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ABSTRACT 
The aim of this study is to analyze the effect of fuel 

composition change on the performance and dynamic behavior 

of a T100 micro gas turbine. Fuel flexibility is a key asset of 

micro gas turbines and can support the energy transition when 

alternative fuels obtained from renewable energy sources are 

used. While the current research is mainly focusing on improving 

combustor performance, it is also required to investigate the 

effects of different fuel blends on the overall system. During 

transient operation, the use of fuels with a low LHV requires an 

increased fuel mass flow that can potentially reduce the 

compressor surge margin. Conversely, sudden composition 

changes of high LHV fuel can cause temperature peaks, 

detrimental for the turbine and recuperator life. 

In this paper, a validated transient model for the T100 

machine has been used to simulate the injection of different fuels 

in the natural gas line (feeding the burner). Injection of hydrogen 

and ammonia, two promising carbon-free fuels, have been tested. 

A transient analysis was performed with this tool to monitor the 

main performance parameters with the aim to (i) verify 

compressor safe operations during different working conditions 

and (ii) to identify appropriate fuel composition change 

schedules to ensure Turbine Outlet Temperature values within an 

acceptable range, while keeping the original fuel control system.  

Keywords: Alternative fuels, Micro Gas Turbine, Transient 

analysis, Surge Margin, Overtemperature 

NOMENCLATURE 
Acronyms 

 AIST National Institute of Advanced Industrial Science 

and Technology  

 CHP Combined Heat and Power 

 LHV Low Heating Value 

 mGT micro Gas Turbine 

 NG Natural Gas 

 PI Proportional Integral 

 PID Proportional Integral Derivative 

 RES Renewable Energy Sources 

 SM Surge Margin 

 TIT Turbine Inlet Temperature 

 TOT Turbine Outlet Temperature 

 TPG Thermochemical Power Group 

 VUB Vrije Universiteit Brussel 

Roman symbols 

 �̇� mass flow rate 

 �̇�𝑠.𝑙. mass flow rate at the surge limit 

Greek symbols 

𝛽             pressure ratio 

𝛽𝑠.𝑙.         pressure ratio at the surge limit  

 

1. INTRODUCTION  
In the recent years, energy production from Renewable 

Energy Sources (RES) has increased exponentially in response 

to climate change and to support the world growing energy 

demand [1]. However, the intermittency and non-dispatchability 

of such sources, like solar and wind, bring additional challenges 

to grid management. In this context, energy storage systems can 

decrease the mismatch between power production and demand, 

relieving the grid during the surplus of renewable production and 

supporting the reduction of fossil fuel utilization [2,3].  

Different energy storage systems have been proposed in the 

literature, each of them with advantages and constraints 

depending on the application. Hydro pump storage is a mature 

solution, but it is limited by geological constraints. Batteries are 

gaining a lot of interest due to their fast response time. However, 

the high cost and required capacity are currently a barrier for an 

extensive use in stationary applications [4]. Therefore, other 

storage solutions are being investigated. Among them, chemical 

storages, namely power to fuel systems,  allow for converting 

electrical energy into a chemical product (i.e. hydrogen, 

ammonia) ensuring good flexibility and long-term high-energy 

storage capacity [5,6]. The alternative fuel so produced can be 

re-used for energy production or in the transportation sector 

contributing to the reduction of their environmental impact.  

Micro Gas Turbines (mGT) are an interesting solution for 

re-converting the stored chemical energy into electric energy, 

due to their high efficiency in combined heat and power (CHP) 

applications, low vibrations and noise levels, quick response, 

modularity and compact size [7–9]. Currently, natural gas (NG) 
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is the most common fuel employed in mGTs, but modifications 

of the combustion system can provide more fuel flexibility. 

