(Btu)

Kilowatt Hour
(kWh)

Megajoule
(MJ)

Kilocalorie
(kcal)

Tonne of Oil Equivalent
(toe)

Cubic Feet
(cf)

US Gallon
(US gal)

US Barrel
(bbl)

Liter
(litre)

2.831 x 10-2

3.785 x 10-3

1.589 x 10-1

1 x 10-3

1.000 x 10-6

3.412 x 10-3

9.478 x 10-4

3.968 x 10-6

3.968 x 101  

1.000 x 106

3.412 x 103

9.478 x 102

3.968  

3.968 x 107

2.931 x 102 

2.930 x 10-4

2.777 x 10-1

1.163 x 10-3

1.163 x 104 

1.055 x 103 

1.055 x 10-3

3.6  

4.186 x 10-3

4.186 x 104 

2.519 x 105  

2.519 x 10-1

8.598 x 102 

2.388 x 102 

1.000 x 107 

2.519 x 10-2

2.519 x 10-8

8.598 x 10-5

2.388 x 10-5

1.000 x 10-7

3.531 x 101 

1.336 x 10-1

5.614  

3.531 x 10-2

1 x 103 

1.016 x 103 

9.071 x 102 

4.535 x 10-1

2.641 x 102  

7.480    

42   

2.641 x 10-1

6.29   

1.781 x 10-1

2.38 x 10-2

6.289 x 10-3

1 x 103

2.831 x 101

3.785 

1.589 x 102

Mass     

5-2. Hydrogen Cost Simple Conversion Table

5-1. Unit Conversion Table

Kilogram
(kg)

Ton
(t)

UK Ton
(UK ton)

US Ton
(US ton)

Pound
(lb)

1.000 x 10-3

1.016  

9.071 x 10-1

4.535 x 10-4

9.842 x 10-4

9.842 x 10-1

8.928 x 10-1

4.464 x 10-4

1.102 x 10-3

1.102  

1.120  

5 x 10-4

2.204  

2.20462 x 103 

2.240 x 103 

2 x 103 

・ The conversion table was made based on the Japanese government's target of 30 yen/ Nm3 by around 2030 and the following presuppositions.

   0.08932 ㎏/Nm3
                       1,055 MJ/MmBtu

  12.77 MJ – HHV/Nm3
          3.6 MJ/kWh-th

・ Exchange rate: ¥105/US $     ¥125/€

1Per Million British 
Thermal Units (MmBtu)

Per British Thermal 
Unit(Btu)

Kilowatt Hour
(kWh)

Megajoule
(MJ)

Kilocalorie
(kcal)

Tonne of Oil Equivalent
(toe)

Cubic Meter
(m3)

Cubic Feet
(cf)

US Gallon
(US gal)

US Barrel
(bbl)

Liter
(litre)

Kilogram
(kg)

Ton
(t)

UK Ton
(UK ton)

US Ton
(US ton)

Pound
(lb)

0.286 0.240 336 3.20 2.69 2,480 23.6 19.8 2.35 0.0224 0.0188 8.5 0.0805 0.0677

H2 Cost Yen/kg $/kg$/Nm3 €/Nm3 €/kg Yen/MJ $/MJ €/MJ Yen/kWh-th $/kWh-th €/kWh-thYen/MmBtu $/MmBtu €/MmBtu

30.00 Yen/Nm3

Mitsubishi Power gas turbines made with
cutting-edge technology

Small and medium capacity gas turbines (41 MW to 116 MW)

H-25-series

H-100-series

Large capacity gas turbines (114 MW to 574 MW)

    For 60 Hz

• M501J-series

• M501G-series

• M501F-series

• M501D-series

    For 50 Hz

• M701J-series

• M701F-series

• M701G-series

• M701D-series

Aero-Derivative Gas Turbines (30 MW to 140 MW)

• FT8® MOBILEPAC®

• FT8® SWIFTPAC®

• FT4000® SWIFTPAC®

Powering the world with a full range of
gas turbines

To meet the power demands of industries and societies around 

the world, Mitsubishi Power produces a wide range of gas turbines 

from the 30 MW to the 574 MW class for power generation and 

industrial use. These turbines drive the development and supply 

of highly-e�cient, clean energy around the world. In fact, 

Mitsubishi Power has delivered more than 1,600 gas turbines to 

customers in more than 50 countries worldwide.

