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“High Power” Piezohydraulic Pump: A Computational Fluid Dynamics (CFD) 





















             

      
        

    

           
                

              

   





International Civil Aviation Organization’s (ICAO) Long

• Mandates and Policy Frameworks: The regulatory landscape is increasingly shaped by 

• Technological Pathways: The market is currently dominated by HEFA (Hydroprocessed 

• Accounting and Integrity: Robust tracking is essential to avoid double

• Financial Reality: Despite the potential, financial think tanks like Carbon Tracker 
—

—

• Hybrid –

• Hydrogen Propulsion: Liquid hydrogen (LH

• Engine Innovation: The RISE (Revolutionary Innovation for Sustainable Engines) and 



• Battery

–

• SESAR and Trajectory

• Vertical and Horizontal Flight Efficiency: Inefficiencies in the vertical trajectory during 

allow pilots to fly direct routes, as demonstrated in Nigeria’s Kano F

• Ground Operations: Reducing APU (Auxiliary Power Unit) usage and implementing 

—
— thirds of aviation’s total climate impact.

• Contrail Avoidance: Persistent contrails form in Ice Supersaturated Regions (ISSRs). 

• Aromatics and Soot: The use of aromatic

• Monitoring Frameworks: A new non

• Market

• Climate Financing: ICAO has launched the Finvest Hub to connect clean energy project 

• Carbon Removals: For residual emissions that cannot be abated by 2050 (estimated at 
–
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. NASA’s Multipurpose Hydrogen Test Bed (MHTB) 
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at “Sistemi Energetici”, in 𝑝௦ ௦ܶ ஼ு4𝑝஼ு4ܩ 1ܶ
refrigerant (Refr′) ߯ே2 =0.1 ߯஼ு4 = 0.34 ߯஼2ு6 = 0.41 ߯஼3ு8 = 0.15𝑝ோ′ 3ܶ ோ′2ܶܩ 2ܶ > 3ܶ), while Refr′ leaves as a gas 4ܶ 4ܶ < 1ܶ
Refr′ at 𝑝ோ′ 3ܶ ோܩ 6ܶ𝑝ோ 6ܶ 5ܶ
exchanging heat with a portion of the same refrigerant (Refr″) that has undergone Joule–



Refr″, differ in flow rates (ܩோ′ ′′ோܩ = ோܩ − ′ோܩ

—

₄ܪܥ

஼ு4ܩ · (݅1 − ݅2) = ோ′(݅3ܩ − ݅4) = ோܩ · (݅4 − ோܩ(6݅ · (݅6 − ݅5) = ோܩ) − (′ோܩ · (݅3 − ݅4)
where ݅1 and ݅2 are the biomethane enthalpies at the inlet and outlet of the PHEX; ݅3 and ݅4 
are the enthalpies of GR

'at the inlet and outlet of the PHEX, respectively. Similarly,  ݅6 and 
i5 are the enthalpies of GR at the inlet and outlet of the SHEX, where ݅5 = ݅3 (iso-enthalpic 
expansion); ݅3 and ݅4 are also the enthalpies of ܩோ′′= ܩோ −  ோ′at the inlet and outlet of theܩ
SHEX, respectively. The calculation requires the following input data:

• For biomethane: inlet temperature to the primary heat exchanger (PHEX, ܶ₁), outlet 
temperature from the PHEX (ܶ₂), flow rate (ܩ஼ு4), and operating pressure in the 
PHEX (𝑝஼ு4).

• For the refrigerant: in the PHEX (Refr′) and in the secondary heat exchanger 
(SHEX, Refr″), the required inputs are the outlet temperature (ܶ₄) and operating 
pressure (𝑝ோ′). The operating conditions of Refr″ are identical to those of Refr′ to 
enable direct mixing.

• For the total refrigerant stream (Refr) in the SHEX, the inputs include the inlet 
temperature ( 6ܶ) and operating pressure (𝑝ோ).

Using the FluidProp libraries and the governing equations, all enthalpies, temperatures at 
key points, and flow rates in the heat exchangers can be determined.
The geometry of the heat exchangers—both assumed to be of the pipe-in-pipe type—is also 
an input. For each unit, this includes: the number of external pipes (݊௧, equal to the number 
of internal pipes), the internal and external diameters of the inner pipes (݀௜,௜, ݀௘,௜), and the 





For both heat exchangers, in the first module (݅ =  1), the cold fluid inlet temperature ( ௜ܶ௡,஼)₁ 
equals T₃; in the last module (݅ =  ݊), the cold fluid outlet temperature ( ௢ܶ௨௧,஼)௡ equals ܶ₄. 
Knowing the inlet temperature ( ௜ܶ௡,஼)௜ and outlet temperature ( ௢ܶ௨௧,஼)௜ for each module 
allows calculation of the refrigerant’s inlet enthalpy (݅௜௡,஼)௜ and outlet enthalpy (݅௢௨௧,஼)௜ 
using the FluidProp libraries. The thermal power exchanged in each module is then 
computed as follows: (ܳ̇௘௫௖)௜ = ஼ܩ · [(݅௢௨௧,஼)௜ − (݅௜௡,஼)௜]
where GC=GR' for the PHEX and GC=GR'' for the SHEX. The calculation of (ܳ̇௘௫௖)௜ allows the enthalpy of the hot fluid to be calculated at the inlet of each module, as follows:(݅௜௡,ு)௜ = (݅௢௨௧,ு)௜ + (ܳ̇௘௫௖)௜ܩு(݅௢௨௧,ு)௜  =  (݅௜௡,ு)௜−1
where ܩு = ஼ு4ܩ  for the PHEX and GH=GR for the SHEX. In the first module (݅ = 1), (݅௢௨௧,ு)1=݅2 for the PHEX and (݅௢௨௧,ு)1=݅5 for the SHEX. Once the outlet and inlet enthalpies of the hot fluid, (݅௢௨௧,ு)௜ and (݅௜௡,ு)௜, have been determined for each module, the corresponding temperatures ( ௢ܶ௨௧,ு)௜ and ( ௜ܶ௡,ு)௜  can be computed using the FluidProp libraries, based on pressure and enthalpy values. 

