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  The Japanese government's Green Growth Strategy for carbon neutrality by 2050 presents a 

"roadmap" for the growth of the fuel ammonia industry. One of the future initiatives is to promote 
ammonia fuel conversion in coal-fired power generation. Mitsubishi Heavy Industries, Ltd. (MHI) 
is developing technology to enable fuel conversion to more than 50% ammonia for both circular 
firing and opposed firing systems of coal-fired boilers to respond to the initiatives of various 
customers in Japan and overseas. Stable combustion was confirmed in both the single-fuel firing 
test using an ammonia single-fuel burner and the combustion test of more than 50% ammonia with 
coal, and nitrogen oxide (NOx) emissions were reduced compared to the coal single-fuel burner 
test, and ammonia was completely burned. This paper reports on this verification. 

  

  
Click here for "Material Issues for MHI Group" 

  

  
|1. Introduction 

MHI has declared its intention to realize carbon neutrality by 2040 (MISSION NET ZERO),
which includes the promotion of the carbon neutrality of existing infrastructure. To achieve carbon
neutrality in thermal power generation, which generates a large amount of CO2, it is important to 
reduce CO2 emissions from coal-fired boilers, and fuel conversion with ammonia, which does not
emit CO2 when burned, is attracting attention. The Green Innovation Fund project aims to establish
a fuel ammonia supply chain that integrates supply and demand, and is currently developing
technology that will enable the conversion of coal-fired power plants to use more than 50% 
ammonia as one of the technologies needed to introduce 30 million tons of ammonia per year in
Japan by 2050. Ammonia has a low combustion rate (approximately 1/5 that of methane), so stable
combustion and suppression of unburned ammonia are issues to be addressed in burner
development. Furthermore, since it contains nitrogen, controlling NOx is also an issue, and these
issues are particularly prominent when the fuel conversion rate is 50% or more. In addition,
because ammonia has a low calorific value, there is likely to be a need for liquid-firing burners that 
supply liquid directly, which would allow for smaller pipe sizes. In order to meet the diverse
ammonia utilization needs of our customers, we have developed liquid-firing and gas-firing
ammonia single-fuel burners that can be used with boilers that use either circular firing or opposed
firing system, and we have achieved stable ammonia combustion and successfully reduced NOx
emissions compared to when the boiler is used exclusively for coal. This report presents the results
of the above. 

 
 

  

https://www.mhi.co.jp/technology/review/pdf/e613/e613020.pdf
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|2. Ammonia fuel conversion concept 
2.1 Ammonia single-fuel burner concept that enables fuel conversion of more than

50% 
In the two-stage electric furnace test in which coal and ammonia were premixed, NOx 

increased as the ammonia combustion ratio increased, and reached a maximum at a combustion
ratio of 50%. In addition, the sensitivity of NOx to the air ratio increased during ammonia
combustion. On the other hand, if coal and ammonia are burned in separate (dedicated) burners, it
is easy to optimize the air ratio for each fuel, and it has been shown in previous reports that NOx
can be suppressed even when the ammonia combustion ratio is increased(1). 

We propose a method of utilizing this characteristic by installing ammonia single-fuel 
burners separately from the coal burners and burning them in the boiler furnace. In the boiler, there
are multiple burners installed in the vertical direction, and by changing the number of ammonia
burners installed, it is possible to respond to fuel conversion of 50% or more, and we believe that it
is superior in terms of NOx suppression because it is easy to control the air ratio of each burner. In
addition, during the stage of popularization of ammonia fuel, we devised a burner that can be 
switched from existing coal or oil burners for start-up to ammonia single-fuel burners, with the aim 
of maintaining the rated output and environmental performance of coal single-fuel operation even 
after the burner has been modified. 
2.2 Ammonia supply system 

There are two types of ammonia supply systems assumed: liquid-firing, where ammonia is 
supplied in liquid phase, and gas-firing, where ammonia is supplied in gas phase, and each has 
characteristics and issues as shown in Table 1. In the introduction of ammonia fuel for carbon
neutralization of existing boilers, it is assumed that the conditions for application differ for each
boiler, so MHI is developing burners that correspond to each method, so that customers can choose
either system. 

 
Table 1  Characteristics of liquid- and gas-firing systems  

and their issues in burner development 

  Liquid-firing system Gas-firing system 

 

Characteristics 

Power generation 
efficiency 

- Since liquid ammonia is vaporized 
in the boiler furnace, the efficiency 
is lower than that of gas-firing 
systems. 

