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� Hydrogen's potential as an alternative, carbon-free fuel for micro gas turbines is assessed.

� The obstacles of utilizing hydrogen fuel in a micro gas turbine are addressed and the necessary modifications are presented.

� Data from successful tests of a micro gas turbine running on hydrogen blends ranging up to 100% hydrogen is presented.

� NOx emissions below the standard limits were achieved with the new setup.

� The study's outcomes could aid researchers and developers in incorporating hydrogen as a carbon-free energy carrier.
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Hydrogen, as a carbon-free energy carrier, has emerged as a crucial component in the

decarbonization of the energy system, serving as both an energy storage option and fuel for

dispatchable power generation to mitigate the intermittent nature of renewable energy

sources. However, the unique physical and combustion characteristics of hydrogen, which

differ from conventional gaseous fuels such as biogas and natural gas, present new chal-

lenges that must be addressed.

To fully integrate hydrogen as an energy carrier in the energy system, the development

of low-emission and highly reliable technologies capable of handling hydrogen combustion

is imperative. This study presents a ground-breaking achievement - the first successful test

of a micro gas turbine running on 100% hydrogen with NOx emissions below the standard

limits. Furthermore, the combustor of the micro gas turbine demonstrates exceptional fuel

flexibility, allowing for the use of various blends of hydrogen, biogas, and natural gas,

covering a wide range of heating values. In addition to a comprehensive presentation of the

test rig and its instrumentation, this paper illuminates the challenges of hydrogen com-

bustion and offers real-world operational data from engine operation with 100% hydrogen

and its blends with methane.
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Nomenclature

Alphanumeric Variables

cp Specific heat of gas at constant pressure (J/kg K)
_m Mass flow rate (kg/s)

N Relative rotational speed [%]

P Power (kW)

p Pressure [bar]

T Temperature (K)

V Valve position [%]

Greek Symbols

r Density (kg/m3)

4 Equivalence ratio

Indices

comb Combustor

f Fuel

nom Nominal

norm Normalized

Abbreviations

AF Adiabatic Flame

LHV Lower heating value

MGT Micro gas turbine

TIT Turbine inlet temperature

TOT Turbine outlet temperature
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Introduction

Micro gas turbine (MGT) engines with a power output between

3 and 300 kW are instrumental in decentralized power gen-

eration, due to their reliability and ability to quickly respond to

changes in load, making them an ideal backup option for

intermittent renewables [1,2]. Their compact size, lightweight,

and low installation andmaintenance cost further strengthen

MGT's position as a power generator in the future's distributed
power system. Today's MGTs can run on a variety of fuels,

from high-heating value fuels like methane and natural gas to

lower-heating value fuels like biogas.

Despite the fuel-flexibility of MGTs providing a wide range

of options, greenhouse gas emissions from carbon-based fuels

continue to be a concern. Using carbon-free fuels, such as

hydrogen, or carbon-neutral fuels is the most efficient way to

achieve zero net CO2 emissions in anMGT, given the difficulties

associatedwith capturingCO2 due to its lowpartial pressure [3].

The shift from the current power generation infrastructure,

which primarily relies on carbon-based fuels, necessitates

bridging technologies such as fuel-flexible MGTs that can work

with blended fuels containing high levels of hydrogen [4].

Hydrogen fuel has the potential to significantly contribute

to the shift towards a more sustainable and low-carbon en-

ergy system in the heat and power generation sector. The

advantage of using hydrogen in power generation is its ability

to significantly decrease greenhouse gas emissions and

enhance air quality, as it only releases water vapor during

combustion, in contrast to traditional fossil fuels like coal and

natural gas, which emit harmful pollutants. By using
hydrogen as an energy storage solution, excess energy

generated from renewable sources can be saved and utilized

at a later time, ensuring a consistent and dependable energy

supply even when renewable sources are unavailable [5].

Many research and development initiatives have been

carried out on both large-scale and small-scale gas turbine

units to address the challenges of using pure hydrogen or

hydrogen-blended fuels. In 1998, Morris et al. published a

paper [6] that presented their findings on incorporating

hydrogen into heavy-duty gas turbines that were originally

powered by natural gas. According to the authors, adding 10%

hydrogen did not impact NOx emissions, but it reduced car-

bon monoxide production.

Shih et al. [7] conducted a study using computer simulation

to evaluate the impact of hydrogen combustion in micro gas

turbines. The authors employed computational fluid dy-

namics to examine the burning features of mixed fuels with

different hydrogen volumetric fractions (ranging from 0 to

90%) in a can combustor that was initially designed for natural

gas. Several case scenarios were tested to fuel the engine, and

the results indicated steady combustion performance. How-

ever, the researchers found that modifications to the

combustor design were necessary to tackle emissions since

the original design was found to be insufficient [7].

In another study by Imteyaz et al. [8], a series of experi-

ments were conducted to investigate the combustion behav-

iour of hydrogen-enriched methane fuel in a swirl-stabilized

type gas-turbine combustor. The researchers increased the

amount of hydrogen in the blended fuel up to 80% by volume

and derived upper and lower limits for providing air to

maintain stable combustion.

Rajpara et al. [9] performed both experimental and nu-

merical investigations to assess the effect of hydrogen injec-

tion on a gas turbinewith an upward swirl combustor running

on methane fuel. The study found that increasing hydrogen

content resulted in smaller flame dimensions but higher NOx

emissions due to higher flame temperature, as well as a

decrease in CO emissions.

Minakawa et al. [10] designed a prototype of a lean pre-

mixed swirling flame combustor for a micro gas turbine to

operate with pure hydrogen. The combustor was tested at at-

mospheric pressure and demonstrated high combustion effi-

ciency and lowNOx emissions. It was then installed on amicro

gas turbine to assess its performance in actual conditions.

During engine startup, flashbacks were observed which had

not been seen in previous component tests. By controlling the

airflow to the combustor, the flashbacks were prevented, and

the engine achieved self-sustaining operation. The results of

the study confirmed the excellent combustion performance of

the micro gas turbine, including heat release rate, combustion

efficiency, and low NOx emissions in lean conditions [10].

Cappelletti et al. [11] conducted a study to investigate the

combustion of pure hydrogen in a lean premix burner using

both experimental and numerical simulation methods. The

experimental setupwas based on a pre-existing burner from a

heavy-duty gas turbine and wasmodified to allow for variable

premixing levels. The study found that to avoid flame posi-

tioning inside the premix duct, high flow velocity was

required during hydrogen combustion. The results indicated

the potential for developing combustion technology using
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pure hydrogen fuel while maintaining emissions within the

regulated limits.