Several numerical and experimental activities have been 

conducted with blends containing low concentrations of 

hydrogen to demonstrate the feasibility of their use on 

commercial micro gas turbines [10,11]. For the original T100 

combustor, it was proved that concentrations of up to 10% of H2 

in volume can be used without a re-design of the combustion 

chamber. Calabria et al. [10] performed a CFD analysis on the 

original T100 combustor operating with different concentrations 

of hydrogen in blend with methane. The analysis showed that it 

is possible to operate with 10% of H2 in volume even at part load, 

while higher amounts can lead to flashback issues. The safe 

operation at 10% of H2 in volume was also demonstrated 

experimentally by Reale et al. [12]. The use of hydrogen for 

higher concentrations presents several challenges due to the 

different combustion characteristics compared to conventional 

fossil fuels, such as higher low heating value (LHV), higher 

reactivity, flame speed and burning velocity. Therefore, different 

studies have been conducted with a focus on combustion 

computational modelling to improve its efficiency, stability and 

reduce NOx emissions [13–15]. For example, Cappelletti et al. 

[13] proposed a CFD-based redesign of the T100 combustor 

fuelled with 100% H2. Devriese et al. [16] investigated the 

possibility to use a micromix geometry to reduce NOx emissions. 

Ammonia combustion has also to overcome different issues 

related to the low LHV, low reactivity, high ignition energy and 

low laminar burning velocity [17]. Therefore, initial studies were 

mainly focusing on studying blends containing methane and 

hydrogen, where the latter can be obtained from ammonia pre-

cracking. Valera et al.[18] identified narrow equivalence ratios 

for stable combustion with CH4 – NH3 and H2 – NH3 blends on 

a generic swirl burner. Rocha et al. [19] investigated the 

combustion properties of different ammonia blends in a porous 

burner. Although most of the research activities are dealing with 

generic burners to improve stability and reduce NOx emissions, 

some projects are in place to reach 100% ammonia on micro gas 

turbine combustors [20]. Researchers of the National Institute of 

Advanced Industrial Science and Technology (AIST) were able 

to operate a 50 kW micro gas turbine fired with ammonia-

kerosene blends substituting the original combustor with a 

diffusive bi-fuel combustor [21,22]. After that, they also 

demonstrated the operability of the same micro gas turbine fired 

with pure ammonia, utilizing a two-staged rich-lean burner 

[23,24]. However, one of the limitations is the production of high 

NOx emissions that required a separate gas after-treatment 

systems for their abatement.  

Although the current research effort is mainly focusing on 

improving combustion performance with alternative fuels, there 

is a lack of studies considering the impact of different alternative 

blends compositions at a system level on the steady-state 

performance and transient behavior. These are important when 

considering the possibility to retrofit a micro gas turbine for 

flexible operation with different fuel blends. In particular, 

dynamic analysis is required to investigate the effects on the 

mGT of key performance parameters to ensure safe operation in 

all the working conditions, including transient operations. To 

date, few analyses have been carried out, mainly considering the 

effect of different biogas compositions or small percentages of 

hydrogen blended with natural gas. Zheng et al. converted a 

2MW natural gas-fired gas turbine to operate with biogas 

concentrations. Transient maneuvers during load increase and 

load shedding were performed to investigate the effect of fuel 

type on overspeed, surge margin, fuel mass flow and settling 

time [25]. Zornek et al. analyzed the behavior of a modified T100 

operating with a new flameless oxidation combustor, 

experimentally demonstrating safe operation with different 

biogas composition during start-up and steady-state conditions 

[26]. Gaeta et al. performed an experimental and dynamic study 

of a T100 fueled with methane and small percentages of H2 

(~10% mol), within a hybrid power plan including hydrogen 

production and storage [27]. Therefore, it is necessary to analyze 

the effect of carbon-free fuels, such as hydrogen and ammonia, 

for wider operating ranges. 

This paper intends to evaluate the fuel flexibility of a 

commercial T100 micro gas turbine investigating the effect of 

consistent fuel change on the overall system, analyzing the 

transient behavior of the machine operating with different blends 

of natural gas with hydrogen and ammonia. The analysis has 

been conducted on a previously validated model [28] utilizing 

the TRANSEO tool, a software developed by the 

Thermochemical Power Group (TPG) of the University of 

Genova for the off-design and dynamic analysis of energy 

systems. 