- By using a vaporizer that utilizes 
seawater, the efficiency is higher 
than liquid-firing systems due to 
the gain in seawater heat. 

 Fuel piping size 

- Because it is a liquid, the fuel 
piping size is small. 

- Main supply piping size: 
Equivalent to 250 A (example for 
1,000 MW, 50%conversion to 
ammonia) 

- The fuel piping size is large due to 
the increase in volume caused by 
vaporization. 

- Main supply piping size: 
Equivalent to 1,100 A (example for 
1,000 MW, 50% conversion to 
ammonia) 

 

Installation 
space, 
Equipment and 
installation cost 

- Small piping size makes it easy to 
install inside the boiler building. 

- No vaporizer is required, piping 
weight is small, and equipment and 
construction costs are low. 

- Because of the large piping size, 
the layout of the boiler building 
becomes more difficult as the fuel 
conversion rate to ammonia 
increases. 

- Equipment and construction costs 
are high due to the need for 
vaporization equipment (including 
seawater intake equipment), large 
piping weight, etc. 

 Issues in burner development 

- Realization of stable ignition and 
flame retention 

- Reduction of unburned ammonia 
and NOx, and reduction of N2O, 
which has a high global warming 
potential. 

- Prevention of ignition/combustion 
failure due to local temperature 
drops caused by vaporization heat  

- Prevention of vapor lock in 
nozzles and piping 

- Higher ignitability than liquid 
-firing systems. 

- Reduction of unburned ammonia, 
NOx, and N2O, which has a high 
global warming potential 
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2.3 Ammonia single-fuel burners for each combustion system 
(1) Circular firing system 

In the circular firing boiler, the start-up oil burner was changed to what can be switched
to an ammonia single-fuel burner (Figure 1). In the case of liquid-firing, a liquid ammonia 
spray nozzle is placed in the area of the start-up oil burner, and in the case of gas-firing, a gas 
spud nozzle, which has been widely used in our gas burners, is placed in the same area. The
start-up oil burner is sandwiched between the coal burners, and when burning ammonia, the
coal burners and ammonia burners are arranged close together, so it is necessary to evaluate the
ignition stability and NOx characteristics under conditions where the flames of the two burners
affect each other. In the combustion test, the performance was evaluated with a two-stage coal 
burner and an oil/ammonia dual-use burner installed between them. 

(2) Opposed firing system 
In the opposed firing boiler, the coal burner was replaced with a burner that can be

switched to an ammonia single-fuel burner. Due to the burner layout characteristics, the 
distance between adjacent burners is far, so stable ignition and flame retention using a single
burner is essential. Therefore, we evaluated ignition and combustibility using a single burner in
ammonia single-fuel combustion tests. The gas-firing ammonia burner was converted from an
existing gas burner, in the same way as the liquid-firing burner (Figure 1). 

 

Figure 1  Examples of ammonia 50% combustion burner patterns for each combustion 
method and ammonia single-fuel burners 

 

|3. Combustion test equipment 
3.1 Combustion test equipment 

To evaluate combustion stability and exhaust gas performance during coal-ammonia 
combustion and ammonia single-fuel firing, combustion tests are conducted in MHI's 0.5 t/h and 4
t/h furnaces (Figure 2). This facility can be used to test burners for both circular firing and opposed
firing systems. After optimizing the burner shape and combustion air conditions, etc., with a 0.5 t/h
furnace and establishing the basic structure of the burner and operating conditions, scale up to the
full-scale burner equivalent to the actual equipment using 4 t/h furnace and perform a final
evaluation of the combustion performance. In addition to data on the concentrations of various
exhaust gases of concern in ammonia combustion, such as NOx, unburned ammonia, and nitrous
oxide (N2O), the flame temperature and various gas concentrations inside the furnace are obtained
from the access port on the side of the furnace. These data can be used to improve the accuracy of
combustion CFD (Computational Fluid Dynamics). 
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Figure 2  Appearance of the combustion test furnaces 
 

3.2 Ammonia supply and storage equipment 
Figure 3 shows the appearance of the ammonia supply equipment installed under a project

commissioned by NEDO (New Energy and Industrial Technology Development Organization) for
ammonia firing tests. The equipment consists mainly of a liquefied ammonia tank, a receiving 
compressor, a liquid pump, a vaporizer, and an ammonia detoxification tank for purging the
system. The ammonia in the tank is saturated at normal temperature and can be supplied as liquid
phase to the test burner by pressurizing with the liquid pump. In addition, the vaporizer enables an
ammonia supply as gas phase as well. 