InMay 2020, Kawasaki successfully tested an industrial gas

turbine with hydrogen fuel using their dry low emission

combustion technology. The combustor employs micro-mix

combustion technology that utilizes ultra-small hydrogen-

fueled flames and achieves low NOx combustion without the

need for water or steam, which is beneficial in terms of cycle

efficiency [12,13].

In this paper, the process of transforming a commercial

micro gas turbine to run on blendedmethane/hydrogen fuel is

outlined in detail. The project began in September 2021 in

Stavanger, Norway, where a 100-kW micro gas turbine was

modified to operate on a blend of hydrogen and methane.

During the first phase, a hydrogen content of up to 30% on a

volume basis was achieved, leading to unstable operation due

to combustion instabilities at high power rates. The findings

fromphase 1 can be found in Ref. [14]. In the second phase, the

combustion chamber and fuel control system were reengi-

neered to handle higher hydrogen content and operate at

higher power rates. All the modifications made to the system

are described and illustrated in the paper. The engine was run

on 100% hydrogen fuel and produced NOx emissions below

regulatory standards, as demonstrated by the data collected

from the sensors, which is presented in the paper.

In the following sections, first, the main challenges of the

work are described, followed by the methods and approaches

to overcome them. Lastly, the experimental results from

running the MGT with a high hydrogen content of up to 100%

are presented and discussed. Throughout the article, the

content of hydrogen is presented as percentages of the whole

fuel based on volume.
Table 1 e Comparison of the properties of hydrogen and
methane in atmospheric pressure and 300 K temperature
[15].

Property Methane Hydrogen

Molecular weight 16:04 g=mol 2:02 g=mol

Density 0:65 kg=m3 0:08 kg=m3

Lower heating value (per mass) 50 MJ=kg 120 MJ=kg

Stochiometric air/fuel ratio 17:1 kg=kg 34:2 kg=kg

Minimum ignition energy 0:28 mJ 0:02 mJ

Flammability limits 0:5 � 1:67 0:1 � 7:1

Stoichiometric air-to-fuel ratio (kg/kg) 17:1 34:1

Stoichiometric air-to-fuel ratio (kmol/

kmol)

59:7 2:4
Challenges of running an Mgt with hydrogen

The transformation of a gas turbine engine, including MGTs,

to run on alternative fuels presents numerous challenges. The

unique characteristics of hydrogen combustion require ad-

justments to both the combustor and other components of the

system to ensure secure and stable operation while adhering

to emission regulations. The difficulties associated with

operatingMGTswith hydrogen or hydrogen-blended fuels can

be categorized into two distinct areas.

� The change in combustion properties of hydrogen

compared to traditional fossil fuels, which affects the

design and function of the combustor, i.e., challenges at

the component level.

� Challenges related to the modification of the flow charac-

teristics as a result of variations in combustion products

and their impact on engine performance, i.e., challenges at

the system level.

In this section, an overview of those challenges is provided.

Component-level complications

Provided in Table 1 is an outline of the physical and chemical

properties of hydrogen and methane, serving to contrast the
combustion characteristics of hydrogen fuel. Variations in

these properties create differences in combustion character-

istics between the two fuels, necessitating distinct combustor

designs. Developing combustor technology for hydrogen

combustion becomes even more complex when the objective

is to operate with both pure hydrogen and hydrogen-blended

fuels.

The hydrogen molecule has a light weight and a broad

flammability range, which makes it suitable for use in gas

turbine engines. It has the ability to burn in a mixture with an

equivalence ratio of 0.1 in lean conditions, and up to 7.1 in rich

conditions, allowing for a wide range of power outputs at

different air-fuel ratios. The values presented in Table 1 are

under atmospheric conditions, however, it is important to

note that the lower limit of flammability increases under high-

pressure conditions and decreases with higher temperatures.

As a result of these opposing effects, the lower flammability

limit of hydrogen in a micro gas turbine is higher than 0.1 but

lower than methane under the same thermodynamic condi-

tions, according to Ref. [16].

Hydrogen and methane have a significant difference in

their minimum required ignition energy, with hydrogen being

about 10 times lower in atmospheric conditions than

methane. This high ignition temperature of methane and its

slow flame propagation temperature can pose difficulties in

ignition and maintaining stable combustion in low-load

ranges of gas turbines. The addition of hydrogen holds the

potential in enhancing combustion performance with regard

to efficiency and stability as shown in studies [8,17e20]. It has

been observed that an increase in the hydrogen share results

in an increase in laminar burning velocity [21]. This is ex-

pected to result in a more stable flame, reducing the risk of

flame-out in lean combustion conditions [22]. The broad

flammability limits, high flame speeds, and low required

ignition energy of hydrogen make it beneficial for hydrogen

engine efficiency. Researchers have found that using

hydrogen as a supplementary fuel to hydrocarbons can

enhance the ignitability and flammability of lean premixed

combustors and potentially allow for stable lean burn at lower

temperatures [17,18]. Blending hydrogen with hydrocarbon

fuels has the potential to improve flame stability in lean

conditions with low temperatures, which in turn could help to

reduce NOx emissions [18,19].

The laminar flame speed, which is an indicator of the

burning rate, can have a significant impact on combustion
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efficiency and serves as the basis of turbulent combustion. In

essence, the laminar flame speed represents the propagation

rate of the flame front relative to the unburned mixture.

Determining values for laminar flame speeds can provide

validation targets for chemical kinetic models or be used in

turbulent combustion models [20].

Zhou et al. [23] conducted numerical and experimental

investigations to study the effect of fuel composition on

combustion kinetics, for different equivalence ratios (0.6e1.5)

and pressures (0.1e0.5 MPa), with a wide range of H2/CO/CH4

compositions. Their research showed that increasing the H2

content in the fuel significantly promotes fuel reaction activ-

ity, which in turn increases the laminar flame speed. Addi-

tionally, the study found that increasing pressure resulted in a

reduction in flame speed.

The addition of hydrogen to the fuel mix also results in a

change in the adiabatic flame temperature, which increases as

the hydrogen content increases [23,24]. The temperature will

rise with the equivalence ratio (4) until reaching its peak,

which occurs in slightly rich conditions (4z1:05). Beyond that

point, the adiabatic flame temperature decreases as the

mixture becomes richer because the specific heat value of the

combustion products decreases at a faster rate than the heat

release rate. The introduction of hydrogen into amethanemix

will cause an increase in the adiabatic flame temperature [22]

as hydrogen will speed up the reaction rate [25].

