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ABSTRACT 

Hydrogen production is expected as the useful energy 

storage technology for fluctuation of renewable energy. 

Ammonia is expected to be a hydrogen carrier that has 

potential as a carbon-free fuel. Ammonia is known as a 

nonignitable fuel, and it is not easy to hold ammonia flames 

under atmospheric conditions. A demonstration test with the 

aim of showing the potential of ammonia-fired power plants 

was conducted using a micro gas turbine. A 50-kW-class 

turbine system firing kerosene was selected as a base model. 

More than 40 kW of power generation was achieved by firing 

ammonia gas or a mixture of ammonia and methane by 

modifying the combustor, the fuel control device, and the gas 

turbine start-up sequence. The prototype bi-fuel combustor is 

a swirl combustor employing a non-premixed flame and a 

decreased air flow rate near a gas fuel injector for flame 

holding. Ammonia combustion in the prototype bi-fuel 

combustor was enhanced by supplying hot combustion air and 

by modifying the air inlets. However, the exhaust gases from 

the ammonia flames had high NOx concentrations. NOx 

removal equipment using selective catalytic reduction can 

reduce NOx emission levels to below 10 ppm from more than 

1,000 ppm (converted value of NOx to 15% O2) as already 

reported. However, downsizing of NOx removal equipment 

should be achieved for practical use. Therefore, a low NOx 

combustor was developed. We modified the combustor to the 

rich-lean burning method and found the condition that the NO 

emission can be reduced to less than half, but the NOx 

emission reduction was insufficient as compared with the 

small-scale flow test at the lab scale. Therefore, each part of 

the combustor was redesigned so that mixing of fuel and air 

improves uniformity. Low-NOx combustor (Step2) was 

designed using knowledge of Prototype bi-fuel combustor for 

ammonia (Step0) and Low-NOx combustor (Step1). As a 

result, we found a condition that the NO emission can be 

reduced to 1/4 or less as compared with before redesigning for 

rich-lean combustion. 

INTRODUCTION 

Hydrogen production is expected as the useful energy 

storage technology for fluctuation of renewable energy such 

as solar power and wind power without responding to the 

power demand. Hydrogen carriers are an important 

technology for increasing renewable-energy use. Ammonia is 

expected to be a hydrogen carrier and has potential as a 

carbon-free fuel. Main issues of ammonia combustion are 

combustion efficiency and NOx emission. Ammonia is known 

as a nonignitable fuel, and it is not easy to hold an ammonia 

flame under atmospheric conditions. Hayakawa et al. 

measured the laminar burning velocity of an ammonia–air 

mixture. The maximum value of the laminar burning velocity 

is only 7 cm/s, which is 1/5 of the laminar burning velocity of 

the methane–air mixture (Hayakawa et al., 2015a).  
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Research and development of gas turbines firing 

ammonia were tried in 1960s (Pratt, 1867; Solar Division of 

International Harvester Company, 1968). However, the 

measured combustion efficiency was unacceptably low for gas 

turbine operation and ammonia combustion produces much 

nitrogen oxide, NOx. In the 1970s, pollution problems became 

a major issue. Therefore, ammonia was considered unsuitable 

for fuel. Recently, ammonia was used in selective catalytic 

reduction (SCR) systems for reduction of NOx in exhaust 

gases of Diesel engines and thermal electric power stations. 

The problem of NOx emissions from ammonia-fired engines 

has become solvable. Therefore, recently, ammonia research 

as a fuel is becoming popular (Valera-Medina, 2018). 

Development of power plants firing ammonia have started in 

several countries. Evans proposed the concept of an ammonia-

fueled power plant and carried out combustor tests (Evans, B.  

2013). Valera-Medina et al. researched a gas turbine 

combustor firing ammonia and methane (Valera-Medina, A. 

et al. 2015; Valera-Medina, A. et al. 2017). Ito et al. tested a 

gas turbine combustor firing methane and ammonia (Ito, S. et 

al., 2015; Ito, S. et al. 2016). Uchida et al. tried large eddy 

simulation (LES) of a gas turbine firing methane and ammonia 

mixtures (Uchida, M. et al., 2016). 