 
Figure 3  Appearance of ammonia supply equipment 
 

|4. Combustion test results 
4.1 Burner combustion test for circular firing system 
(1) Evaluation of combustion performance of liquid ammonia and coal combustion 

With liquid-firing, technical issues that were anticipated included poor ignition and
combustion due to local temperature drops caused by the heat of vaporization, and poor
reduction of NOx due to drops in flame temperature. It is also important to verify whether
vapor lock, in which ammonia vaporizes in the fuel nozzle due to heat from the flame and flow
control becomes impossible, will occur. In order to verify these issues, the performance of the
0.5 t/h furnace combustion test was evaluated to clarify the optimal liquid ammonia spray 
nozzle and air distribution. The ammonia combustion ratio with coal was set at 55%. Figure 4
shows the flame conditions during the combustion test. Even under conditions where vapor
lock is a concern, such as during low-load operation when the fuel flow rate is small, stable
supply of liquid ammonia was achieved without vapor lock by maintaining an appropriate
atomization pressure. Figure 5 shows the measurement results for NOx and unburned carbon in
the ash. By optimizing the air ratio conditions for the liquid ammonia spray nozzle and spray
section, both NOx and unburned carbon in the ash were equivalent to those when burning coal
as a single fuel. In addition, the unburned ammonia at the furnace outlet was below the
detection limit (0.2 ppm), indicating that the ammonia was completely burned. The N2O was 
also below the detection limit (0.4 ppm), indicating good combustion performance. In the
future, we plan to verify the performance of the system when scaled up in the 4 t/h furnace test. 
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Figure 4  Flame state in liquid ammonia and coal combustion  

 

Figure 5  Evaluation of combustion performance of liquid ammonia and 
coal (55% ammonia combustion) 

 
(2) Evaluation of combustion performance of gaseous ammonia and coal combustion 

Even with gas-firing, the stability of combustion and NOx characteristics at an ammonia
combustion ratio to coal of 55% were evaluated in a 0.5 t/h furnace combustion test. Figure 6
shows the flame conditions during the combustion test. In the case of gas-firing, compared to 
liquid-firing, there was no ignition delay or flame temperature drop due to vaporization, and the
reduction zone near the burner was kept at a high temperature, which promoted the reduction
and NOx was further reduced. Figure 7 shows the results of measuring NOx and unburned
content in the ash. By optimizing the air ratio of the ammonia burner, NOx was reduced by
approximately 20% from coal single-fuel combustion, and the unburned content in the ash was
almost the same. Through the test, no unburned ammonia was detected at the furnace outlet,
and it was completely burned. In addition, N2O was below the detection limit (0.4 ppm),
indicating good combustion performance. 

 
Figure 6  Flame state in gas ammonia and coal combustion 
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Figure 7  Evaluation of combustion performance of gas ammonia and 
coal (55% combustion) 

 
4.2 Burner combustion test for opposed firing system 
(1) Evaluation of combustion performance of liquid ammonia single-fuel firing 

In the liquid-firing tests, the ignition and combustion performance of the liquid
ammonia-only burners was evaluated with a 0.5 t/h furnace and a 4 t/h furnace. In the 0.5 t/h
furnace test, there was a concern that the temperature would drop due to the heat of
vaporization of ammonia, causing ignition failure, but by optimizing the placement and
direction of the ammonia spray nozzles, stable ignition and flame retention of liquid ammonia 
alone was achieved. The flame detection and exhaust gas properties at the furnace outlet were
stable, and no unstable behavior was observed. As for NOx, the results were equivalent to those
for coal single-fuel firing, as shown in Figure 8(a). As this was a test of ammonia single-fuel 
combustion, there was no comparison of unburned content in the ash, but no unburned
ammonia was detected, and the combustion was complete. N2O was also below the detection
limit (0.4 ppm), indicating good combustion performance. 

In the 4t/h furnace test, the ammonia spray nozzle, which had been optimized in the
0.5t/h furnace, was scaled up and tested using a full-scale burner equivalent to the actual 
equipment. Figure 9 shows the flame conditions when burning liquid ammonia as a single fuel 
in the 4t/h furnace. Even with a burner of the same size as the actual boiler, stable ignition was 
achieved with the liquid ammonia single-fuel firing, and unburned ammonia and N2O were 
below the detection limit. For NOx, as shown in Figure 8(b), it was the same as when burning
coal as a single fuel. In addition, stable combustion was possible even under the lowest load
conditions that could be assumed, taking into account the operation of the actual boiler. 

