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Abstract: Hydrogen as fuel in civil aviation gas turbines is promising due to its no-carbon
content and higher net specific energy. For an entry-level market and cost-saving strategy,
it is advisable to consider reusing existing engine components whenever possible and
retrofitting existing engines with hydrogen. Feasible strategies of retrofitting state-of-the-
art Jet A-1 fuelled turbofan engines with hydrogen while applying minimum changes to
hardware are considered in the present study. The findings demonstrate that hydrogen
retrofitted engines can deliver advantages in terms of core temperature levels and effi-
ciency. However, the engine operability assessment showed that retrofitting with minimum
changes leads to a ~5% increase in the HP spool rotational speed for the same thrust at
take-off, which poses an issue in terms of certification for the HP spool rotational speed
overspeed margin.

Keywords: hydrogen gas turbine; retrofitted engine; specific energy consumption (SEC);
engine cycle efficiency; top of climb (TOC); end of runway (EOR)

1. Introduction
In recent years, the aviation industry has experienced significant growth, leading to

a rapid increase in emissions from air transportation. The aviation sector is responsible
for 2–3% of all anthropogenic carbon emissions and 12% of transport-related emissions.
Reducing the climate impact further represents one of Europe’s principal objectives. Com-
mercial aircraft manufacturers have concentrated on enhancing fuel efficiency to lower
operational expenses and boost the payload capacity for airline operators. The aviation
industry accounts for 2.5% of worldwide CO2 emissions, resulting in a 4% increase in
global warming, as illustrated in Figure 1 [1,2].

Alternative aviation fuels encompass bio-jet fuels (kerosene-type fuels derived from
biomass), synthetic jet fuels (kerosene-type fuels synthesized from natural gas and coal),
liquefied natural gas (LNG), liquefied hydrogen (LH2), and electricity. The utilization of
hydrogen (H2) as an alternative aviation fuel represents a significant advancement in the
development of future aircraft engines, aimed at reducing emissions [3–5]. H2 is easily
accessible, possesses the highest energy density (120 MJ/kg) when compared to other
chemical fuels, and offers 2.5 times the energy density per unit mass of hydrocarbon fuels.
It presents significant opportunities for core operating temperature reduction, as well as
energy/fuel efficiency [6–8].
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The ICAO Committee on Aviation Environmental Protection has predicted that car-
bon dioxide emissions will rise by 21%, while nitrogen oxide emissions are expected to 
increase by 16% [4]. Many studies have been conducted in recent years (e.g., [9–14]) iden-
tifying H2 as a crucial step for achieving green aviation and bridging the decarbonization 
gap in the aviation sector. Some of them include studies on the introduction of first-gen-
eration H2 planes, including considerations of retrofitting existing equipment in potential 
near-future scenarios [11–14]. Such studies were the inspiration to delve deeper into the 
performance of H2-fuelled aircraft engines derived by retrofitting existing kerosene ones. 

 

Figure 1. CO2 reduction potential vs. time. Graph from IATA’s technology assumptions (Aircraft 
Technology Net Zero Roadmap, IATA 2023) annotated by the authors of [2]. 

2. Methodology 
When considering retrofitting conventional aero gas turbines with H2 fuel, certain 

modifications must be considered. Initially, the fuel system needs to be completely differ-
ent. Then, the combustion chamber must be redesigned to prevent extremely high H2 
flame temperatures and must be mixed with air and H2 effectively, taking advantage of 
its lean combustion abilities. These modifications are necessary to ensure the feasibility of 
incorporating H2 fuel. Beyond these, modifications to the hot section gas path can also be 
envisaged in an effort to adapt the engine design to the different gas composition. 

In the present study, three strategies for engine modification are considered. The en-
gine cycle design and performance simulations were performed using Turbomatch 3.0 
software [15,16]. The engine modification strategies considered herein are as follows. 