The National Institute of Advanced Industrial Science and 

Technology (AIST) and Tohoku University demonstrated a 

micro gas turbine firing ammonia as a small model of gas 

turbine power generation to show the possibility of power 

generation from ammonia combustion (Iki, N. et al., 2014; Iki, 

N. et al., 2015a; Kurata, O. et al., 2015; Iki, N. et al. 2015b; 

Iki, N. et al. 2016a; Kurata, O. et al., 2017a; Kurata, O. et al., 

2017b; Iki, N. et al. 2016b; Iki, N. et al. 2017a; Iki, N. et al. 

2017b; Iki, N. et al. 2017c). A 50-kW class turbine system 

firing kerosene was selected as a base model. The gas turbine 

was redesigned for ammonia combustion by modifying the 

combustor, fuel control device, and gas turbine start-up 

sequence. The prototype bi-fuel combustor (Step0) is a swirl 

combustor employing a non-premixed flame and decreased air 

flow rate near the fuel injector for flame holding. Ammonia 

combustion was enhanced in the prototype bi-fuel combustor 

by supplying hot combustion air and modifying the air inlets. 

The redesigned gas turbine could generate electric power by 

firing ammonia with kerosene. Although the exhaust gases 

from ammonia combustion had a high NOx concentration, the 

SCR unit could reduce NOx emission significantly (Iki, N. et 

al., 2014; Iki, N. et al., 2015a; Kurata, O. et al., 2015). More 

than 40 kW of power was generated by firing ammonia gas or 

a mixture of ammonia and methane (Iki, N., et al. 2015b; Iki, 

N., et al. 2016a; Kurata, O. et al., 2017a; Kurata, O. et al., 

2017b). This prototype gas turbine could achieve low NOx 

emissions using the SCR unit. However, the level of NOx 

emission of this prototype gas turbine without the SCR is 

remarkably higher than the usual power generation plants. 

Therefore, in the next step of the project, AIST and Tohoku 

University tried to develop an ammonia combustion 

technology that enables both better flame stability and lower 

NOx emission in the gas turbine combustor. Short term goal 

is achievement of 200ppm of NOx at 16%O2 without SCR. 

This goal and development of new catalyst for SCR can reduce 

size and cost of SCR unit remarkably in several years. Flame 

observation in the gas turbine combustor was tried to grasp the 

state of the ammonia flame (Iki, N. et al. 2016b; Iki, N. et al. 

2017a) . A combustor test rig was prepared for the 

development of the low NOx combustor and was used to 

check the performance of the combustor (Iki, N. et al. 2017b; 

Iki, N. et al. 2017c). This paper reports the results of the low 

NOx combustors with the combustor test rig and power 

generation with gas turbine. 

Low-NOx Combustion 

Hayakawa et al. showed the NO formation/reduction 

mechanisms of ammonia–air premixed flames at various 

equivalence ratios and pressures (Hayakawa, A. et al., 2015b). 

The mole fraction of NO decreases with an increase in the 

equivalence ratio near stoichiometric condition. Somarathne 

et al. report suitable equivalence ratio for low NOx emission 

(Somarathne, Kunkuma, K. D., 2016; Somarathne, Kunkuma, 

K. D., 2017). Therefore, the concept of rich-lean combustion, 

which is the combination of NH3-rich combustion in the 

primary combustion zone and lean combustion of the 

remaining fuel in the secondary combustion zone, enables low 

NOx emission in a swirl combustor, such as a gas turbine 

combustor.  