 

Figure 8  NOx property in liquid ammonia single-fuel firing 
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Figure 9  Liquid ammonia flame state (4 t/h furnace) 
 

(2) Evaluation of combustion performance of gaseous ammonia single-fuel firing 
In the gas-firing test, the ignition and combustibility with the 0.5 t/h furnace were

evaluated. As with the liquid-firing test, stable ignition was achieved in the ammonia
single-fuel firing. The flame detection and exhaust gas properties at the furnace outlet were also
stable, and no unstable behavior was observed. As shown in Figure 10, NOx emissions were 
reduced by approximately 40% compared to the coal single-fuel firing. Since the fuel was gas
phase, unburned ammonia was not detected, and the fuel was completely combusted. N2O was 
also below the detection limit (0.4 ppm), indicating good combustion performance. 

 

Figure 10  NOx property in gas ammonia 
single-fuel firing 

 

|5. Evaluation of the performance of actual boilers using combustion
CFD 
The performance of the developed burner was evaluated using combustion CFD, the

accuracy of which was verified using the results of tests in a test furnace. The analysis target was a
1000 MW class coal-fired boiler with opposed firing system, and the exhaust gas characteristics of 
ammonia combustion at 55% were evaluated for both liquid and gas firing. The boiler to be
analyzed has a total of six burners, with three in front of the boiler and three behind. When burning
coal as a single fuel, 5 stages are used (1 stage is not used), but when burning 55% ammonia, coal
is burned in 3 stages and ammonia is burned in 3 stages. The load was set at 100%, and the
two-stage combustion ratio was set at approximately 30%. The temperature, NOx, and ammonia
concentration distribution inside the furnace are shown in Figure 11. In both the liquid-firing and 
gas-firing cases, the ammonia that is fed into the furnace is completely combusted near the burner.
In the gas-firing case, the combustion is completed closer to the burner than in the liquid-firing
case, because there is no vaporization process. Although NOx is produced in the vicinity of the
ammonia burner, the reduction atmosphere up to the additional air injection point downstream
promotes NOx reduction, and as shown in Figure 12, the results show that NOx is reduced
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compared to when coal is burned as a single-fuel. There was no unburned ammonia, and unburned
loss was also reduced compared to coal single-fuel firing, and good combustion performance was
achieved even in the actual boiler, so a prospect for application to actual boilers was obtained. We 
also plan to continue evaluating the performance of the system when it is applied to actual furnace
in a circular firing boiler. 

 

Figure 11  CFD results for actual boiler  

 

Figure 12  Characteristics of exhaust gas when burning 55% ammonia in an actual boiler 
 



Mitsubishi Heavy Industries Technical Review Vol. 61 No. 3 (September 2024) 
 9 

 

|6. Conclusion 
The development status of ammonia single-fuel burners for the fuel conversion of coal-fired 

power plants to ammonia is described. In order to meet the diverse needs of our customers, we have
developed liquid-firing and gas-firing ammonia single-fuel burners that support circular firing and
opposed firing system, and we have achieved stable ignition and complete combustion even when
the combustion ratio of ammonia and coal is 50% or more, or when ammonia is burned as a
single-fuel, and we have succeeded in reducing NOx to the same level or lower than when coal is
burned as a single fuel.  

From now on, to respond to the initiatives of various customers in Japan and overseas to
utilize ammonia fuel for carbon neutrality, MHI will make every effort to meet a wide range of
ammonia fuel utilization needs in commercial and industrial boilers, from low to high ammonia 
conversion rates. 

This development is being conducted under "JPNP21020 Green Innovation Fund Project /
Fuel Ammonia Supply Chain Establishment / Ammonia high-ratio co-firing and single-fuel firing 
for thermal power generation / High-ratio co-firing and single-fuel firing needed for ammonia
power generation/ Development and demonstration of high-ratio ammonia co-firing technology 
(including single-fuel firing technology) in coal-fired boilers / Demonstration project of high-ratio 
ammonia co-firing in the commercial coal-fired power plants utilizing ammonia single-fuel 
burners" of NEDO (New Energy and Industrial Technology Development Organization) (2). 
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