2.1. Baseline Kerosene Engine (BKE) 

The baseline engine model is inspired by a state-of-the-art three-shaft turbofan en-
gine, configured with a single-stage fan, 8-stage IPC, 6-stage HPC, single-stage HPT, 2-
stage IPT, and 6-stage LPT. The engine cycle design is set utilizing a standard three-point 
cycle design matching scheme. The thrust requirements for the three points of the cycle 
design, mid-cruise (MCR), top of climb (TOC), and end of runway (EOR), are presented 
in Table 1. These are assumed based on typical thrust ratios for such applications. 

  

Figure 1. CO2 reduction potential vs. time. Graph from IATA’s technology assumptions (Aircraft
Technology Net Zero Roadmap, IATA 2023) annotated by the authors of [2].

The ICAO Committee on Aviation Environmental Protection has predicted that carbon
dioxide emissions will rise by 21%, while nitrogen oxide emissions are expected to increase
by 16% [4]. Many studies have been conducted in recent years (e.g., [9–14]) identifying H2

as a crucial step for achieving green aviation and bridging the decarbonization gap in the
aviation sector. Some of them include studies on the introduction of first-generation H2

planes, including considerations of retrofitting existing equipment in potential near-future
scenarios [11–14]. Such studies were the inspiration to delve deeper into the performance
of H2-fuelled aircraft engines derived by retrofitting existing kerosene ones.

2. Methodology
When considering retrofitting conventional aero gas turbines with H2 fuel, certain

modifications must be considered. Initially, the fuel system needs to be completely different.
Then, the combustion chamber must be redesigned to prevent extremely high H2 flame
temperatures and must be mixed with air and H2 effectively, taking advantage of its
lean combustion abilities. These modifications are necessary to ensure the feasibility of
incorporating H2 fuel. Beyond these, modifications to the hot section gas path can also be
envisaged in an effort to adapt the engine design to the different gas composition.

In the present study, three strategies for engine modification are considered. The
engine cycle design and performance simulations were performed using Turbomatch 3.0
software [15,16]. The engine modification strategies considered herein are as follows.

2.1. Baseline Kerosene Engine (BKE)

The baseline engine model is inspired by a state-of-the-art three-shaft turbofan engine,
configured with a single-stage fan, 8-stage IPC, 6-stage HPC, single-stage HPT, 2-stage
IPT, and 6-stage LPT. The engine cycle design is set utilizing a standard three-point cycle
design matching scheme. The thrust requirements for the three points of the cycle design,
mid-cruise (MCR), top of climb (TOC), and end of runway (EOR), are presented in Table 1.
These are assumed based on typical thrust ratios for such applications.



Eng. Proc. 2025, 90, 24 3 of 9

Table 1. Net thrust requirements for baseline kerosene engine.

Operating Point Altitude
[m]

Mach
[-]

FN
[kN]

∆T from ISA
[K]

MCR 10,668 0.85 56.5 0
TOC 10,668 0.85 73.4 +10
EOR 0 0.25 300 +15

The efficiencies for the turbomachinery components as well as the cycle design core
temperature constraints are detailed in Table 2. These refer to an Entry-Into-Service
2025–2035 timeframe. The optimum fan pressure ratio (FPRopt) is achieved at cruise by
iterating to minimize specific fuel consumption (SFC), as suggested by Guha [17]. The fan
diameter is maintained at 3 m, a fact which largely determines the TOC mass flow rate.

Table 2. Component efficiencies and cycle design core temperature constraints for EIS 2025–2035.

Component Efficiencies DP Value Cycle Design Constraints Value
[K]

Fan ηisentropic 94% T30 1003.6
IPC ηisentropic 93% T40 2050
HPC ηisentropic 91% T41 1950

Combustor 99.99% T blade 1200
HPT ηisentropic 90%
IPC ηisentropic 93%
LPC ηisentropic 93%

Following the modelling of the BKE, the next step involved modelling the H2 fuel
system needed for the retrofit strategies. The combustor is assumed to operate effectively
with H2 fuel at both lean and full load conditions. The H2 fuel is introduced into the
combustion chamber as a gas at 250 K, assumed to be vaporized by a heat exchanger, while
it is stored in the aircraft tanks as a liquid (cryogenic tanks at approximately 20 K [18]).
The goal was to utilize the BKE as modelling platform and adapt it to operate on H2 fuel
while maintaining a high degree of component commonality. This approach would enable
a performance comparison of the H2 retrofitted engines with the BKE.