 

2. MOTIVATION 
Considering the need for decarbonization of the energy 

production sector, this work is focalized on the use of carbon-

free hydrogen or ammonia fuels in blend with natural gas to 

reduce the CO2 emissions at the mGT stack. Hydrogen is one of 

the most attractive energy vectors due to its high energy content 

in mass, carbon-free formula, and the possibility to be obtained 

from water electrolysis using the exceeding renewable energy 

production. However, hydrogen has also some limitations related 

to its low volumetric energy density, which makes its storage and 

distribution unpractical and highly expensive [29]. For this 

reason, alternative fuels with higher energy density are currently 

being considered. In particular, ammonia, which can also be 

obtained entirely from RES, is carbon-free, has a higher energy 

density in volume, is easier and cheaper to store and transport 

since the liquefaction is less energy demanding and the 

procedures for safely managing ammonia are already well-

known from the chemical industry [30]. 

The significant differences in terms of physical and 

energetic properties of hydrogen and ammonia result in a 

different impact on the mGT system also depending on their 

content in the NG blends. Figure 1 and Figure 2 show the impact 

on the overall fuel mass flow rate entering the combustion 

chamber and the consequent CO2 emission reduction, as a 

function of respectively different H2 or NH3 percentage content 

in blend with NG, for a T100 operating at nominal power output. 

The results displayed in Figure 2 are referred to a direct use of 
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NH3 in the combustion process. As previously mentioned, 

another option could be to perform a pre-cracking of the NH3, 

which would lead to the combustion of H2 – NH3 – N2 – NG 

blends, where the content of H2, N2 and NH3 depends on the 

considered quantity of NH3 and the rate of conversion. However, 

to have a clear comparison between the effects of H2 and NH3 on 

the system, no pre-processing of the fuel was considered in this 

study. 

 
FIGURE 1: OVERALL FUEL MASS FLOW RATE PERCENTAGE 

VARIATION AND CO2 EMISSION REDUCTION FOR DIFFERENT 

H2-NG BLENDS 

 
FIGURE 2: OVERALL FUEL MASS FLOW RATE PERCENTAGE 

VARIATION AND CO2 EMISSION REDUCTION FOR DIFFERENT 

NH3-NG BLENDS 

By increasing the H2/NH3 vol% in the blend, the resulting 

fuel mass flow rate variation has opposite trends due to the 

different heating values of the fuels. For the H2-NG blends case, 

by incrementing the H2 content, the total fuel rate decreases up 

to 40% in the case of 100% H2 firing. Vice versa for the NH3-NG 

blends case, the increment of the ammonia content leads to an 

increase of the total fuel flow up to more than double (250%) in 

the 100% ammonia case.  

The injection of additional fuel flow, required when utilizing 

NH3 blends, can have consequences on the compressor stability 

both in off-design and transient operations because the 

compressor working point will move closer to the surge limit. 

This is not a limitation for the operation with hydrogen due to 

the reduction of the required overall fuel flow. However, the 

injection of H2 during a fuel composition change maneuver can 

potentially cause problems of overtemperature which can be 

detrimental especially for the turbine and recuperator life if the 

control system is not fast enough to respond to temperature 

variations. Therefore, transient analyses are required to verify 

that dangerous conditions do not occur in all the working 

operations and that no major modifications of the system are 

required, except from the combustion chamber. 

This paper deals with the transient analysis a T100 mGT to 

investigate the effect of fuel change on the overall system when 

injecting different amounts of hydrogen and ammonia, while 

keeping a percentage of natural gas content. Although this 

solution is not completely carbon-free, it can still enable a 

reduction of CO2 emissions, depending on the carbon content of 

the mixture. Operations with different fuel blends can provide 

more flexibility and improve combustion stability while 

supporting the transition to carbon neutrality. Another advantage 

of keeping an amount of natural gas in the blend is the possibility 

to leave the control system almost unvaried when retrofitting the 

micro gas turbine for fuel flexible operation. In the configuration 

proposed in this paper, it is not required to significantly modify 

the control system since the machine regulation can be 

performed acting on the natural gas fuel valve.  