The production of toxic nitrogen oxides, also known as

thermal NOx formation, is a concern in combustion processes

with high flame temperatures. The oxidation of nitrogen

molecules in the air occurs as the fuel burns at high temper-

atures, leading to the formation of NOx. Research has shown

that a significant amount of NOx formation occurs around

1800 K and the rate of production increases rapidly with

further temperature rise [26].

In gas turbines that use hydrocarbon-based fuels, the

problem of high flame temperatures is addressed by premix-

ing the fuel with air before combustion, thereby keeping the

flame temperature below a certain value without affecting

efficiency [27]. This approach is known as lean premixed

burners or dry low NOx burners, which however, face several

critical issues during fuel premixing, such as combustion in-

stabilities, flashbacks, extinction, and thermo-acoustic in-

stabilities [28,29].

The utilization of hydrogen or hydrogen-enriched fuels in

gas turbines requires rethinking the design of the combustors,

due to the large differences in flammability range and reaction

rates between hydrogen and hydrocarbons [30]. The quick

ignition of hydrogen before adequate premixing with air will

result in high flame temperatures, promoting NOx formation.

Another aspect to consider when examining the effects of

hydrogen addition to fuel is its impact on CO emissions. Car-

bonmonoxide production in a gas turbine is primarily a result

of the incomplete combustion of hydrocarbon fuel and is

therefore inversely proportional to the flame temperature [31].

It is believed that the addition of hydrogen to the fuel blend

will result in a decrease in CO emissions because there will be

fewer carbon elements present and the flame temperature

will be higher in the presence of hydrogen, given that the

equivalence ratios are the same in both cases [32].
System-level complications

The properties of hydrogen and methane, which are distinct

from each other, have an influence on the combustion

behaviour as previously discussed. Variations in fuel flow rate

are expected as a result of differences in heating value and

density between the two fuels. In addition, the altered flow

properties resulting from the different combustion products

could potentially have an impact on the thermodynamics of

the MGT cycle, as outlined in Refs. [33,34].

To assess the impact of the difference in properties be-

tween hydrogen and methane on the combustion character-

istics, a comparative assessment is carried out based on the

design point of the cycle. This assessment is performed by

running the MGT at baseload and ISO conditions. The flue gas

properties are analysed over a range of equivalence ratios for

both methane and hydrogen combustion using Cantera soft-

ware [35]. The air is mixed with the fuel in different equiva-

lence ratioswhile keeping the pressure constant. Thismixture

equilibrates at 21% oxygen and 79% nitrogen, with a pressure

of 4.3 bar and a temperature of 610 K. The results of these

calculations are shown in Fig. 1, which illustrates the adia-

batic flame temperature, the specific heat capacity at constant

pressure, and the density of the flue gas for both fuels. The

results show that the differences in flue gas properties be-

tween methane and hydrogen combustion become more

pronounced as the mixture becomes richer.

In theory, the combustion process of methanewill result in

the production of steam and carbon dioxide which will then

be mixed with the water and nitrogen content in the air, as

described in Eq. (1). On the other hand, the combustion pro-

cess of hydrogenwill result in the production of only steam, as

described in Eq. (2).

CH4 þ 2ðO2 þ 3:76N2Þ /CO2 þH2Oþ 7:52N2 (1)

2H2 þðO2 þ3:76N2Þ /2H2Oþ 3:76N2 (2)

In reality, the combustion process of both methane and

hydrogen fuels can result in the production of toxic nitrogen

oxides, carbonmonoxides, and other radicals, which can alter

the composition and properties of the flue gas produced. To

account for these factors, a computational tool known as

Cantera is used to calculate the chemical potential of each

element present in the flue gas [35]. The tool uses a mixture of

fuel and air and sets it to a state of chemical equilibrium. It

then employs a stoichiometric algorithm to determine the

intermediate states thatmeet the constraints of each element,

though they are not necessarily in a state of chemical equi-

librium [35].

In Fig. 1, the differences in the flue gas properties are

shown to be closely related to the equivalence ratio. To

determine the conditions that exist in the current MGT, it is

necessary to evaluate the value of the equivalence ratio. To

produce 100 kW of power with 30% efficiency, the fuel flow

rate is calculated based on the heat input required. Using

50 MJ/kg of lower heating value (LHV) for methane, 6.7 g/s of

methane is needed and an equivalence ratio of 0.14 is ach-

ieved. The adiabatic flame temperature of the flue gas under

these conditions is recorded as 1230.5 K, with a density of
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Fig. 1 e Flue gas properties in different equivalence ratios for burning methane and hydrogen with air at 4.3 bar and 610 K.
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1.21 kg/m3 and a specific heat at a constant pressure of

1214.8 J/kg K.

To have an assessment of the case with pure hydrogen,

first, it is assumed that the air enters the combustor with the

same pressure and temperature. If the flue gas properties

show a significant difference, itmeans thematching pointwill

alter in a way that the original assumption was not correct.
Table 2 e Flue gas properties comparison for methane and hy

Property

Fuel flow rate for nominal power output

Air flow rate

Flue gas mass flow rate

Flue gas density

Flue gas flow rate

Stoichiometric air fuel ratio

Actual air fuel ratio

Equivalence ratio

Adiabatic flame temperature

Flue gas heat capacity at constant pressure

Mass fraction of N2

Mass fraction of O2

Mass fraction of H2O

Mass fraction of CO2

Mass fraction of NO and NO2 (sum)
The hydrogen fuel rate is calculated based on equal heat input

and 120 MJ/kg of LHV. This leads to 2.8 g/s of hydrogen which

with assumed 0.8 kg/s of the air inlet, an equivalence ratio of

0.12 will be realized. The adiabatic temperature will be

1236.51 K with 1.18 kg/m3 density and 1228.8 J/kg K of specific

heat. All these values and the composition of products are

provided in Table 2.
drogen. Air with 21% O2 and 79% N2 at 4.3 bar and 610 K.