2.2. Strategy 1: New Hot Section H2 (HS-H2)

The first proposed strategy suggests replacing the fuel system and combustor, while
redesigning the hot section to accommodate changes due to the gas properties of hydrogen
combustion products. All cold section components remained the same with the BKE (this
means that the same component characteristics were). In this case, the turbine components
and the core nozzle require modifications, ranging from partial changes to a complete
redesign of the components. This methodology ensured that the cold end components
remained the same with the BKE, while the combustion chamber and hot end components
were retrofitted for H2 fuel. This approach allowed for the evaluation of the performance of
the H2 retrofitted engine to meet thrust requirements during the three cycle design points.
This study also aimed to determine whether this retrofit strategy would be practical for
engine operation. Due to H2’s higher energy density, the core nozzle area was readjusted
and reduced by 12.1% compared to the BKE.

2.3. Strategy 2: New Combustor and Nozzle H2 (CN-H2)

The second potential strategy for retrofitting H2 fuel is only to replace the fuel system
and the combustor while adjusting the core nozzle area. In this case, all compressors and
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turbines remain the same as in the BKE. The core nozzle area was reduced by 12.13% relative
to the BKE to accommodate the changes due to the gas properties of the exhaust gases.

2.4. Strategy 3: New Combustor H2 (C-H2)

The final potential retrofitting strategy considered the minimum number of changes to
engine hardware. Thus, only the fuel system and the combustion chamber were replaced,
while all other engine components, including the core nozzle, remained the same as in
the BKE.

3. Results and Discussion
3.1. Engine Performance (MCR Conditions)

The BKE is designed to operate efficiently at the MCR point for turbofan engines,
as most of the fuel is consumed during this stage. Thus, this was the operating point
selected as the cycle design point. The design point performance parameters for the BKE
are detailed in Table 3.

Table 3. MCR performance data for BKE.

Condition OPR
[-]

BPR
[-]

FPR
[-]

CDT
[K]

COT
[K]

SEC
[W/N]

Specific Thrust
[N/kg/s]

MCR 50.05 9.59 1.51 812 1453 588.3 106.48

All H2 retrofitted engines are designed to match the exact thrust output of the BKE.
Figure 2a below demonstrates that all three retrofitted engines at MCR operate at a lower
overall pressure ratio (OPR) compared to the BKE, with reductions of 3.3%, 2.7%, and
1.9%, respectively. This is accompanied by reductions in the fan pressure ratio (FPR) and
compressor delivery temperature (CDT). This is due to the amount and composition of the
new combustion gases that forced the spools to balance at lower levels of rotational speed
for the same thrust. Notably, the HS-H2 engine exhibits a higher bypass ratio (BPR) of 1.7%,
while the CN-H2 and C-H2 engines display lower BPRs of 2.5% and 1.9%, respectively,
compared to the BKE. This shows the redistribution of the flows due to the adjustment of
the engine spool rotation to the new equilibrium operating conditions (generally referred
to as the “rematching” of spools). The rematching of spools involves balancing high-, low-,
and intermediate-pressure spools while they operate at different rotational speeds to drive
the compressor and turbine stages, which require careful coordination for efficiency. After
upgrading components like advanced turbine blades, spool rematching ensures smooth
power transfer and optimized airflow. Based on this, the combustor outlet temperatures
(COTs) for all three retrofitted engines were found to be lower than those of the BKE by
1.3%, 2.7%, and 2.7%, respectively. Figure 2b shows that at the same MCR thrust, the
HS-H2, CN-H2, and C-H2 variants have a 1.4%, 1.4%, and 0.8% reduction in specific energy
consumption (SEC), respectively, increasing the overall engine efficiency (see Figure 3b).
Both HS-H2 and CN-H2 engines exhibit higher specific thrust, which results in lower
propulsive efficiency; however, for the C-H2 engine, specific thrust remains the same as
that for the BKE.
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Figure 2. Parameters of H2 retrofitted engines compared to BKE under MCR condition: (a) OPR, 
BPR, FPR, CDT, and COT; (b) SEC and specific thrust. 