It should be noted that the aim of this paper is to study the 

mGT behavior at a system level. For this reason, a study on the 

combustion performance and emission reduction are not tackled 

in this analysis and it is assumed that stable combustion is 

obtained without limitations on the amount of hydrogen or 

ammonia in blend with natural gas. This is possible considering 

that a new combustor should be developed and installed for fuel 

flexibility operations. Indeed, a combustor re-design is required 

in presence of a high content of H2 and NH3 [13,16,23,24] and it 

will be investigated in future studies. 

 
3. MODELLED mGT 

The modelled micro gas turbine is an AE-T100 (Figure 3), a 

compact recuperated mGT for CHP applications that provides in 

nominal conditions an electrical and thermal power output of 

100kWe and 165kWth respectively, with an electrical efficiency 

of 30% and overall cogeneration efficiency of 80% [31]. The 

mGT main technical data are summarized in Table 1. 

 

TABLE 1: AE-T100 NOMINAL SPECIFICATIONS 

Electrical power  100 kW 

Thermal power 165 kW 

Electrical efficiency 0.3 - 

Overall cogeneration efficiency 0.8 - 

Pressure ratio 4.5 - 

Rotational speed 70000 rpm 

Turbine outlet temperature 918 K 
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FIGURE 3: AE-T100 PICTURE 

The T100 traditional combustor is fired with natural gas, 

where a small percentage of fuel is provided by a pilot line, while 

the remaining is injected into the main line to operate the 

combustor in lean conditions (Figure 4). The fraction of natural 

gas injected in the pilot is used for the ignition of the start-up 

process and to ensure flame stability during normal operating 

conditions, where an almost constant fuel flow is provided. To 

preserve the recuperator life and guarantee relatively high 

efficiency even at part load, the commercial control system 

works at constant Turbine Outlet Temperature (TOT) whose 

value is set around 918K. This is done by varying the natural gas 

mass flow, managing the fractional opening of the main valve.  

 

FIGURE 4: T100 PLANT LAYOUT 

The T100 original layout has been modified according to 

Figure 4, where hydrogen or ammonia can be injected in the fuel 

line of the main burner, downstream of the natural gas fuel valve. 

In this configuration, the pilot line always supplies natural gas, 

while the main line can provide mixtures of natural gas and H2 

or NH3 (depending on the considered storage solution). This 

solution does not require variations on the original control 

system because the regulation of the machine during transient 

maneuvers can still be performed acting on the main valve. For 

example, if the mGT is operating in stable conditions with 

initially 100% of NG and then an amount of H2 or NH3 is 

injected, there will be a rise of the Turbine Inlet Temperature 

(TIT), with a consequent rise of the TOT due to the higher fuel 

flow. However, after a settling time, the control system can 

restore the TOT set point value by reducing the NG fuel flow of 

the main valve. It should be noted that, there is a limit to the 

maximum amount of additional fuel (H2 or NH3) that can be 

injected though the main line. The reason for this is that the pilot 

line always supplies an amount of natural gas and that a small 

fraction of natural gas should also be available for the TOT 

regulation. 

For the case of NH3 injection, the use of only NG in the pilot 

is also beneficial for improving combustion stability. Instead, H2 

could be injected into the pilot line without causing any stability 

issue, due to the presence of a diffusion flame near the pilot 

burner. However, to produce comparable results between the H2 

and NH3 cases, it was decided to inject both fuels (H2 or NH3) in 

the same location. Moreover, the utilization of NG in the pilot 

line allows to avoid changes in the standard T100 control system. 

 
4. MODEL DESCRIPTION AND VALIDATION 

The analysis was conducted with the software TRANSEO, 

which consists of a library of modular components to be used in 

the MATLAB/Simulink environment. Each component and its 

interconnecting logic have already been validated in previous 

publications [32,33]. The “mass continuity” interconnecting 

approach was used, where each component receives information 

of the mass flow rate from either the upstream or downstream 

component and sends in the opposite direction the pressure 

information. This method was proven to be a good compromise 

between calculation accuracy and computational time [28].  