Methane Hydrogen

6:7 g=s 2:8 g=s

0:8 kg=s 0:8 kg=s

0:8076 kg=s 0:8028 kg=s

1:2046 kg=m3 1:1815 kg=m3

0:67 m3=s 0:68 m3=s

17:12 34:06

120 288

0:14 0:12

1230:52 K 1236:51 K

1214:8 J=kgK 1228:8 J=kgK

0:75587 0:76423

0:17352 0:20459

0:03138 0:03092

0:03834 0:00000

< 0:001 < 0:001
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Fig. 2 e Schematic of the components in AE-T100 PH micro gas turbine.
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Shifting the fuel from methane to hydrogen has increased

the temperature by around 6� and with the changes in the

density, the volumetric flow rate at the turbine is changed

from 0.67 m3/s to 0.68 m3/s (a 1.5% increase). The specific heat

capacity of the flue is increased by 1%. These minor changes

are due to lean combustion (4<0:15) in theMGT, so the impact

of fuel alteration on the composition of the flue gas isminor as

the largest share of it is the excess air. For gas turbineswith air

to fuel ratios lower thanMGTs, the variation of flow properties

is expected to be higher [33].

Although the assessmentswere conducted using a reduced

order model, it provides the basis for cycle evaluation, as they

are also usually conducted by zero-dimensional or one-

dimensional models. Even with this level of accuracy, it

could be concluded that the fuel shift from methane to

hydrogen will have a minor effect on the flow entering the

turbine section and therefore only small variations in cycle

points are expected thanks to the low fuel-air ratios in the

MGT.

The following section presents an overview of the experi-

mental setup of the micro gas turbine with details on the

modifications implemented to enable running the enginewith

hydrogen blended fuel. Each of the challenges described pre-

viously has been addressed during the modifications

described.
Fig. 3 e Turbec T100 PH unit with modified combustor and

fuel train for flexible fuel operation.
Development of Mgt running with hydrogen fuel

T100 PH micro gas turbine

The Turbec T100 PH micro gas turbine is a commercial engine

used for the production of both power and heat. The engine

consists of a single-stage centrifugal compressor, a single-

stage radial turbine, and a single tubular combustor. It oper-

ates based on the regenerative Brayton cycle, where the heat

from the hot gas that exits the turbine is transferred to the air

entering the combustor via a recuperator. In addition to the

recuperator, the engine is also equippedwith a gas/water heat

exchanger, which makes use of the remaining heat in the

exhaust gas to warm up the recirculating water. The perma-

nent magnet generator present in the engine enables it to run

with a variable rotational speed.

To produce a desired power output, the controller of the

T100 PH utilizes two main parameters: fuel flow rate and

rotational speed. The engine is run to produce the demanded
power, while maintaining the turbine outlet temperature

below the maximum allowed value to prevent damage to the

hot components of the engine due to high temperatures.

The Turbec T100 PHmicro gas turbine has the capability to

produce 100 kW of power at ISO conditions with a pressure

ratio of 4.3, a turbine inlet temperature of 960 �C, and a rota-

tional speed of 70,000 rpm. The engine operates within the

range of power outputs and the controller manages this by

adjusting the fuel flow rate and rotational speed. To ensure

the endurance of the hot components in the engine, the tur-

bine outlet temperature (TOT) must be maintained below a

maximum allowed value of 645 �C, which is the nominal load.

A schematic representation of the main components of the

T100 PH unit can be seen in Fig. 2.

A T100 PH unit has been installed in the Risavika gas centre

located in Stavanger, Norway. This unit has been the subject

of various research projects in the past. The most recent

program aimed to expand the operation of the micro gas

turbine to a wider range of fuel types, including hydrogen-

enriched fuels and ultimately pure hydrogen. To achieve

this goal, the programwas divided into two phases. In the first

phase, a hydrogen content of up to 30%was achieved, while in

the second phase, the operation was successful with a

hydrogen content of up to 100% while still maintaining

emissions below regulated limits. The modifications made to

the system to accommodate the project are depicted in Fig. 3

and mainly consisted of changes to the fuel system,

combustor, and controller. To evaluate the performance of the

https://doi.org/10.1016/j.ijhydene.2023.06.317
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Fig. 4 e Fuel system arrangement outdoors, the valves left and fuel bottles right.
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engine, numerous sensors were installed, and their readings

were carefully monitored during the testing phase. Each of

these modifications will be discussed in more detail in the

sections that follow.

Fuel system

The original fuel system of the engines was designed to

operate at low pressures, with an external compressor

providing the necessary pressure boost. However, this system

has been replaced with a new set-up that includes fuel sour-

ces such as methane and hydrogen batteries stored in a

bundle structure. The pressure of the fuels is reduced using

pressure relief valves and protected from flashbacks via ar-

restors. The fuel bundles and valves are located outside the

building, with fuel disconnecting valves in place as a safety
Fig. 5 e Fuel system indoors, the mixing station and fuel traine

combustor, right.
measure to cut the fuel supply in the event of a leak. The fuel

bundles and valves can be seen in Fig. 4.

The new fuel train system is temporarily installed on the

MGT and is depicted in Fig. 5. The system consists of separate

lines formethane and hydrogenwhich are combined to forma

mixture that is delivered to the engine. The engine operator

controls the mass flow rates of both fuels to regulate the fuel

ratio. The mixing station has larger diameters than the rest of

the system and is designed to allow for adequatemixing of the

fuels. Themixed fuel then passes through a safety valve and is

divided into main and pilot lines. Initially, two main valves

were installed for increased flexibility in control, but the ex-

periments showed that only one main valve and one pilot

valve were needed to function properly. The fuel is trans-

mitted into the combustor through two lines, with a pilot in

the middle and the main burners surrounding it. The main
d installed on top of the MGT enclosure, left, and the
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Fig. 6 e Evolution of combustion chambers, a) Turbec, b) F400s ver.01 and c) F400s ver.02.
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burner is composed of 10 single-jet nozzles that are supplied

by four lines.

Combustor

The experiments utilized the F400s.3 combustion system

developed by DLR, which consisted of two different flame

tubes: ver.01, with the same length as the original combustor,

and ver.02, with an extended flame tube. This combustion

system was used as a replacement for the original Turbec

swirl-type combustor. All of the experimental results reported

in this work are based on variant (c) shown in Fig. 6.

Unlike the original combustor, the DLR F400's primary

stage doesn't rely on swirl stabilization. Instead, it employs a

stabilization principle that involves a combination of jet and

recirculation, commonly referred to as the FLOX® concept.