  
(a) (b) 

Figure 3. Parameters of H2 retrofitted engines compared to BKE under MCR condition: (a) Efficien-
cies of BKE; (b) Deviation of efficiencies from BKE. 

3.2. Engine Performance (TOC and EOR Conditions) 

All three H2 retrofitted engines are simulated to run at the same thrust requirements 
with the BKE. Table 4 shows the main parameters for the BKE. 

Table 4. TOC and EOR performance data for BKE. 

Condition OPR 
[-] 

BPR 
[-] 

FPR 
[-] 

CDT 
[K] 

COT 
[K] 

SEC 
[W/N] 

Specific Thrust 
[N/kg/s] 

TOC 59.92 8.83 1.615 894 1651.2 621.86 132.84 
EOR 55.36 8.96 1.564 1003.6 1833.1 415.6 221.7 

All retrofitted engines operate at lower OPR and COT values, as shown in Figure 4. 
This indicates that all three retrofitted engines operate below the blade temperature tech-
nology threshold under the EOR conditions for both the compressor outlet and turbine 
inlet. This can enhance the engine’s lifespan and reduce maintenance frequency. Further-
more, lower core temperatures can lead to lower NOx emission characteristics for such 
engines. Nonetheless, despite the fact that the H2 retrofitted engine variants show lower 
levels of OPR and core temperatures in general, they still provide lower specific energy 
consumption at all points presented herein. 

Figure 2. Parameters of H2 retrofitted engines compared to BKE under MCR condition: (a) OPR, BPR,
FPR, CDT, and COT; (b) SEC and specific thrust.

Eng. Proc. 2025, 90, x  5 of 9 
 

 

HS-H2 CN-H2 C-H2
-4%

-3%

-2%

-1%

0%

1%

2%

D
ev

ia
tio

n 
fro

m
 b

as
el

in
e 

ke
ro

se
ne

 OPR  BPR  FPR  CDT  COT 

HS-H2 CN-H2 C-H2
-1.5%

-1.0%

-0.5%

0.0%

0.5%

1.0%

1.5%

D
ev

ia
tio

n 
fro

m
 b

as
el

in
e 

ke
ro

se
ne

 SEC  Specific Thrust

 
(a) (b) 

Figure 2. Parameters of H2 retrofitted engines compared to BKE under MCR condition: (a) OPR, 
BPR, FPR, CDT, and COT; (b) SEC and specific thrust. 

  
(a) (b) 

Figure 3. Parameters of H2 retrofitted engines compared to BKE under MCR condition: (a) Efficien-
cies of BKE; (b) Deviation of efficiencies from BKE. 

3.2. Engine Performance (TOC and EOR Conditions) 

All three H2 retrofitted engines are simulated to run at the same thrust requirements 
with the BKE. Table 4 shows the main parameters for the BKE. 

Table 4. TOC and EOR performance data for BKE. 

Condition OPR 
[-] 

BPR 
[-] 

FPR 
[-] 

CDT 
[K] 

COT 
[K] 

SEC 
[W/N] 

Specific Thrust 
[N/kg/s] 

TOC 59.92 8.83 1.615 894 1651.2 621.86 132.84 
EOR 55.36 8.96 1.564 1003.6 1833.1 415.6 221.7 

All retrofitted engines operate at lower OPR and COT values, as shown in Figure 4. 
This indicates that all three retrofitted engines operate below the blade temperature tech-
nology threshold under the EOR conditions for both the compressor outlet and turbine 
inlet. This can enhance the engine’s lifespan and reduce maintenance frequency. Further-
more, lower core temperatures can lead to lower NOx emission characteristics for such 
engines. Nonetheless, despite the fact that the H2 retrofitted engine variants show lower 
levels of OPR and core temperatures in general, they still provide lower specific energy 
consumption at all points presented herein. 

Figure 3. Parameters of H2 retrofitted engines compared to BKE under MCR condition: (a) Efficiencies
of BKE; (b) Deviation of efficiencies from BKE.