The compressor, turbine and combustor are modelled 

according to a “lumped-volume” approach. The component 

calculations are performed with a superposition of the effects 

that (1) determines the steady-state off-design performance and 

then (2) estimates the dynamic behavior by modelling the 

component as a duct of equivalent cross-sectional area and 

length, where at each time step the continuity, momentum and 

energy equations are solved. The steady-state performance 

calculation depends on the considered component. For the 

compressor and turbine, this is represented by 0-D non-

dimensional characteristic maps, where the non-dimensional 

mass flow and efficiency are determined from the corrected 

rotational speed and pressure ratio. The rotational speed of the 

mGT is calculated from the shaft power balance equation, 

including the mechanical and electrical efficiency. For the 

combustor, the off-design behavior is described by the solution 

of the energy equation taking into account the combustion 

efficiency.  

The recuperator is modelled following a quasi-2D approach 

where the component is divided into four main parts that 

represent the hot and cold flow passages, the internal matrix 

between them, and the external vessel. Each main part is then 

longitudinally discretized into N elements to improve the 
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calculation accuracy of the dynamic energy and heat transfer 

equations that are solved through a finite difference 

mathematical scheme. A lumped-volume approach is employed 

for solving the momentum and mass balance equations, since for 

a recuperator the unsteady fluid dynamics effects are negligible 

compared to the thermal dynamics effects  [32]. 

 The model also includes the T100 control system, 

integrating two control loops. The former is for the control of the 

electrical power output with a feedforward and a slow PI 

technique. The latter employs a fast PID controller to manage the 

fuel valve opening and keep the TOT equal to 918K. First, the 

setpoint value of the rotational speed is calculated by combining 

the effects of the PI controller, which receives the TOT as input, 

and of the feedforward approach based on a predefined table, that 

determines the rotational speed based on the requested electrical 

power output. Then, the information of the desired rotational 

speed is sent to the PID controller that modulates the fuel valve 

fractional opening accordingly. 

The mGT transient model used in this work has been 

validated against experimental data in a previous study where the 

tests were performed using a Turbec T100 (now AE-T100) 

available at the Vrije Universiteit Brussel (VUB) [28]. The 

validation was carried out for both the steady-state and dynamic 

operation. The comparisons against steady-state results showed 

a good matching with errors below 1.5% which are within the 

accuracy range of the sensors The dynamic behavior of the 

model was also validated considering a step change of power 

output from 78.3kW and 59.7kW. Also in this case, the main 

performance parameters were compared against the measured 

experimental data providing a good agreement during the 

transient operation. This model was validated for operation with 

100% NG (Figure 4, black lines) and it was used in this 

numerical study to inject different compositions of H2 or NH3 

(Figure 4, red lines). 

 
5. RESULTS AND DISCUSSION 

The TRANSEO validated model was used to study the effect 

of fuel composition change on the steady-state and transient 

performance. It should be noted that the mGT used at VUB to 

generate the data was modified to operate also according to a 

humidified cycle. Although in this analysis the mGT operates in 

normal working conditions (dry mode), the maximum 

achievable power output of the real machine was lowered to 

85.8kW. This was due to the increased pressure losses caused by 

the extended piping system required for the modification of the 

system. For this reason and because the validation was 

performed with a higher ambient temperature compared to 

nominal conditions (around 298 K), also the electrical efficiency 

was reduced. Nevertheless, the methodology of the presented 

analysis does not lose generality and can be applied to others 

mGTs of different characteristics and sizes. 
 
5.1 Steady-state results 
Steady-state off-design results were obtained at the ambient 

temperature of 298 K, for the electrical power outputs of 50 kW, 

60 kW, 70 kW and 80 kW, imposing different mass 

concentrations of H2 and NH3 and using the traditional control 

system based on constant TOT. This was done to calculate the 

amounts of required mass flow rates of H2 and NH3 to be injected 

for the transient analysesand to calculate the maximum amount 

of fuel that can be injected in the main line at different power 

conditions. The considered power output was limited to 80 kW 

since the model was validated up to 85.8 kW. 