However, the pilot stage still uses the widely used swirl sta-

bilization method. The swirler with annularly arranged air
Fig. 7 e Schematic of the FLOX®
and fuel orifices directs fuel tangentially and axially into the

pilot stage, thus enhancing mixing.

In the main stage, the nozzles allow for good premixing

and homogenization of the air-and fuel stream flow before

reaching the flame zone. This, in turn, enhances combustion

stability and reduces peak temperatures, thereby minimizing

the chances of NOx formation.

Fig. 7 illustrates the FLOX® combustor, which features ten

separate nozzles arranged in a circular pattern around the

combustor cross-sectional area and pilot dome to inject main

stage air axially with high momentum. Fuel is injected coax-

ially inside each nozzle to enable controlled premixing. The

air jet mantle serves as a shield, reducing the risk of flashback

and delaying ignition to achieve lean equivalence ratios and

lower combustion temperatures.

Flame stabilization is ensured through a recirculation zone

developed by the air jets, where hot exhaust gases are trans-

ported back toward the root of the flame with negative axial
-combustion principle [36].
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Fig. 8 e Expected relative combustion air over dilution hole diameter.
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velocity. The developing flame is lifted off the combustor base

to avoid excessive material stress inside the combustor head.

More details about the combustor design and principle are

available in Refs. [36,37].

The F400s.3 combustor is designed to operate with a range

of fuels from low calorific synthesis gas up to natural gas. The

combustor core underwent successful testing at DLR in an

atmospheric test rig prior to the MGT test. The atmospheric

tests were conducted with a gradual increase in hydrogen

contents, up to pure hydrogen, to evaluate the fuel flexibility

and performance of the optimized F400s combustor. To

ensure that the velocity fields and jet velocities inside the

combustor were comparable, the fuel input level and the

supplied air were pressure-scaled. OH* chemiluminescence

and emissions measurements were performed to assess sta-

bility and functionality [37]. Results indicated that stable

flames were achieved across the fuel composition range

tested, and no flashback or material problems were observed

during the investigations. The optimized combustor demon-

strated fuel flexibility and an increased operating range con-

cerning NOx emissions. Nevertheless, the increased pressure

level and higher volumetric energy density in the operational

environment introduce new factors that affect combustor

behaviour and were not captured by the atmospheric in-

vestigations at DLR. The tests conducted in this work extend

the experiences to the real-use case and demonstrate the

feasibility of the optimized combustor under operational

conditions.

In a recuperated MGT, a significant [37] amount of air is

used as dilution air to cool down the exhaust gases after

combustion, making them manageable for the turbine. When

operating with high hydrogen content, the air split between

combustor core air and dilution air was adjusted to accom-

modate the changed conditions. The diameter of the dilution

holes downstream of the combustion zone, which distribute

the supplied air inside the combustor, was adjusted to achieve

this. The spot-welded dilution ring with defined holes was

switched to four different configurations investigated ac-

cording to Fig. 8: 9 mm (quite lean), 11 mm (slightly leaner),

12mm (the original syngas configuration), and 13mm (slightly

richer). As the hydrogen content increases, better perfor-

mance of the leaner variants is expected, but there is a higher
risk of a lean blowout of the flame. Optimal operating condi-

tions for increased hydrogen content operation are expected

to be much leaner compared to natural gas operation because

the reactivity of hydrogen is significantly higher, along with

the adiabatic and resulting flame temperature for a certain

amount of air or equivalence ratio (see Fig. 1).

For all results approaching high hydrogen contents up to

pure hydrogen, the 9 mm configuration was used, resulting in

approximately 36% more air distributed to the combustion

zone than in the original configuration. These values are

based on rough estimations by resulting cross-sectional areas

of the different significant holes or openings. This is expected

to allow for low enough NOx emissions levels combined with

sufficient flame stability margin.

Controller system

In addition to the new combustor design, modifications to the

fuel controller were necessary to ensure the safe operation of

the MGT with the ability to vary power and maintain emis-

sions below the regulated values [38]. To accommodate the

MGT to run on blended fuels, a new fuel delivery system was

installed to provide the user-specified fuel mixture for the

engine. To minimize changes to the engine controller, an

additional fuel controller was added upstream from the MGT

controller, which manages the fuel system before the MGT

controller takes over. The modifications to the MGT controller

are limited to adjustments in controller parameters to mini-

mize changes to the existing system.

Fig. 9 presents the schematics of themicro gas turbine unit

designed to operate with fuels containing high levels of

hydrogen. The methane and hydrogen fuels are stored in

bottles under pressures of up to 250 bar. The pressure is then

reduced to 12e15 bar, which is set manually by the operator,

through pressure relief valves. The fuel flow is then directed to

flow controllers, where the mass flow rate of methane and

hydrogen is regulated by the fuel train controller, an addi-

tional system. The purpose of this system is to supply the

desired fuel mixture in accordance with the operator's
specifications.

The mixed fuel enters a series of valves which are pneu-

matically controlled by the MGT controller. The first valve is a
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Fig. 9 e Structure of micro gas turbine unit equipped with the new fuel train system, controllers, and measurement points.
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shutoff valve that connects the mixed fuel to the fuel train.

After that, a 3-way valve is installed which provides a line to

discharge the fuel to the atmosphere for safety reasons. The

main path is divided into two separate lines and valves for the

pilot andmain fuel supply. TheMGT controller regulates these

valves to run the engine according to the operator's demand,

the engine state (start-up, shut-down, steady, etc.), and the

feedback from the engine sensors. Since the MGT controller

has the primary control role, at the beginning of the operation

it sends a signal to the fuel train controller to activate it. In

Fig. 9 the connections between the controllers and valves are

depicted. Moreover, the installed pressure, temperature, and

flow rate sensors are also provided in red font. Some of these

measurements are used by controllers and all of them are

logged and collected for online monitoring of the operation

and further post-process of the data.

The flammability range of hydrogen and methane poses a

challenge in the fuel control systemduring the start-up.When
Fig. 10 e Pilot valve setting, (a) the refer
starting the engine, the combustor runs at pilot mode where

the valve for the pilot burner permits a high flow rate and then

reduces to a lower value that remains unchanged through the

operation. The pilot valve opening is regulated by the

controller based on a map, with respect to the reference TOT

and rotational speed of the engine, which are set by the en-

gine's state and power set point. In Fig. 10 (a) the original

mapping of the valve is presented. This setting is suitable for

fuel blends with low hydrogen content. However, for high

hydrogen content, the flammability limit of the fuel is

reduced, thereforemodifications are implemented to permit a

stable start-up. The new mapping is shown in Fig. 10 (b),

where a smoother transition is provided which is the suc-

cessful pattern derived from a try-and-error procedure during

the tests.