3.2. Engine Performance (TOC and EOR Conditions)

All three H2 retrofitted engines are simulated to run at the same thrust requirements
with the BKE. Table 4 shows the main parameters for the BKE.

Table 4. TOC and EOR performance data for BKE.

Condition OPR
[-]

BPR
[-]

FPR
[-]

CDT
[K]

COT
[K]

SEC
[W/N]

Specific Thrust
[N/kg/s]

TOC 59.92 8.83 1.615 894 1651.2 621.86 132.84
EOR 55.36 8.96 1.564 1003.6 1833.1 415.6 221.7

All retrofitted engines operate at lower OPR and COT values, as shown in Figure 4.
This indicates that all three retrofitted engines operate below the blade temperature technol-
ogy threshold under the EOR conditions for both the compressor outlet and turbine inlet.
This can enhance the engine’s lifespan and reduce maintenance frequency. Furthermore,
lower core temperatures can lead to lower NOx emission characteristics for such engines.
Nonetheless, despite the fact that the H2 retrofitted engine variants show lower levels of
OPR and core temperatures in general, they still provide lower specific energy consumption
at all points presented herein.
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Figure 4. Parameters of H2 retrofitted engines compared to BKE: (a) OPR, BPR, FPR, CDT, and COT 
under TOC condition; (b) SEC and specific thrust under TOC condition; (c) OPR, BPR, FPR, CDT, 
and COT under EOR condition; (d) SEC and specific thrust under EOR condition. 

3.3. Engine Operability 

Engine operability is evaluated from an off-design, steady-state performance point 
of view. This study refers to assessing the compressor surge margins and the rotational 
speed levels of both spools. This is performed to ensure that the H2 retrofitted variants do 
not cross the limit values of acceptance. Figure 5a illustrates the fan characteristics with 
the MCR points of all engine models, while Figure 5b shows the same characteristics but 
with the TOC and EOR points. The MCR points of the HS-H2 and CN-H2 engines are at 
a lower FPR, and corrected flow compared to the BKE. This is due to the spools rematch-
ing at lower rotational speed levels for the same thrust, as discussed previously. The C-
H2 engine’s operating point remains close to the BKE, showing no significant changes. 
This is due to the fact that all component characteristics remained unchanged (fixed hard-
ware), and the presence of H2 fuel changed the HP spool balance while the LP spool re-
mained unaffected, leading to the same level of specific thrust as the that of the BKE. Sim-
ilar trends are observed for all H2 retrofitted engines at the two off-design points. This 
illustrates that as far as the fan is concerned, none of the H2 retrofitted variants present 
any behaviour that would lead to surge or overspeed. 

Figure 4. Parameters of H2 retrofitted engines compared to BKE: (a) OPR, BPR, FPR, CDT, and COT
under TOC condition; (b) SEC and specific thrust under TOC condition; (c) OPR, BPR, FPR, CDT,
and COT under EOR condition; (d) SEC and specific thrust under EOR condition.

3.3. Engine Operability

Engine operability is evaluated from an off-design, steady-state performance point
of view. This study refers to assessing the compressor surge margins and the rotational
speed levels of both spools. This is performed to ensure that the H2 retrofitted variants do
not cross the limit values of acceptance. Figure 5a illustrates the fan characteristics with
the MCR points of all engine models, while Figure 5b shows the same characteristics but
with the TOC and EOR points. The MCR points of the HS-H2 and CN-H2 engines are at a
lower FPR, and corrected flow compared to the BKE. This is due to the spools rematching
at lower rotational speed levels for the same thrust, as discussed previously. The C-H2
engine’s operating point remains close to the BKE, showing no significant changes. This is
due to the fact that all component characteristics remained unchanged (fixed hardware),
and the presence of H2 fuel changed the HP spool balance while the LP spool remained
unaffected, leading to the same level of specific thrust as the that of the BKE. Similar trends
are observed for all H2 retrofitted engines at the two off-design points. This illustrates that
as far as the fan is concerned, none of the H2 retrofitted variants present any behaviour that
would lead to surge or overspeed.
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tional speed of the HS-H2 engine decreases by 2.2%. Under the TOC and EOR conditions, 
the IP spool rotational speed of the HS-H2 engine decreases by 1.5%, while for both C-H2 
and CN-H2 engines, it increases by 3% and 4%, respectively. These show that some con-
sideration has to be included regarding the increased IP spool rotational speed, although 
the levels of increase do not seem to reach any limiting values. Regarding the IP compres-
sor surge margin, it either remains practically constant (the HS-H2 variant) or it actually 
increases (the CN-H2 and C-H2 variants) compared to the BKE. Thus, IP spool operability 
seems to result in acceptable levels for all H2 retrofitted variants. 
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Figure 6. IPC map operating points for BKE and H2 retrofitted variants at (a) MCR and (b) TOC and 
EOR. 