Although the redesigned gas turbine with the prototype 

bi-fuel combustor emitted high NO, the maximum value was 

below 2000 ppm at 15% O2. The NO conversion ratio 

decreased with an increase in NH3 concentration in a binary 

fuel of ammonia and methane. The concentration of ammonia 

in the binary fuel was expressed as a ratio of the low heating 

value of ammonia to the sum of the lower heating values of 

the two fuels (Kurata, O. et al., 2017a). In the cases of 

kerosene–ammonia combustion and methane–ammonia 

combustion, the ammonia gas supply increases NOx in the 

exhaust gases dramatically. NO emission peaked at an 

ammonia heat fraction of 0.6 (Kurata, O. et al., 2017a; Iki, N. 

et al., 2017a). Temporal and spatial flame fluctuations were 

observed. Therefore, it was estimated that NOx concentration 

in the combustor may fluctuate temporally and spatially (Iki, 

N. et al., 2017a). The emissions of NO and NH3 clearly depend 

on the combustor inlet temperature at a rotating speed of 

75,000 rpm (Kurata, O. et al., 2017a; Iki, N. et al., 2017a) . 

Nevertheless, air cooling of the combustor liner was as 

necessary for the prototype bi-fuel combustor as it was for the 

gas turbine combustor. The flows in the gas turbine combustor 

are complicated enough to develop an entirely new low-NOx 

combustor. Therefore, redesigning of the prototype bi-fuel 

combustor for rich–lean combustion was tried. The combustor 

test rig was prepared for the development of low-NOx 

combustors. Several parts of the prototype bi-fuel combustor 

(step0) were modified for the prototype low-NOx combustor. 

The emission of the prototype combustors for a 50kW-class 

micro gas turbine firing ammonia–kerosene was investigated 

by using the combustor test rig (Iki, N., et al., 2018). The 

prototype low-NOx combustor could decrease NOx emissions 

below half of the NOx emissions of the prototype bi-fuel 

combustor. The prototype low-NOx combustor could decrease 

NH3 and N2O emissions significantly. However, the prototype 



3 

low-NOx combustor is not suitable for long time operation of 

the micro gas turbine due to starting-up procedure. AIST, 

Toyota Energy Solutions Inc. and Tohoku University 

manufactured the new low-NOx combustor (Step1) and actual 

power generation was performed (Kurata, O. et al., 2019) . In 

order to avoid destruction of the gas turbine, it is necessary to 

modify on the cooling structure of the combustor step by step. 

As Step1 is the first trial version of rich-lean combustor for 

micro gas turbine, the tried modification of the cooling 

structure of Step 1 is limited.  

This paper reports the further modification of low-NOx 

combustor for lesser NOx emission. The experimental data of 

the NOx emission were obtained in the case of the operation 

by firing only ammonia. 

EXPERIMENTAL APPARATUS 

Micro gas turbine 

A 50kW class micro gas turbine was selected as the base 

engine of ammonia fueled gas turbine. The specification of 

this gas turbine is shown in table 1. 

Exhaust gases were sampled at the upstream side of the 

SCR unit. FTIR (Fourier transform infrared spectroscopy, 

BOB-200FT from Best Instruments Co. Ltd.) was employed 

for exhaust gas measurement. Keyence data logger NR-600 

was employed for temperature measurement.  

Its standard swirl combustor is replaced by prototype 

swirl combustors which enables bi-fuel supply of kerosene 

and gas fuel as shown in figure 1. The combustor inlet air was 

heated by the recuperator using gas turbine exhaust energy 

from the gas turbine. A conventional swirl injector for 

kerosene is set in the center of the combustor inlet. Ammonia 

 

        (a) Redesign points 

 

(b) Low-NOx combustor (Step1) 

 

 (c) Low-NOx combustor (Step2) 

Figure 2. Low NOx Combustors 
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Table 1   Specification of base micro gas turbine 

 
Manufacturer  Toyota Turbine and System Inc. (Current 

Toyota Energy Solutions Inc.)  

