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ABSTRACT 

The Gas Turbine (GT) represents one of the most significant technological advancements of the early 20th 

century. A limited number of studies have explored the significance of intercooling in improving GT 

efficiency. Specifically, the comparative performance of GT utilizing Natural Gas (NG) and hydrogen fuel, 

with and without intercoolers, remains largely unexplored. In this study, design point and off-design 

performance models for a three-shaft GT were developed using commercial software. During the model 

development process, the intercooler was considered, as the GT was originally designed with an 

intercooler. The intercooler was subsequently deactivated to simulate the GT's performance with NG and 

without an intercooler. Following this analysis, the fuel type was switched to hydrogen to investigate the 

performance of the GT with and without an intercooler. The results indicate that the inclusion of an 

intercooler increases the power output from 75,176.8 kW to 99,000.2 kW for NG and from 75,012.2 kW to 

99,001.6 kW for hydrogen. However, the thermal efficiency marginally decreases from 45.5% to 45.14% 

for NG and from 45.9% to 45.52% for hydrogen. These findings demonstrate that the intercooler enhances 

power output but results in a minor drop in efficiency. Furthermore, hydrogen consistently exhibits 

superior thermal efficiency and fuel consumption compared to NG in both scenarios. 

Keywords-GT; intercooler; hydrogen fuel; NG   

I. INTRODUCTION  

The GT is a combustion engine that converts fuel into 
mechanical energy through the motion of its blades, enabling 
the turbine to generate power. Most GTs are designed to 
operate at higher pressure ratios. In such cases, an intercooler, 
functioning as a heat exchanger, is incorporated into these 
systems [1]. To reduce the temperature of the working fluid, 
the intercooler is placed between the Low-Pressure Compressor 
(LPC) and High-Pressure Compressor (HPC) to decrease the 
temperature and diminish the workload on the compressors [2]. 
Integrating this approach, specifically the addition of an 

intercooler, into a GT cycle would lead to decreased fuel 
consumption. Consequently, this would result in an increase in 
the engine power output [3]. Thus, it is considered a beneficial 
technique for improving the overall efficiency of a GT cycle 
and reducing emissions [4]. However, when an intercooled heat 
exchanger is incorporated into a GT cycle, a reheating unit 
should be installed downstream of the compressor to 
compensate for the decrease in flow temperature. Furthermore, 
GTs equipped with intercooled systems are employed in 
various types of engines, including aero-engines, like the GE 
LMS 100, Siemens SGT-A65 engine, and marine engines, such 
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as the Westinghouse and Rolls-Royce WR-21 [5-7]. The 
intercooler design can accommodate either gas-gas or gas-
liquid working fluids, with flow configurations, such as 
counterflow, parallel flow, or crossflow [8]. Additionally, there 
are two flows of working fluid that move perpendicularly to 
each other in a crossflow arrangement. 

Relocating the intercooling within an intercooled-
supercharged GT Brayton cycle on the efficiency of a 
supercharged GT system indicated that the mass-specific power 
and thermal efficiency were 20-30% higher than those of the 
traditional cycle [9]. A thermo-economic investigation of the 
intercooling cycle was carried out to determine the cost of GT 
cycles [10]. The impact of the intercooling cycle on emission 
performance was studied, providing a comprehensive analysis 
of the intercooled cycle [11]. However, the study lacks relevant 
research on integrating the guiding vane outlet and stator into a 
single blade to reduce system load and dimensions. The results 
indicate that the ideal specific heat ratio increases with the 
cycle pressure ratio, but efficiency can be improved by 
increasing the maximum temperature and total pressure ratios. 
A group of researchers developed a thermodynamic software 
model for an intercooled-cycle GT to study environmental 
factors and intercooler performance in relation to marine 
engine performance, using a MATLAB/Simulink-based 
nonlinear simulation model to identify optimal flow rates based 
on atmospheric and seawater conditions [12]. Furthermore, 
studying the thermodynamic cycle optimization of an 
intercooled turbofan engine, revealed that fuel consumption 
significantly depends on the height of intercooler fins, 
requiring optimal designs [13]. 

The existing literature has explored the performance of 
intercooling using NG and hydrogen fuels. However, the 
impact of intercooling on the performance of GTs remains 
understudied. This investigation aims to examine the influence 
of intercooling, either integrated in the presented system or not, 
on the performance of a three-shaft GT when operated with NG 
and hydrogen fuels. Figure 1 depicts the GT system under 
study comprises seven principal components. 

 

 

Fig. 1.  Schematic of three shaft GT with stations and an intercooler. 