Gas Turbine and Combined Cycle Output 

Simple Cycle Combined Cycle 

• (ISO, 1 GT + 1 ST, GAS FUEL)
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Performance

50Hz / 60Hz

H-25*

50Hz

H-100*

M701DA

M701G

M701F

M701J

M701JAC

M701JAC

60Hz

H-100*

M501DA

M501F

M501G

M501GAC

M501J

M501JAC

Simple Cycle Specs

H-100*

H-100*

3,600

3,000

293

315

534

552

18.4

20.1

9,256

9,266

6,542

6,549

144,350

160,780

107,650

119,900

Mechanical Drive Specs

ISO Base Rating
(kW)

Pressure
Ratio

Turbine Speed
(rpm)

Exhaust Flow
(kg/s)

Exhaust Temp
(ºC)

LHV Heat Rate
(kJ/kWh) (Btu/kWh)

E�ciency
(%-LHV)

ISO Base Rating
(kW)

Turbine Speed
(rpm)

Exhaust Flow
(kg/s)

Exhaust Temp
(ºC)

LHV Heat Rate
(kJ/kWh) (Btu/kWh)

E�ciency
(%-LHV)

Pressure
Ratio

Turbine Speed
(rpm)

Exhaust Flow
(kg/s)

Exhaust Temp
(ºC)

E�ciency
(%-LHV)

38.9

38.9

ISO Base Rating
(hp) (kW)

Aero-Derivative Gas Turbine Specs

50Hz

FT8® 

FT4000® 

FT4000® 

60Hz

FT8® 

FT4000® 

FT4000® 

28,528

70,154

140,500

30,941

71,928

144,243

3,000

3,000

3,000

3,600

3,600

3,600

92

183

367

92

183

367

496

431

431

491

422

422

10,376

8,908

8,896

9,825

8,686

8,661

9,834

8,443

8,431

9,312

8,232

8,209

34.7

40.4 

40.5

36.7

41.5

41.6

LHV Heat Rate
(kJ/kWh) (Btu/hp-hr)

Notes:  (1) All ratings are defined at ISO standard reference conditions: 101.3kPa. 15°C and 60% RH.
            (2) All ratings are at generator terminals and are based on the use of natural gas fuel.
            * without inlet and exhaust losses

41,030

116,450

144,090

334,000

385,000

478,000

448,000

574,000

105,780

113,950

185,400

267,500

283,000

330,000

435,000

7,280

3,000

3,000

3,000

3,000

3,000

3,000

3,000

3,600

3,600

3,600

3,600

3,600

3,600

3,600

114

296

453

755

748

896

765

1,024

293

354

468

612

618

620

764

569

586

542

587

630

630

663

646

534

543

613

601

617

635

645

17.9 

18 

14 

21 

21 

23 

25

25 

18.4 

14 

16 

20 

20 

23 

25 

9,949

9,400

10,350

9,110

8,592

8,511

8,182

8,295

9,421

10,320

9,740

9,211

9,000

8,552

8,182

9,432

8,909

9,810

8,630

8,144

8,067

7,755

7,826

8,930

9,780

9,230

8,730

8,531

8,105

7,755

36.2 

38.3 

34.8 

39.5 

41.9 

42.3 

44.0 

43.4

38.2 

34.9 

37.0 

39.1 

40.0 

42.1 

44.0 

50Hz / 60Hz

MPCP1(H-25)

MPCP2(H-25)

50Hz

MPCP1(H-100)

MPCP2(H-100)

MPCP1(M701DA)

MPCP2(M701DA)

MPCP3(M701DA)

MPCP1(M701F)

MPCP2(M701F)

MPCP1(M701G)

MPCP2(M701G)

MPCP1(M701J)

MPCP1(M701JAC)

MPCP1(M701JAC)

60Hz

MPCP1(H-100)

MPCP2(H-100)

MPCP1(M501DA)

MPCP2(M501DA)

MPCP3(M501DA)

MPCP1(M501F)

MPCP2(M501F)

MPCP1(M501G)

MPCP2(M501G)

MPCP1(M501GAC)

MPCP2(M501GAC)

MPCP3(M501GAC)

MPCP1(M501J)

MPCP2(M501J)

MPCP1(M501JAC)

MPCP2(M501JAC)

LHV Heat Rate
(kJ/kWh) (Btu/kWh)

Combined Cycle Specs

Plant Output
(kW)

Plant E�ciency
(%)

Gas Turbine Power
(kW)

Steam Turbine Power
(kW)