Cycle  Regenerative cycle  

Shaft  Single shaft  

Compressor  Centrifugal one-stage  

Turbine  Radial one-stage  

Rotating Speed  80,000rpm  

Electric Power Output 50kW  

Fuel  Kerosene  

Combustor  Single can, 
Diffusion combustion  

 

 

(a) Original combustor for kerosene (Iki, N., et 
al., 2016a) 

         

(b) Prototype bi-fuel combustor for ammonia 
(Step0) (Iki, N., et al., 2016a) 

 Figure 1. Prototype Combustor 
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gas is supplied from 12 holes of the fuel gas injector outside 

of the kerosene injector. This fuel gas injector produces non-

premixed flame for easier flame holding. Since the laminar 

burning velocity of ammonia is lower than that of methane 

gas, air flow rate in the combustor was decreased using 

bypasses of air flow by making large holes in the combustor 

liner. Therefore, pressure drop of the combustors for ammonia 

(fig.1 (b)) is not as large as that of the original combustor (fig.1 

(a)). The higher temperature limit of the combustion air at 

recuperator exit was 630 degrees C for heat protection of the 

recuperator. The gas turbine was started by firing kerosene and 

stable power generation was achieved. Then fuel gas supply 

was started gradually. Kerosene supply decreased with 

increase of fuel gas supply in order to hold flame.  

 

Low-NOx Combustor 

The prototype bi-fuel combustor for ammonia 

combustion (Step0) employed non-premixed flame for flame 

stability. Then the Prototype low NOx combustors were tested 

in the combustor test rig (Figure 2). The purpose of this 

redesigning of the prototype bi-fuel combustor is to find the 

low NOx combustion condition and to examine the effect of 

the rich–lean combustion on the combustor. 

Therefore, the redesigned combustor might not start up 

the gas turbine or may extinguish flame in the process from 

start-up to the power generation operation. Therefore, the low-

NOx combustor (Step1) was designed using the several 

knowledges of the prototype low NOx combustor in the 

combustor test rig. The low-NOx combustor (Step1) 

demonstrated the potential of rich-lean concept on low-NOx 

emission. In the case that area of secondary dilution holes is 

2times of Step0, NOx reduction effect is observed and NOx 

emission level takes local minimum around 20kW of electrical 

power output [26]. In the case that area of secondary dilution 

holes is 1.5times of Step0, NOx reduction effect is also 

observed. However, combustor liner temperature reaches to 

1,000 degrees C around 32kW of electric power output before 

NOx emission level takes local minimum. The available 

maximum temperature of the combustor liner of this gas 

turbine is 1,000 degrees C. These results show that the 

combustor liner cooling is important issue on rich-lean 

concept. NOx emission decreases with increase of fuel nozzle 

angle in the case of for Step1.  

Then low-NOx combustor (Step2) was designed by 

improving the combustor liner cooling of primary combustion 

zone as shown in fig. 1(d) and table 2. To achieve lesser NOx 

emission, several parameters were tested. Number of 

secondary dilution holes are increased for reduction of 

circumferential nonuniformity of combustion air supply. In 

the case of case1 NOx reduction effect may be expected at 

higher electric power output when combustor liner cooling is 

succeeded. In the case of case2 lowest NOx emission may be 

expected around 20kW of electric power output like Step1. 

These parameters are shown in table 2, such as gas fuel nozzle 

angle, hole size of gas fuel nozzle, area of secondary dilution 

holes for combustion air, area of air swirler.  

Gas fuel nozzle angle was 45 degree at the maximum for 

step1 and NOx emission is the lowest when Gas fuel nozzle 

angle was 45 degree. Therefore 60 degree of gas fuel nozzle 

angle was also tested. The distance along the nozzle hole axis 

between the nozzle exit and the combustor liner of nozzle 

becomes short. Therefore, area of fuel gas nozzle hole is 

increased due to reduce the velocity of the fuel gas.  

Total area of secondary dilution holes for combustion air 

is same value as that of step1 when NOx emission effect was 

observed. Area of air swirler inlet can be varied by adding the 

ring. Area of air swirler inlet is same value as that of step1 

when NOx emission effect was observed at first (case1, 

case2). And area of air swirler inlet is same value as step0 

(case3).   

Table 2   Combustor design 
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RESULTS 

The experimental condition of the micro gas turbine was 

changed by setting the rotating speed and power output. 

Although control of equivalence ratio of primary combustion 

zone is important for rich-lean concept, flow rate of 

combustion air is mainly controlled by rotating speed and flow 

rate of fuel is mainly controlled by setting of power output. 