II. DEVELOPMENT OF A GAS TURBINE 

PERFORMANCE MODEL 

Developing design-point and off-design models is crucial 
for optimizing GT performance [14]. The design point model 
represents the engine's performance at the specified maximum 
designed load. From an off-design performance simulation 
perspective, the design point is viewed as a single operating 

condition. By combining the individual component 
performances of the GT, the overall performance of the GT 
cycle can be determined [15]. The data utilized in the 
development of the design point model were sourced from the 
manufacturer's catalogue. To achieve accuracy and validate the 
obtained results, both the design point and off-design models 
were calculated using the energy balance and optimization 
techniques [16]. If the model's output matches the data 
provided by the manufacturer, then the model is considered 
reliable in terms of predicting engine performance [17]. 

A. Design Point Performance Modeling  

The design point represents the optimal operating 
conditions of the GT, encompassing factors, such as inlet air 
conditions, rotational speed, and fuel flow rate. The input data 
consists of the ambient conditions, component efficiencies, 
compressor pressure ratio, mass flow rate, fuel-air ratio in the 
combustion chamber, and turbine inlet temperature. A 
performance model was created to determine the values of all 
unknown parameters at a specific operating point using 
thermodynamic equations. Evaluating the energy balance and 
compatibility of components that share a common shaft is 
crucial. A programming language, such as MATLAB or 
another suitable option, can be employed to develop the design 
point model. The design point performance model was 
developed by incorporating the input parameters obtained from 
the product data sheet and published literature [16]. The 
combustion chamber performance model was designed using 
the energy balance equation, taking into account pressure loss. 

�� �ℎ� � �� � 	
� �  ɳ�� �  ��� � � �� ��ℎ� (1) 

�� � �  �� ����� ���

ɳ�� ���� ─ �� 
2    (2) 

!�"� �  !�"#     (3) 

!�"� �  !�"#     (4) 

!"# �  !�$�%      (5) 

where LHV indicates the lower heating value, ɳ��  is the 
combustion efficiency, �� � is the inlet air mass flow rate, �� � is 

the fuel mass flow rate, and ℎ� is HPC outlet enthalpy, !�"�  is 
low-pressure compressor work, !�"�  is HPC work, !�"#  is 
high-pressure turbine work, !"#  is power turbine work, and 
!�$�%  is the load. 

The validation conditions were achieved when the model 
was fully optimized. To conclude, the results of the design 
point model were compared to the design parameters provided 
in the gas turbine manufacturer. After examining the design 
point model output, it was concluded that the model closely 
matches the data provided by engine manufacturer, with only 
minor discrepancies. 

B. Off-Design Performance Modeling  

Following the successful completion of the cycle design 
point calculations, an off-design model was developed. The 
fundamental phase in off-design simulations entailed adjusting 
the target engine's design point using the specialized technique 
of scaling, in conjunction with the existing compressor and 
turbine mappings. The subsequent step in the off-design 
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process was component matching, which involved employing 
the iterative Newton-Raphson method to establish the 
compatibility between work and mass flow [14]. A steady-state 
off-design operating line is typically generated using the 
Newton-Raphson iterative method due to its efficacy in 
handling non-linear systems [18]. The off-design model was 
validated by comparing it to catalog data and the commercial 
software GasTurb 12. The power output as a function of 
ambient temperature was employed to verify the off-design 
model. In Figure 2, the power output exhibited a maximum 
variation of 0.002% with respect to ambient temperature at 
each operating point. 

 

 
Fig. 2.  Off−design model validation with the power output versus ambient 

temperature. 

III. COMPARATIVE ANALYSIS 

The parametric analysis on GT performance with and 
without an intercooler, utilizing NG and hydrogen as fuel 
sources, reveals that incorporating an intercooler significantly 
enhances power output and fuel flow rate for both fuels. Figure 
3 shows the flow diagram of the followed procedure. 

 

 

Fig. 3.  Flow diagram of the comparative study. 

Specifically, hydrogen power output increases from 
75,012.2 kW to 99,001.6 kW, while NG power output rises 
from 75,176.8 kW to 99,000.2 kW. This improvement is 
attributed to the effect of intercooler cooling on the compressed 
air, enabling more effective combustion. However, this 

enhancement is accompanied by a slight reduction in thermal 
efficiency, with hydrogen experiencing a 0.28% decrease and 
NG a 0.36% decrease. Additionally, the intercooler reduces 
exhaust temperatures and increases the heat rate, indicating 
improved fuel efficiency.  