To see the effect of a valve adjustment, the start-up dia-

gram for the engine before and after the pilot valve adjust-

ment is illustrated in Figs. 11 and 12. Themaximumpilot valve
ence settings, (b) modified settings.
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Fig. 11 e Start-up diagram for MGT before pilot valve adjustment. The hydrogen content in the fuel is 55% and the ambient

condition during the test is 14 �C and 1.03 bar.
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opening was 20% in the original setting which is reduced to

around 14.5% for steady opening. These values are reduced to

17% and 10% after the adjustmentwhich is visible in Fig. 10 (b).

The pattern of reference TOT and rotational speed is also

presented in both cases which are the parameters that pilot

maps are based on. With these minor modifications in the

start-up controller, the ignition and initial acceleration of the

MGT were achieved without any difficulties.

Measurement system

To attain the most from the experiments, several additional

sensors were installed at different locations of the engine.

Sensors installed on the new fuel train are employed for

controlling the fuel valves. Moreover, the combustion cham-

ber as the new component of the engine is equipped with

sensors so that its condition is constantly monitored during

the test, trying to avoid high material temperatures. The

pressure and temperature sensors inside the engine cycle are

shown in Fig. 13 and a list of sensorsmeasuring fuel properties

is provided in Table 3. Hydrogen and methane properties are

measured before and after mixing, as shown in Fig. 9. There is

a thermocouple installed inside the combustor which mea-

sures the temperature of the fuel delivered to the combustor.

The accuracy of sensors installed in the cycle and fuel system

is presented in Table 4.

Out of 32 sensors listed in Figs. 13 and 6 sensors are built-

in, and the rest are added for the purpose of the
experiments. The temperature at the turbine inlet is

measured by the thermocouples installed on the combustor,

close to the flue gas exit from the combustor (Fig. 14 (a)). Other

than the flue gas temperature, the metal temperature on both

sides of the liner is alsomeasured tomonitor the component's
condition. An example of such measurement is shown in

Fig. 14 (b). The number of sensors installed on the combustor

and their type and accuracy are described in Table 5.

To evaluate the effect of hydrogen injection on CO andNOx

emissions a gas analyser is installed to measure the concen-

tration of different components. The analyser's probe is

installed on the way of exhaust gas (location 9 in Fig. 13).

During the measurement phase, the exhaust gas emissions

(NOx, CO, CO2) are measured via the system shown in Fig. 15.

The specification of the sensors in the analyser is provided in

Table 6.
Results and discussion

Experiments have been conducted to realize the influence of

enrichingmethane fuel with hydrogen, on the performance of

a micro gas turbine and to investigate the influence of

different amounts of hydrogen blend on the emissions and

the stability of the combustion.

An initial setting was chosen for the new fuel train system,

and it was tested. During the test runs in phase 1, unstable

operations were observed, during which a better controller
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Fig. 12 e Start-up diagram for MGT before pilot valve adjustment. The hydrogen content in the fuel is 75% and the ambient

condition during the test is 15 �C and 1.02 bar.

Fig. 13 e Cycle measurements, the table shows the number of installed sensors at each position.

Table 3 e Sensors installed on fuel system.

No. Description Temperature Pressure Mass
flow rate

1 Methane fuel 1 1 1

2 Hydrogen fuel 1 1 1

3 Mixed fuel 1 2 e

4 Fuel in combustor 1 e e

Table 4e Performance of the installed sensors in the cycle
and fuel system.

No. Sensor Accuracy

1 Temperature ±1.1 �C - 2.2 �C
2 Pressure ±0.3% of Full Scale

3 Mass flow rate ± (0.4% of

Reading þ 0.2% of Full Scale)
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Fig. 14 e Examples of sensors installed in the combustion

chamber, (a) flow temperature and (b) metal temperature.

Table 6 e Sensors in the gas analyser.

Item Unit Accuracy Resolution

1 O2 % ±0.8% of f.v. 0.01 vol%

2 CO ppm ±2 ppm CO 1 ppm CO

3 NO ppm ±2 ppm NO 0.1 ppm NO

4 NO2 ppm ±5 ppm NO2 0.1 ppm NO2

5 CO2 % þ1% of m.v. 0.01 vol% (0e25 vol%)

6 HC ppm ±2% of m.v. 10 ppm
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setup was explored through a try-and-error manner. While

this was effective for hydrogen content below 30%, for higher

contents of hydrogen and especially in high powermodes, the

instabilities grew which were not controllable via fuel injec-

tion control.

During the second phase of the experiments, a modified

version of the combustor was designed and manufactured by

DLR, with smaller dilution holes to increase the airflow to the

main burner and thereby imply more effective material cool-

ing. Stable combustion was achieved in phase 2, thanks to the

combustor setup. During a week of operation, blended fuel

consisting of methane and hydrogen, with a high share of

hydrogen (more than 50%) was fed to the engine, and different

manoeuvres were conducted.

To illustrate the importance of the valve setting, opera-

tional results from the engine before and after valve adjust-

ments are reported here. The normalized values reported in

percentage points are calculated through the equations below,

where Pnom and Nnom represent the power output and rota-

tional speed of the engine at nominal conditions. Tcomb,max

represents the maximum allowed temperature in the

combustor and Tcooling air is temperature of cooling air sur-

rounding the combustion chamber.

Pnorm ¼ P
Pnom

(3)

Nnorm ¼ N
Nnom

(4)

Tcomb;norm ¼ Tcomb � Tcooling air

Tcomb;max � Tcooling air
(5)
Table 5 e Sensors installed on the combustor.

Description No. Of sensors Type Accuracy

Metal temperature 9 Type N ±0.4%
Flue gas temperature 2 Type N ±0.4%
Inlet air temperature 1 Type N ±0.4%
Fuel temperature 1 Type N ±1.5 �C
Fig. 16 displays the main operational parameters during a

start-up and load variation test before the controller modifi-

cations were made. The test was run using a blended fuel

consisting of approximately 55% hydrogen and 45% methane.