Figure 5 and Figure 6 display the total fuel mass flow and 

the rotational speed respectively for the H2-NG and NH3-NG 

blends. The reduction of the overall fuel mass flow when 

injecting H2 and the increment when injecting NH3 are due to the 

respective increase and decrease of the LHV. In the considered 

plant layout and with the considered traditional control system, 

there are some specific limits on the amount of H2 and NH3 that 

can be injected into the combustion chamber. This is because it 

is assumed that NG is always injected into the pilot line. In 

addition, for safe operations there should always be an amount 

of NG flowing through the main valve to control the TOT if there 

is an external disturbance. This is the proposed approach for not 

changing the machine commercial control system. It is possible 

to reach hydrogen percentages up to around 40% in mass in the 

power range from 50 kW to 80 kW. Percentages of around 50% 

of hydrogen are possible only from 70 kW to 80 kW due to the 

higher overall fuel mass flow rate required for higher power 

outputs. For the ammonia blends, it is possible to reach 

percentages up to around 80% in the 50kW-80kW range due to 

the higher overall fuel mass flow rate required due to the lower 

heating value of the blends.  

 
FIGURE 5: OFF-DESIGN FUEL MASS FLOW AND 

ROTATIONAL SPEED FOR DIFFERENT HYDROGEN MASS 

CONCENTRATIONS 
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FIGURE 6: OFF-DESIGN FUEL MASS FLOW AND 

ROTATIONAL SPEED FOR DIFFERENT AMMONIA MASS 

CONCENTRATIONS 

The rotational speed reduction is due to a decrease of the overall 

mass flow, caused by the fuel flow composition change. For the 

H2-NG blends, this decrement is due to a combined effect of the 

reduction of fuel flow and the increment of the heat capacity of 

the flue gases. For the NH3-NG blends, the rotational speed 

reduction is more noticeable. In this case the mass flow reduction 

is due to the increment of the heat capacity whose effect prevails 

from the increment of fuel flow.  

       The composition change effects on other parameters, such 

as the compressor and turbine efficiencies, are small and were 

not reported. The variations of the compressor efficiency are 

almost negligible, and the turbine efficiency can increase of a 

+0.5% in absolute value (at P=80 kW and 80% of NH3). 

Instead, it is critical to analyze the variation of the surge 

margin during steady-state operations when considering 

different compositions of H2 and NH3. In this study, the surge 

margin (SM) is calculated according to the following 

formulation: 

 
𝑆𝑀 =

𝛽𝑠.𝑙./�̇�𝑠.𝑙.

𝛽/�̇�
 (1) 

where 𝛽 and �̇� are the pressure ratio and air mass flow of the 

considered working condition and 𝛽𝑠.𝑙. and �̇�𝑠.𝑙. represent the 

pressure ratio and air mass flow at the surge limit. The theoretical 

minimum limit for the surge margin, according to this definition, 

should be 1. However, it is always preferable to keep a safety 

margin to avoid any risks in case of minor fluctuations acting on 

the system. In accordance with different previous studies [33], 

the considered lower limit of the surge margin for this analysis 

is 1.1. 

       As expected, the surge margin for the H2-NG blends remains 

almost unvaried (Figure 7) compared to the baseline with 100% 

natural gas operation, whereas for the case of NH3-NG blends 

(Figure 8), the SM reduces as the concentration of ammonia 

increases. The reduction of the surge margin is due to the 

increment of the ratio 𝛽/�̇�. There is both a reduction of the 

pressure ratio and of the mass flow but �̇� ̇ reduces more than 𝛽. 

Despite the surge margin reduction for high ammonia contents, 

during steady-state operation the system is able to operate well 

above the minimum limit of 1.1 even at lower electrical power 

outputs. However, during transient operations, in particular at 

lower electrical power outputs, it could still be possible to reach 

unstable conditions when operating with high ammonia content.  

 
FIGURE 7: OFF-DESIGN SURGE MARGIN FOR DIFFERENT 

HYDROGEN MASS CONCENTRATIONS 

 
FIGURE 8: OFF-DESIGN SURGE MARGIN FOR DIFFERENT 

AMMONIA MASS CONCENTRATIONS 
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5.2 Transient results 
This paragraph analyses the transient behavior of the mGT 

with a focus on: 

1) The surge margin during power decrease steps when 

different mass flows of ammonia are injected in the 

main line. 