IV. RESULTS AND DISCUSSION 

This study presents a comprehensive performance analysis 
of a system utilizing both NG and hydrogen fuels, with and 
without the incorporation of an intercooler. The analysis 
examines various performance parameters, including power 
output, thermal efficiency, power turbine exit temperature, heat 
rate, fuel flow rate, power-specific consumption, booster surge 
margin, and HPC surge margin, in relation to ambient 
temperature variations. 

A. Effect of the Inclusion of an Intercooler on the 
Performance of GTs 

A parametric study on a gas turbine engine with intercooler, 
operating on NG and hydrogen fuel, found that changing fuel 
type from NG to hydrogen led to a 0.37% deviation in thermal 
efficiency and a 187 kW power output deviation at lower 
temperatures. At higher temperatures, the deviation was 0.39% 
and the output was reduced to 73 kW. The average deviation in 
thermal efficiency at all ambient temperature points was 
0.38%, and the average deviation in power output was 0.065%. 
Figure 4 shows that for both NG and hydrogen fuel, thermal 
efficiency and power output reduce linearly with increasing 
ambient temperature. At 243.15 K, NG had a thermal 
efficiency of around 46.75% and a power output of 1.25 × 
105 kW. When using hydrogen, the efficiency was 47.12% and 
the power output was 1.23 × 10

5
 kW. As the temperature rose 

to 315.15 K, NG efficiency dropped to 43.75% and the power 
output was 0.85 × 10

5
 kW. Hydrogen efficiency decreased to 

44.14% and the power output was 0.85 × 10
5
 kW. The gas 

turbine efficiency increased when the fuel type was changed 
from NG to hydrogen due to three factors: flue gases, 
combustion fuel LHV, and turbine enthalpy reduction. 

Figure 5 portrays the relationship between heat rate and 
power turbine exit temperature as a function of ambient 
temperature. At off-design conditions, at a lower temperature 
of 243.15 K, the change in the heat rate due to fuel switching 
was 61.16 kJ/kWh and the change in power turbine exit 
temperature was 2.07 K. At a higher temperature of 315.15 K, 
the change in the heat rate was 72.92 kJ/kWh and the change in 
the power turbine exit temperature was 2.08 K. The average 
change in the heat rate across the entire range of ambient 
temperature points was 66.17 kJ/kWh, and the average change 
in the power turbine exit temperature was 2.02 K. For both NG 
and hydrogen fuels, the heat rate and power turbine exit 
temperature increased with rising ambient temperature as 
indicated in Figure 5. At 243.15 K, NG had a heat rate of 7700 
kJ/kWh, and a power turbine exit temperature of 661 K, while 
hydrogen had a heat rate of 7639 kJ/kWh and a power turbine 
exit temperature of 659 K. As the temperature increased to 
315.15 K, NG's heat rate rose to 8227 kJ/kWh and the power 
turbine exit temperature to 679 K, whilst hydrogen's heat rate 
increased to 8154 kJ/kWh and the power turbine exit 
temperature to 677 K. 
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Fig. 4.  Relationship between power output and thermal efficiency versus 

ambient temperature with intercooling for both NG and hydrogen fuel. 

Figure 6 shows the relationship between fuel flow rate and 
power-specific fuel consumption as a function of ambient 
temperature for both NG and hydrogen fuels. At off-design 
conditions with a lower temperature of 243.15 K, the fuel flow 
deviation resulting from the fuel change from NG to hydrogen 
was 3.09 kg/s, and the deviation in power-specific fuel 
consumption was 0.9. At the higher temperature of 315.15 K, 
the fuel flow deviation was 2.3 kg/s, and the deviation in 
power-specific fuel consumption was 0.96. On average, the 
fuel flow deviation across the entire range of ambient 
temperatures was 2.67 kg/s, while the average deviation in 
power-specific fuel consumption was 0.93. The increasing 
ambient temperature leads to a decrease in fuel flow and a 
slight increase in power-specific fuel consumption for both NG 
and hydrogen fuels. At 243.15 K, the fuel flow for NG was 
5.29 kg/s, and the power-specific fuel consumption was 
approximately 0.15, whereas for hydrogen, the fuel flow was 
about 2.20 kg/s, and the power-specific fuel consumption was 
0.64. As the temperature increases to 315.15 K, the fuel flow 
for NG decreases to about 3.94 kg/s, and the power-specific 
fuel consumption is around 0.16, while for hydrogen, the fuel 
flow is about 1.64 kg/s, and the power-specific fuel 
consumption is approximately 0.68 kg/kWh. 