A start-up to 85 kW was performed, and before reaching

steady-state conditions, NOx emissions close to 18 ppm were

observed and then reduced to 14.1 ppm at steady-state. When

the power was increased to 100 kW, the NOx emissions rose to

15.7 ppm. The power was then reduced to 80 kW and

increased again to 100 kW. During the second 100 kW load, the

temperature of the flue gaswas slightly higher and sowere the

NOx emissions. The fuel for themain burner was regulated by

themain valve, which variedwith the power output, while the

opening of the pilot valve was almost constant throughout the

operation. The shutdown from 100 kW was accompanied by

changes in the fuel valve positions, and while the main valve

was completely shut off, the pilot valve was reduced to 10%.

The experiments involving themicro gas turbine unit were

conducted by increasing the hydrogen content in the fuel and

running the engine at different power outputs. However,

when the hydrogen content in the fuel exceeded 55%, in-

stabilities during start-ups were observed along with high

NOx emissions. To overcome this, modifications to the control

parameters were made through a try-and-error process,

which enabled safe operation in high hydrogen fuel mode

with low emissions. The results from experiments with

hydrogen content between 55% and 75% are missing due to a

crash in the log systemon one day and fuel leakage on another

day. However, data from experiments with hydrogen content

from 75% to 100% is available, and the effect of valve adjust-

ments on the engine's performance is evident. Fig. 17 shows

the engine's run with a hydrogen content of around 75%. The

reason why the percentage of hydrogen is almost but not

exactly equal to 75% is that the fuel controller is designed to

receive hydrogen/methane mix ratios in mass bases, and the

volume base mix depends on the density of the fuels, which

can vary based on changes in pressure and temperature of the

fuel.

The experiments continued by increasing the hydrogen

content in the fuel and running the engine at different power

levels. However, instabilities were observed during start-ups

and high NOx emissions were recorded when the hydrogen

content was above 55%. To address this, modifications to

control parameters were made through a try-and-error pro-

cess to allow safe operation in high hydrogen fuel mode with

low emissions. The results from two days of runs with

hydrogen content between 55% and 75% are missing due to a

crash in the log system and fuel leakage. However, data from

experiments with hydrogen content from 75% to 100% after
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Fig. 15 e Exhaust gas composition measurements, probe installed on exhaust path in the left and analysing kit in the right.
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the controller modifications are available. Fig. 17 shows the

engine's run with approximately 75% hydrogen. During the

manoeuvre, the engine was started successfully with 75%

hydrogen and 90 kW power output, and the difference in

operation with the new valve settings compared to before the

controller adjustments (Fig. 16) was noticeable. Themaximum

pilot valve opening occurred during the start-up at 17% and

was reduced to around 10% during the rest of the manoeuvre.

The highest NOx emissions during the run were 14 ppm,

which occurred during the power step up to 100 kW. This is
Fig. 16 e Start-up and power stepdown before adjusting the con

ambient pressure was 1.03 bar during the test.
compared to the previous setup where the NOx emissions

were 19 ppm during the overshoot for a 100-kW load (Fig. 16).

Other than transient conditions, the steady-state data from

80-, 90-, and 100-kW power outputs could be compared from

two controller settings. At 80 kW the normalized flue gas

temperature was 88.9% with 13.3 ppm of NOx production,

while the same parameters are 89.2% and 8.1 ppm in the new

controller arrangements. Although the trend of the tempera-

ture of flue gas close to the combustor outlet is consistentwith

the NOx emissions, it is worth mentioning that NOx
troller setup. The ambient temperature was 14 �C and the
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Fig. 18 e Power and rotational speed for manoeuvring with high hydrogen content.

Fig. 17 e Power variation with F400-s ver02, modified controller setup. The ambient temperature was 15 �C and the ambient

pressure was 1.02 bar during the test.
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production is a local phenomenon and more correlated to

temperature in different regions of the combustor. The flue

gas temperature presented here is also a value measured at a

specific location. However, it could be used as an indicator of

temperature increase or decrease in the combustor. For 90-

and 100-kW power outputs, the NOx emissions after

controller adjustments are 10.2 and 12.3 respectively while in

previous arrangements the values were 14.1 for 90 kW and
Fig. 19 e Hydrogen content and NOx emission
15.7 and 16.5 for 100 kW. The adjustment of the pilot valve has

not only provided a stable start-up and ignition but also hel-

ped to significantly reduce the NOx produced during the

combustion.

After reaching a suitable setup for the controller, a series of

experiments were conducted with an increasing share of

hydrogen in the fuel, up to 100%. The whole test included 2

start-ups and shutdowns which lasted for 3 h and 30min. The
s for manoeuvring with 100% hydrogen.
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Fig. 20 e NO and NO2 emissions for manoeuvring with 100% hydrogen.

Fig. 21 e Combustor outlet temperature and turbine outlet temperature for manoeuvring with 100% hydrogen.

Fig. 22 e Fuel valves' position for manoeuvring with 100% hydrogen.

Fig. 23 e Engine rotational speed in different power output

and different hydrogen content.
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collected data are presented in Figs. 18e22. About an hour of

data between two runs is eliminated in these figures, as it was

only a cooling-down process for the engine. The initial igni-

tion was successfully achieved with 90 kW of power with 97%

hydrogen, with a smooth transition thanks to the optimized

valves’ positioning (Fig. 22). In about 10 min, the engine

reached to 95.8% of its nominal rotational speed and produced

90 kW power with NOx productions of less than 20 ppm (Figs.

18 and 19). A 10 kW step-up was conducted after about 10 min

to reach the maximum power of 100 kW. At this point, the

rotational speed was elevated up to 98.9% of the nominal

value and NOx emissions increased to 22.8 ppm (Figs. 18 and

19). Preserving the same power set point, hydrogen was

added to the fuel to reach 98.5% concentration resulting

1.2 ppm increase in NOx emissions, presented in Fig. 19 and

the share of NO and NO2 production in NOx emissions is

visible in Fig. 20.

After about 10 min of running at maximum power, the

power was reduced to 35 kW in steps, without changing the
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fuel blend. The NOx production was consequently reduced in

steps to reach 6.1 ppm at 35 kW power. At this point, the

hydrogen content was increased to 100% to examine the

operation in low power output. The logged data presented in

the figures show that only minor changes occurred in the

engine when the hydrogen share was increased to 100%. With

pure hydrogen, the power was increased to 50, 70, and 80, the

same levels during the step-down with 98.5% hydrogen.