Finally, Figure 7a,b illustrate the MCR, TOC and EOR operating points for all engines 
in the HP compressor characteristics. At Mid-Cruise (MCR), all H2 retrofitted variants re-
match at a lower pressure ratio level; thus, a higher surge margin is obtained compared 
to the BKE. However, although the HS-H2 variant showed similar HP spool rotational 
speed levels to the BKE, the CN-H2 and C-H2 variants exhibited higher rotational speeds 
by 3.5% and 1.5%, respectively. Such a speed increment can be within acceptable over-
speed limits for such engines. However, under TOC and EOR conditions, the HP spool 

Figure 5. Fan map operating points for BKE and H2 retrofitted variants at (a) MCR and (b) TOC
and EOR.

Figure 6a,b illustrate the MCR, TOC and EOR operating points for all engines in the
IP compressor characteristics. In this case, the IP spool rotational speed increases for both
CN-H2 and C-H2 engines by 2% and 1.5%, respectively. Conversely, the IP spool rotational
speed of the HS-H2 engine decreases by 2.2%. Under the TOC and EOR conditions, the IP
spool rotational speed of the HS-H2 engine decreases by 1.5%, while for both C-H2 and CN-
H2 engines, it increases by 3% and 4%, respectively. These show that some consideration
has to be included regarding the increased IP spool rotational speed, although the levels
of increase do not seem to reach any limiting values. Regarding the IP compressor surge
margin, it either remains practically constant (the HS-H2 variant) or it actually increases
(the CN-H2 and C-H2 variants) compared to the BKE. Thus, IP spool operability seems to
result in acceptable levels for all H2 retrofitted variants.
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Finally, Figure 7a,b illustrate the MCR, TOC and EOR operating points for all engines
in the HP compressor characteristics. At Mid-Cruise (MCR), all H2 retrofitted variants
rematch at a lower pressure ratio level; thus, a higher surge margin is obtained compared
to the BKE. However, although the HS-H2 variant showed similar HP spool rotational
speed levels to the BKE, the CN-H2 and C-H2 variants exhibited higher rotational speeds
by 3.5% and 1.5%, respectively. Such a speed increment can be within acceptable overspeed
limits for such engines. However, under TOC and EOR conditions, the HP spool rotational
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speed increments for the CN-H2 and C-H2 variants were 5.5% and 5%, respectively. From
a certification point of view, such values can be considered as borderline for an acceptable
HP spool overspeed margin, keeping in mind that further overspeed margins will still need
to be considered for the H2 retrofitted variants.
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4. Conclusions
The present work highlights the key performance and operability attributes of existing

engines retrofitted to run on H2 gas. The study excluded any H2 fuel conditioning from
the calculations. All H2 retrofitted engines show potential for a reduction in both SEC and
core temperatures. Even for the case of only modifying the fuel system and the combustor,
the engine cycle performance shows potential for reduced core temperatures, with all the
benefits that come with it, without compromising SEC. However, it is important to note that
the engine operability assessment showed that care needs to be taken with the HP spool
rotational speed adjustment and its overspeed margin. Besides that, the surge margins of
all compressors, for all H2 retrofitted variants, were found to be acceptable. The next steps
of this work involve “H2 Clean Sheet” engine design strategies for the same application
and a final evaluation and comparison of all H2 variants against the BKE.
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