The study examines the relationship between the surge 
margins of the HPC and the booster, and the ambient 
temperature, for both NG and hydrogen fuel is shown in Figure 
7. The findings indicate that the transition from NG to 
hydrogen fuel led to a 0.2% deviation in the HPC surge margin 
at a lower temperature of 243.15 K, and a 0.11% deviation in 
the booster surge margin at a higher temperature of 315.15 K. 
The average deviation in the HPC surge margin across all 
ambient temperature points was 0.91%, while the average 
deviation in the booster surge margin was 0.37%. At 243.15 K 
and with the use of NG, the HPC surge margin was 23.13% 
and the booster surge margin was approximately 43.56%. 
When using hydrogen, the HPC surge margin was around 
23.15% and the booster surge margin was 43.56%. As the 
temperature increases to 315.15 K, and with NG as the fuel, the 
HPC surge margin rises to about 24.22% and the booster surge 
margin is around 62.28%. In contrast, when using hydrogen, 
the HPC surge margin increases to 24.20% and the booster 
surge margin reaches approximately 62.28%. 

 

Fig. 5.  Relationship between heat rate and power turbine exit temperature 

versus ambient temperature with intercooling for both NG and hydrogen fuels. 

 

Fig. 6.  Relationship between fuel flow rate and power specific fuel 

consumption versus ambient temperature with intercooling for both NG and 

hydrogen fuels. 

 

Fig. 7.  Relationship between surge margins of HPC and booster versus 

ambient temperature with intercooling for both NG and hydrogen fuels. 

B. Performance of a GT without Intercooler Addition 

The results of the parametric study on a modeled GT engine 
without an intercooler, operated with NG and hydrogen fuel, 
are presented below. The parametric study investigated the 
impact of a temperature range from 243.15 to 315.15 K on 
thermal efficiency, power output, fuel flow rate, power-specific 
fuel consumption, heat rate, power turbine exit temperature, 
HPC surge margin, and booster surge margin. At off-design 
conditions with a lower temperature of 243.15 K, the thermal 
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efficiency deviation between NG and hydrogen fuel was 
0.16%, and the power output deviation was 2798 kW. At a 
higher temperature of 315.15 K, the thermal efficiency 
deviation was 0.11%, and the power output deviation decreased 
to 4806 kW. The average deviation in thermal efficiency across 
the entire ambient temperature range was 2.55% when 
changing the fuel from NG to hydrogen, and the average 
deviation in power output was 3.03%. 

Figure 8 exhibits that due to the absence of an intercooler, 
both fuels exhibited a linear reduction in thermal efficiency and 
power output as the ambient temperature increased. At 243.15 
K, the thermal efficiency was approximately 46% and the 
power output was around 9.4 × 10

4
 kW for NG, while for 

hydrogen, the thermal efficiency was about 45% and the power 
output was 9.1 × 10

4
 kW. As the temperature rose to 315.15 K, 

the thermal efficiency dropped to around 43% and the power 
output decreased to approximately 6.0 × 10

4
 kW for NG, 

whereas for hydrogen, the thermal efficiency decreased to 
approximately 44% and the power output to about 6.5 × 10

4
 

kW. The decrease in thermal efficiency for both fuels at higher 
temperatures was due to the reduced density of the air intake, 
resulting in less power generation and less efficient 
combustion. Compared to NG, hydrogen maintained better 
thermal efficiency but experienced a sharper decline in both 
efficiency and power output as the ambient temperature 
increased. 

 

 

Fig. 8.  Relationship between power output and thermal efficiency versus 

ambient temperature without intercooling for both NG and hydrogen fuels. 

Figure 9 illustrates the relationship between heat rate and 
power turbine exit temperature as a function of ambient 
temperature. At the lower temperature of 243.15 K, the 
deviation in heat rate due to switching from NG to hydrogen 
fuel was 29.48 kJ/kWh, and the deviation in power turbine exit 
temperature was 3.27 K. At the higher temperature of 315.15 
K, the deviation in heat rate was 215 kJ/kWh, and the deviation 
in power turbine exit temperature was 5.51 K. The average 
deviation of the heat rate across the entire range of ambient 
temperature was 59.46 kJ/kWh, and the average deviation in 
power turbine exit temperature was 2.97 K. The figure shows 
that for both fuels, heat rate and power turbine exit temperature 
increase with rising ambient temperature. At 243.15 K, the heat 
rate was 7893 kJ/kWh, and the power turbine exit temperature 

was approximately 639.27 K when using NG, while with 
hydrogen the heat rate was about 7922 kJ/kWh and the power 
turbine exit temperature was 642.54 K. As the temperature 
increases to 315.15 K, the heat rate rises to around 8399 
kJ/kWh and the power turbine exit temperature is 
approximately 705 K when using NG, whereas with hydrogen 
the heat rate increases to 8184 kJ/kWh and the power turbine 
exit temperature is about 699.33 K. 