2) The overtemperature that could be reached by the TIT 

and TOT when injecting a mass flow of ammonia or 

hydrogen starting from an operation of 100% NG. 

 

The analysis of the compressor stability was performed only 

considering NH3-NG blends since the mGT operating with H2-

NG blends results in similar values of the SM compared to 100% 

natural gas operation, as shown from the steady-state results. 

Two cases of power variation have been considered, one at high 

loads with a step change from 80 kW to 70 kW and the other at 

lower loads from 55 kW to 45 kW, to analyse the combined 

effect of different fuel compositions and power ranges on the 

surge margin. Since the steady-state SM is lower at lower loads 

(Figure 8), this condition is potentially the most critical during 

transient operations. The mGT could operate even at lower 

power outputs than in the 55 kW - 45 kW range, but usually 

lower loads are avoided to keep the emissions within the 

acceptable environmental limits. The simulations were 

performed injecting a constant amount of NH3. It should be noted 

that the percentage of NH3 cannot be constant during a load 

variation if the mass flow is unchanged. For example, in case of 

a load reduction the control system will reduce the amount of 

NG, and consequently the percentage in mass of ammonia will 

increase.  

Initially, a step load reduction from 80 kW to 70 kW was 

considered. This was performed in the case of full natural gas 

operation and in the case of a constant injection of NH3 mass 

flows of 5 g/s and 10 g/s. It was not possible to inject more than 

10 g/s (which corresponds to a concentration of around 82% in 

mass of ammonia at 80 kW) because this would have exceeded 

the maximum allowed mass flow to ensure a proper regulation 

of the main valve.  

 
FIGURE 9: SURGE MARGIN FOR A POWER DECREASE STEP 

FROM 80 kW TO 70 kW INJECTING DIFFERENT AMMONIA 

MASS FLOWS  

The results of this analysis are shown in Figure 9. The reduction 

of the SM after t=0 s for the case of 100% NG is caused by the 

action of the control system. If the load is suddenly reduced, the 

control system reduces the rotational speed with a fast response 

while the pressure remains high before reaching the new stable 

condition. This is normally acceptable because the machine 

operates far from the surge line. When considering the use of 

NH3-NG blends, the lower SM during the load change is a result 

of the combined effect of the lower SM at steady-state conditions 

and the control system. In this case, although the surge margin is 

reduced, this is still kept above 1.1. 

After that, a step change from 55 kW and 45 kW was 

investigated, which represents a more critical condition due to 

starting lower surge margin at steady-state conditions.   

 

 
FIGURE 10: SURGE MARGIN FOR A POWER DECREASE STEP 

FROM 55 kW TO 45 kW INJECTING DIFFERENT AMMONIA 

MASS FLOWS 

Figure 10 shows the surge margin variation comparing the case 

of 100% natural gas operation with the case of a constant 

injection of NH3 mass flows of 2 g/s and 5 g/s. The system 

response has a similar behavior compared with the 80 kW-70 kW 

step condition. However, in this case, it is possible to identify a 

limit at around 2 g/s (which corresponds to a concentration of 

around 32% in mass of ammonia at 55 kW), below which it is 

possible to reach compressor surge for the power step 

investigated. 

  

 

After analysis of the surge margin another analysis was 

performed to evaluate the possibility of reaching high 

temperatures when injecting a quantity of ammonia or hydrogen 

into the main line. In this case the electrical power output was 

kept constant and equal to 80 kW. This is the most critical 

condition since higher fuel mass flows can be injected.  