Number & Type
Gas Turbine

60,100

121,400

171,000

346,000

212,500

426,600

645,000

566,000

1,135,000

498,000

999,400

701,000

650,000

840,000

150,000

305,700

167,400

336,200

506,200

285,100

572,200

398,900

800,500

427,000

856,000

1,285,000

484,000

971,000

630,000

1,263,000

39,600

79,200

112,700

225,400

142,100

284,200

426,300

379,300

758,600

325,700

651,400

472,300

441,700

570,900

102,500

205,000

112,100

224,200

336,300

182,700

365,400

264,400

528,800

280,800

561,600

842,400

326,200

652,400

431,900

863,800

20,500

42,200

58,300

120,600

70,400

142,400

218,700

186,700

376,400

172,300

348,000

228,700

208,300

269,100

47,500

100,700

55,300

112,000

169,900

102,400

206,800

134,500

271,700

146,200

294,400

442,600

157,800

318,600

198,100

399,200

1×H-25

2×H-25

1×H-100

2×H-100

1×M701DA

2×M701DA

3×M701DA

1×M701F

2×M701F

1×M701G

2×M701G

1×M701J

1×M701JAC

1×M701JAC

1×H-100

2×H-100

1×M501DA

2×M501DA

3×M501DA

1×M501F

2×M501F

1×M501G

2×M501G

1×M501GAC

2×M501GAC

3×M501GAC

1×M501J

2×M501J

1×M501JAC

2×M501JAC

54.0

54.5

57.4

58.0

51.4

51.6

51.8

62.0

62.2

59.3

59.5

62.3

>64.0

>64.0

55.1

56.1

51.4

51.6

51.8

57.1

57.3

58.4

58.6

60.5

60.7

60.7

62.0

62.2

>64.0

>64.2

6,667

6,606

6,272

6,207

7,000

6,974

6,947

5,807

5,788

6,071

6,051

5,779

<5,625

<5,625

6,534

6,418

7,000

6,974

6,947

6,305

6,283

6,165

6,144

5,951

5,931

5,931

5,807

5,788

<5,625

<5,608

6,319

6,261

5,945

5,884

6,635

6,610

6,585

5,504

5,486

5,755

5,735

5,477

<5,332

<5,332

6,193

6,083

6,635

6,610

6,585

5,976

5,955

5,843

5,823

5,640

5,622

5,622

5,504

5,486

<5,332

<5,315
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9. Hydrogen Production Process

Common name for hydrogen

Carbon-free Hydrogen

■ Green

■ Pink

■ Turquoise

■ Blue

■ Gray
Conventional Hydrogen

(CO2 emission)

 Origin & Production Method Mitsubishi Heavy Industries Group’s Related Products & Technologies

Renewable Electricity → Electrolysis

H2O → H2 + ½O2

Wind Turbines

Water Electrolyzer

High-temperature Gas-cooled Reactor

Natural Gas Reforming Apparatus

Coal Gasifier

Natural Gas Reforming Apparatus

Coal Gasifier

CO2 Capture Technology

Methane Pyrolysis Technology

Nuclear Heat → Pyrolysis/Electrolysis

CH4 → 2H2 + C

Fossil Fuel → Pyrolysis

CH4 → 2H2 + C

Fossil Fuel → Reforming & CO2 Capture

CH4 + 2H2O → 4H2 + CO2

Fossil Fuel → Reforming 
(CO2 release into the atmosphere)

CH4 + 2H2O → 4H2 + CO2

7. Fuel Consumption by Gas Turbine Type

50Hz / 60Hz

H-25

50Hz

H-100

M701F

M701J

M701JAC

M701JAC

60Hz

H-100

M501F

M501J

M501GAC

M501JAC

41,030

116,450

385,000

478,000

448,000

574,000

105,780

185,400

330,000

283,000

435,000

36.2

38.3

41.9

42.3

44.0

43.4

38.2

37.0

42.1

40.0

44.0

9

24

72

88

79

103

22

39

61

55

77

4

10

28

34

31

40

9

16

24

22

30

45,000

112,000

312,000

379,000

345,000

445,000

101,000

178,000

267,000

245,000

334,000

12,000

30,000

90,000

110,000

99,000

128,000

28,000

49,000

76,000

69,000

96,000

Catalog Performance

Gas Turbine Type

Hydrogen Natural Gas

ISO Base Rating
(kW)

(ton/hour) (Nm3/hour) (ton/hour) (Nm3/hour)
E�ciency 
(%-LHV)

・ Atmospheric temperature 15°C  base (ISO standard)
・ Fuel consumption when 100% hydrogen-fired is estimated based on the performance of a natural gas-fired system.

100

0 20 40 60 80 100

80

H
2 (

ca
l%

)

H2 (vol%)_Residual Natural Gas

20 vol%, 6.1 cal%
30 vol%, 10.1 cal%

79.3 vol%, 50 cal%
60

40

20

0

8. Co-firing of Hydrogen and Natural Gas: 
     The Relation between Volume Fraction and Thermal Ratio
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10. Technical Review
Mitsubishi Heavy Industries Technical Review Vol. 56 No. 1 (March 2019)
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