Higher combustor inlet temperature gives higher primary 

combustion zone temperature and it may give higher 

combustor liner temperature. Therefore, too high combustor 

inlet temperature may limit the allowed operational range of 

the micro gas turbine due to the higher limit of liner 

temperature in the case of suitable equivalence ratio of 

primary combustion zone for low NOx emission. In that case 

combustor liner cooling system should be redesigned. The 

operational range of micro gas turbine of the low NOx 

combustor Step 1was limited, combustor liner cooling system 

was redesigned. 

Figure 3 shows combustor inlet temperature of 

combustion air. In each case, combustor inlet temperature 

increases with electrical power output. Although the 

difference between cases includes effects of weather condition 

(atmospheric pressure, temperature, wetness), there is a trend 

that the rotating speed reduce combustor inlet temperature. 

The range of combustor inlet temperature is not so different 

with that of micro gas turbine with low NOx combustor Step 

1. Figure 4 shows emission before SCR and highest value of 

combustor liner temperature. NO emission accounts for about 

90% of total NOx emission. NO emission increases with 

electric power output and expected NOx reduction effect is not 

observed under this condition. NO2 emission increases slightly 

with electric power output. N2O emission is quite low level. 

NH3 emission is negligible. Combustor liner temperature 

keeps below 1,000 degrees C. Therefore, redesigned liner 

cooling structure is effective.  

    
Figure 5. NO emission (75,000rpm, Case1) 
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Figure 3. Combustor Inlet Temperature 
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Figure 4. Emission and combustor liner temperature 

(75,000rpm, Case2b) 
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 Since the trend of NO emission determines the total NOx 

emission, comparison of NO emission in several cases are 

carried out as show in figure 5-6. Case1a and Case1b shows 

NO reduction effect and NO emission takes local minimum 

around 20kW of electrical power output. In the case of step1, 

NO emission takes local minimum around 20kW of electrical 

power output when area of secondary dilution holes is 

1.5times of step0. Air flow rate through swirler of step2 may 

be lower than that of step1. 

In the case of case2, NO emission increases with 

electrical power output at every rotating speed. Therefore, 

combustor liner cooling air structure may reduce air flow rate 

through air swirler. This means the ratio of the combustion air 

flow rate of the primary combustion zone and the secondary 

combustion zone may be changed. NO emission in case2a and 

case2b are larger than that in case2a’. This means gas fuel 

nozzle size is also important parameter.  

  
(a) 70,000rpm   

 
(b) 75,000rpm 

  
(c) 80,000rpm 

Figure 6. NO emission (Case2) 
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Figure 7. NO emission (Case3) 
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In order to increase air flow rate through air swirler, area 

of air swirler in case3 is set as same as that of step0. Figure 7 

shows the NO emission in case3. NO reduction effect is 

observed around 30kW of electric power output. NO emission 

in case3a and case3b are almost same and they are smaller than 

that in case3a’. The minimum value of NO emission is 

221ppm at 16%O2 and the minimum value of NO emission is 

241ppm at 16%O2. This value means that NO emission can be 

reduced to 1/4 or less as compared with before redesigning for 

rich-lean combustion.  

Above results means resistance of the original swirler is 

not small enough with the combustor liner cooling structure of 

step2. Therefore, NOx emission reduction near higher 

electrical power output requires reduction of area of secondary 

dilution air holes and/or improvement of air swirler. 

Reduction of area of secondary dilution air holes increases the 

pressure loss of the combustor and reduces the efficiency of 

gas turbine.  Therefore, improvement of air swirler is 

desirable. 

 

SUMMARY 

Low-NOx combustor (Step2) was designed using 

knowledge of Prototype bi-fuel combustor for ammonia 

(Step0) and low-NOx combustor (Step1). As a result, we 

found a condition that the NO emission can be reduced to 1/4 

or less as compared with before redesigning for rich-lean 

combustion. 

1. The redesigned liner cooling structure of low-NOx 

combustor (Step2) is effective.  

2. The redesigned liner cooling air structure may reduce air 

flow rate through air swirler.  

3. NO emission can be reduced to 1/4 or less as compared with 

before redesigning for rich-lean combustion. 
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