For the dynamic analysis of the system, fuel steps were 

initially carried out, varying the composition from 100% of 

natural gas to 90% natural gas and 10% of hydrogen or ammonia.  
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FIGURE 11: TIT VARIATION DUE TO HYDROGEN INJECTION 

TO REACH 10% OF H2 MASS COMPOSITION 

 
FIGURE 12: TOT VARIATION DUE TO HYDROGEN INJECTION 

TO REACH 10% OF H2 MASS COMPOSITION 

 When at t=0 s an additional mass flow of H2 or NH3 is 

injected, the temperature initially increases. However, the 

control system is able to reduce the NG flow rate of the main and 

the TOT value of 918 K is restored. As it can be seen from Figure 

11, in the case of hydrogen, excessive peaks in the TIT can be 

reached with a step variation. For this reason, it was then decided 

to gradually vary the composition with 2% steps every 10 s 

and/or linearly with a ramp in 40 s. By gradually injecting the 

hydrogen mass flow it was possible to significantly reduce the 

TIT. This is also reflected on the TOT behavior displayed in 

Figure 12. 

In the case of ammonia, Figure 13 and Figure 14, high 

temperature values are not reached even with a step injection. 

However, a more gradual variation of the composition allows for 

a reduction of the temperature oscillations. The graphs show that 

a higher amount of fuel flow of ammonia can be injected in a 

shorter amount of time without causing excessive peaks of 

temperature, for example, with a step of 5% every 10 s instead 

of a step of 2% every 10 s or with a linear ramp in 10 s instead 

of 40 s. The reason for the initial temperature increase, despite 

the lower LHV compared to NG, is that an additional quantity of 

fuel is injected, and the control system requires some time in 

order to regulate the natural gas mass flow of the main valve to 

restore the TOT to the set point value. 

 
FIGURE 13: TIT VARIATION DUE TO AMMONIA INJECTION 

TO REACH 10% OF NH3 MASS COMPOSITION 

 
FIGURE 14: TOT VARIATION DUE TO AMMONIA INJECTION 

TO REACH 10% OF NH3 MASS COMPOSITION 

Finally, Figure 15 shows the TOT values with a composition 

variation with a linear ramp to reach 10%, 20% and 50%, for 

simplicity presented only for H2 injection. It can be seen that with 

these linear ramps even by increasing the percentage of H2 

excessive temperature peaks do not occur. 

 
FIGURE 15: TOT VARIATION DUE TO HYDROGEN INJECTION 

TO REACH 10%, 20% AND 50% OF H2 MASS COMPOSITION 

WITH A LINEAR RAMP 
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6. CONCLUSION 
In this paper, a T100 microturbine powered both with 

natural gas, coming from the distribution network, and by 

hydrogen or ammonia, coming from a storage system was 

considered. A previously validated dynamic model developed 

with TRANSEO was used to study the effects of fuel 

composition changes on the surge margin and on both the TIT 

and TOT. To keep the original commercial control system, the 

injection of H2 and NH3 was performed into the main line. This 

solution was presented in order not to introduce significant extra 

costs (in addition to a new combustor and a controller to inject 

the new fuel) and increase its competitiveness in the market. 

The steady-state results showed a reduction on the surge 

margin only for the NH3-NG blends due to the increased fuel 

mass flow required for a given power output. After the steady-

state analysis, transient power decrease steps were investigated 

for studying the limits of the ammonia content to inject in the 

blend to ensure stable operation. It was demonstrated that during 

operation at high power settings (from 80 kW to 70 kW) the 

surge margin always operated above the minimum acceptable 

value of 1.1. However, for operation at lower power settings, it 

was possible to reach critical dangerous conditions. For example, 

in the considered step from 55 kW to 44 kW a limit of 2 g/s of 

ammonia (around 32% in mass at 55 kW) was determined. For 

reducing surge problems in case of higher ammonia content at 

low loads, a redesign of the expander could be considered. 

However, this strategy should be carefully analyzed as it an 

expensive solution and reduces fuel flexibility. 

Finally, transient simulation was performed for the analysis 

of possible over-temperatures that can be caused by sudden 

injections of H2 or NH3 in the fuel line. A step variation of the 

composition by adding 10% hydrogen or ammonia to the natural 

gas mixture was performed at constant power output. In the case 

of hydrogen, excessive temperature peaks were determined, 

while in the case of ammonia, high temperatures were not 

reached. Nevertheless, TRANSEO was successfully used to 

define ramps for the variation of fuel with different percentages 

in the fuel mixture to ensure that high peaks of temperature are 

not reached.  
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