In Figure 10, at off-design conditions, with a lower 
temperature of 243.15 K, the difference in fuel flow rate due to 
the transition from NG to hydrogen was 2.45 kg/s, and the 
deviation in power-specific fuel consumption was 0.91 
kg/kWh. At 315.15 K, the difference in fuel flow rate was 1.57 
kg/s, and the deviation in power-specific fuel consumption was 
0.997 kg/kWh. The change in the fuel type from NG to 
hydrogen resulted in an average deviation of 2.037 kg/s in the 
fuel flow rate and an average deviation of 0.93 kg/kWh in 
power-specific fuel consumption across the entire range of 
ambient temperature points. Figure 10 demonstrates that as the 
ambient temperature increases for both NG and hydrogen fuel, 
the fuel flow rate decreases, while the power-specific fuel 
consumption increases slightly. At 243.15 K, with the use of 
NG, the fuel flow rate was 4.14 kg/s, and the power-specific 
fuel consumption was approximately 0.15 kg/kWh. When 
using hydrogen as the fuel type, the fuel flow rate was around 
1.7 kg/s, and the power-specific fuel consumption was 0.67 
kg/kWh. As the temperature rises to 315.15 K, with NG as the 
fuel type, the fuel flow rate decreases to approximately 2.81 
kg/s, and the power-specific fuel consumption is around 0.16 
kg/kWh. In contrast, when using hydrogen, the fuel flow rate 
was about 1.24 kg/s, and the power-specific fuel consumption 
was around 0.997 kg/kWh. The analysis above demonstrates 
that as the temperature increases, the fuel flow rate decreases, 
and the power-specific fuel consumption increases with rising 
temperature. 

 

 

Fig. 9.  Relationship between heat rate and power turbine exit temperature 

versus ambient temperature without intercooling for both NG and hydrogen 

fuels. 

The current study examined the relationship between the 
surge margins of the HPC and booster as a function of ambient 
temperature for both NG and hydrogen fuels shown in Figure 
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11. At off-design conditions with a lower temperature of 
243.15 K, the deviation in HPC surge margin when switching 
from NG to hydrogen fuel was 0.12%, while the deviation in 
booster surge margin was 10.48%. At a higher temperature of 
315.15 K, the deviation in HPC surge margin was 0.25%, and 
the deviation in booster surge margin increased to 14.88%. The 
average deviation in HPC surge margin across the entire range 
of ambient temperatures was 0.115%, and the average 
deviation in booster surge margin was 12.65%. The results 
show that for both NG and hydrogen fuel, the HPC surge 
margin and booster surge margin increase linearly with 
increasing ambient temperature. At 243.15 K, the HPC surge 
margin was 24.29% and the booster surge margin was 50.31% 
for NG, while for hydrogen, the HPC surge margin was 
24.41% and the booster surge margin was 60.80%. As the 
temperature increased to 315.15 K, the HPC surge margin 
increased to 27.37% and the booster surge margin decreased to 
34.68% for NG, whereas for hydrogen, the HPC surge margin 
increased to 27.12% and the booster surge margin increased to 
49.57%. 

 

 

Fig. 10.  Relationship between fuel flow rate and power specific fuel 

consumption versus ambient temperature without intercooling for both NG 

and hydrogen fuels. 

 

Fig. 11.  Relationship between surge margins of HPC and booster versus 

ambient temperature for both NG and hydrogen fuels. 

V. CONCLUSIONS 

The paper examines the effects of employing Natural Gas 
(NG) and hydrogen fuel on the performance of a three-shaft 
industrial Gas Turbine (GT), with and without an intercooler. 
The findings indicate that integrating an intercooler into a 
three-shaft GT significantly enhances the power output, from 
75,176.8 to 99,001.6 kW for NG, and from 75,012.2 to 
99,001.6 kW for hydrogen. Nevertheless, this power increase 
results in reduced thermal efficiency, with NG efficiency 
decreasing from 45.5% to 45.14% and hydrogen from 45.9% to 
45.52%. Consistently, hydrogen fuel demonstrates improved 
thermal performance and fuel efficiency compared to NG. 
Therefore, adding an intercooler improves overall turbine 
performance, while hydrogen fuel provides better efficiency 
and reduces fuel consumption. Further research should focus 
on enhancing intercooler designs and configurations to achieve 
better efficiency, as well as exploring alternative fuel blends to 
augment overall performance and sustainability in three-shaft 
industrial GTs. 
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