Therefore, a comparison could be conducted; in all these tree

levels, NOx emissions were 1~2 ppm lower than pure

hydrogen. The amount of produced NOx during the load in-

crease with pure hydrogen is lower than step-downs with

98.5% hydrogen. According to Fig. 20, this behaviour was

attributed to lower NO which could be due to hysteresis ef-

fects, since a step up in power (and with it increasing NOx

values) was compared with a step-down manoeuvre, hence

decreasing NOx values.

The MGT was shut down while producing 80 kWwith pure

hydrogen. After waiting for an hour for the engine to cool

down, a start-up to 80 kWwas initiatedwith pure hydrogen. In

that case, NOx emissions were slightly lower than 80 kW

power rates during two previous 80 kW hits which are due to

lower NO production according to Fig. 20. Since a similar

behaviour has been observed by the authors for hot restarts,

this might be an indication of a short cool-downwhich entails

hot-start settings for the engine controller.

With three small steps, the power is increased to 100 kW,

where a stable operation is achieved with pure hydrogen with

NOx emissions of 21.9 ppm.With time passing, the rate of NO2

production decreased and the total NOx produced decreased

to 21.7 ppm. After about 45 min of running the engine with

pure fuel at maximum power, the engine was safely shut

down. The value of TOT is normalized based on Eq. (6) below,

where TOTnom is the turbine outlet temperature at nominal

conditions (temperatures in Kelvin):

TOTnorm ¼ TOT
TOTnom

(6)
Fig. 24 e Turbine outlet temperature in different power output,

temperature.
In Fig. 23, the relationship between rotational speed and

power output is shown after the transient time spans were

removed from the data collected from different engine ma-

noeuvres. The TOT (total temperature of the cycle) of the en-

gine is also considered in evaluating the effect of fuel variation

on the engine's steady-state operation. The rotational speed of

the engine at various power rates exhibits a linear relationship

with power output, which is the expected pattern from the

engine as previously observed when running on fossil fuels.

The highest power output of 100 kW was reached with

hydrogen content ranging from 55% to 100%, and as seen in

Fig. 23, the range of fuel is almost at the same rotational speed.

However, slight deviations in rotational speed can be observed

in the figure, for instance at 60 kW, mainly due to the fact that

they were collected from different experiments carried out on

different days with varying ambient temperatures.

Another cycle parameter indicating the controller's per-

formance is the steady-state condition in turbine outlet tem-

perature, which is provided in Fig. 24, again from all

manoeuvres by filtering the transient time spans. In Fig. 24 (a)

the amount of hydrogen content in the fuel is presented by

colour and as it is visible, the hydrogen content does not seem

to have a correlation with TOT. Note that the relative share of

hydrogen in the figures is calculated on a volume basis. For

instance, at 100 kWhigher hydrogen contents have resulted in

lower TOT values while the opposite could be observed at

80 kW. This is also the effect of ambient temperature, as

illustrated in Fig. 24 (b), higher TOT values are developed in

the cycle when the environment was warmer.

The rate of NOx production in all power production rates

with different hydrogen content is illustrated in Fig. 25. As it is

evident from this figure, the rate of NOx emissions is directly

correlated with an increase in hydrogen content and power

rate, as both will increase the temperature in the combustion

chamber. Therefore, moving to the upper right part of the

graph, the darker the markers become, except for the data

from 55% hydrogen which is not in compliance with this

trend. The data from 55% hydrogen is from the experiments
(a) effect of hydrogen content and (b) effect of ambient
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Fig. 25 e Effect of hydrogen content on NOx emissions in different power output (a) measured values (b) corrected values

based on 15% oxygen case.

Fig. 26 e Effect of hydrogen content on CO emission in different power output(a) measured values (b) corrected values based

on 15% oxygen case.
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before valve adjustments. Fig. 25 shows how the valve ad-

justments are essential to control the emissions; as the col-

oring suggests, the NOx emissions at 100 kW with 55%

hydrogen before valve adjustments are close to the case of

running with 87% hydrogen and producing 100 kW after

optimizing the valve settings.

To be able to compare the emissions against different

combustion systems, the concentration of NOx and CO is

corrected based on the case with 15% O2 in the exhaust gas, as

a standard. For this purpose, the measured emissions are

corrected using Eq. (3) and the corrected values are illustrated

beside the actual values (Figs. 25 and 26).
Xcorr ¼Xmeas

�
20:95� 15

20:95� O2;meas

�
(3)

It is expected that increasing hydrogen content in the fuel

will reduce the rate of CO and CO2 production. The concen-

tration of CO and CO2 ismeasured in flue gas and presented in

Figs. 26 and 27 over a range of experimented power output and

fuel blends. With pure hydrogen combustion, concentrations

of CO and CO2 in the flue gas are zero. With less hydrogen

content the rate of carbon monoxide and carbon dioxide

production increases. Looking at Fig. 26, it can be realized that

https://doi.org/10.1016/j.ijhydene.2023.06.317
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Fig. 27 e Effect of hydrogen content on CO2 emission in

different power output.
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at constant fuel mix (for instance 75% hydrogen), the rate of

CO production is higher at lower powers, which indicates

nonideal combustion in low powers.

Conclusions

In this paper, the objectivewas to explore the potential of using

hydrogen as an alternative fuel for carbon-free power genera-

tion in gas turbines. The challenges of using hydrogen as fuel

include its less stable combustion and a higher likelihood of

flashbacks, as well as higher generation of NOx emissions due

to its higher combustion temperatures. The studypresented the

process of modifying a micro gas turbine originally designed to

run on natural gas, to run on hydrogen-enriched fuel, and

eventually pure hydrogen. The modifications involved the

combustor, fuel train, and controller components. These mod-

ifications enabled the safe operation of the turbine while

ensuring the emissions remained below regulated values.

The micro gas turbine was developed to run on hydrogen-

enriched fuel up to 100% pure hydrogen. To achieve stable

operation throughout the full range of power outputs, modi-

fications were made to the combustor, fuel train, and

controller. During the tests, the volume-based hydrogen

content in the fuel varied from 40% to 100%, and the results

showed a steady operation of the micro gas turbine with NOx

emissions below the regulated limits. The highest NOx emis-

sions recorded for pure hydrogen and full-load operation was

22 ppm, which equates to 62 ppm of the corrected value based

on a reference of 15% oxygen in the exhaust gas. The full range

of operation results with different hydrogen contents is pre-

sented, demonstrating the stability of the micro gas turbine

while meeting the regulatory NOx emission requirements.
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