—( ௜ܶ௡,௖)௜, ( ௢ܶ௨௧,௖)௜ ( ௜ܶ௡,ு)௜ ( ௢ܶ௨௧,ு)௜ —

f Refr′ and Refr′′ are significantly below their respective critical 
pressures, leading to pronounced differences between the vapor and liquid phases. For Refr′ 
and Refr′′, a specialized method is necessary to calculate the convective heat transfer wi



vapor), the same procedure used for biomethane and Refr can be applied to Refr′ and Refr′′; 

( ுܶ̅̅ ̅)௜ = ( ௜ܶ௡,ு)௜ + ( ௢ܶ௨௧,ு)௜2 ; ( ஼ܶ̅̅ ̅)௜ = ( ௜ܶ௡,஼)௜ + ( ௢ܶ௨௧,஼)௜2
Using the FluidProp libraries, the average temperatures in each module enable the 

calculation of the following properties for both hot and cold fluids in every module:
• average densities ̅ߩு,௜ and ̅ߩ஼,௜
• average thermal conductivities ̅ߣு,௜ and ̅ߣ஼,௜,
• average viscosities ̅ߤு,௜ and ̅ߤ஼,௜,
• average specific heats ܥ௣̅̅ ̅ு,௜ and ܥ௣̅̅ ̅஼,௜.
The average velocities of the hot and cold fluids in each module can then be calculated 

as: ( ௫ܸ̅)௜ = ௫݊௧ܩ · ௫̅̅ߩ) ̅)௜ · ௫ܣ
where either x=H (hot fluid) or x=C (cold fluid). Subsequently, the average Reynolds 
numbers for the hot and cold fluids are determined in each module according to the following 
expressions: (ܴ݁௫̅̅ ̅̅ ̅)௜ = ( ௫ܸ̅)௜ · ௫̅̅ߩ) ̅)௜ · ݀ℎ,௫(ߤ௫̅̅ ̅)௜
The use of average fluid properties also enables the calculation of the Prandtl numbers for 
both the cold and hot fluids in each module:(ܲݎ௫̅̅ ̅̅ )௜ = ௫̅̅ߤ) ̅)௜ · (ܿ𝑝௫̅̅ ̅̅̅)௜(ߣ௫̅̅ ̅)௜
The average Nusselt number for each module (ܰݑ௫̅̅ ̅̅ ̅̅ )௜ depends on the Reynolds Number. In 
the case of laminar flow with a constant rate of heat transfer:(ܰݑ௫̅̅ ̅̅ ̅̅ )௜ = 4.36  ݂݅ (ܴ݁௫̅̅ ̅̅ ̅)௜ < 2300.
The Gnielinski correlation is considered the most reliable formulation for characterizing 
transitional and turbulent flow regimes:

௫̅̅ݑܰ) ̅̅ ̅̅ )௜ = 8ߦ · ((ܴ݁௫̅̅ ̅̅ ̅)௜ − 1000) · ௫̅̅ݎܲ) ̅̅ )௜)1 + 12.7 0.5(8ߦ) · ௫̅̅ݎܲ))  ̅̅ )௜23 − 1) =௜(ߦ) ݁ݎℎ݁ݓ   ; (1.82 · ௫ܴ̅̅݁)݃݋݈ ̅̅ ̅)௜ − 1.64)−2
i݂ 2300 < (ܴ݁௫̅̅ ̅̅ ̅)௜ < 106



where the symbol (ξ)i represents the friction factor in the case of smooth tubes, in each 
module from the Filonienko relationship. For extremely elevated Reynolds numbers, the 
Chilton-Colburn expression is used:(ܰݑ௫̅̅ ̅̅ ̅̅ )௜ = 0.023 · (ܴ݁௫̅̅ ̅̅ ̅)௜0.8 · ௫̅̅ݎܲ) ̅̅ )௜1/3   ݂݅ (ܴ݁௫̅̅ ̅̅ ̅)௜ > 106
These equations, extensively validated in the literature [95] [96], are considered reliable for 
fully developed hydrodynamic and thermal flow conditions. The convective heat transfer 
coefficients for both the hot and cold fluids are then calculated as follows [96]:(ℎு̅̅̅̅ )௜ = ݇ℎ,ு · ு̅̅ݑܰ) ̅̅ ̅̅ )௜ · ு̅̅̅̅ߣ) )௜݀ℎ,ு ;   (ℎ஼̅̅ ̅)௜ = ஼̅̅ݑܰ) ̅̅ ̅̅ )௜ · ஼̅̅ߣ) ̅)௜݀ℎ,஼
The factor ݇ℎ,ு accounts for the turbulence enhancement induced by the internal turbulence 
enhancer. The convective heat transfer calculations described above are considered accurate 
for single-phase fluids and for two-phase fluids near critical conditions. Consequently, these 
methods are applied to methane (CH4) and the refrigerant (Refr). They are also used for the 
cold refrigerant streams Refr’ and Refr’’ and when the vapor quality q=0 (pure liquid) or 
q=1 (pure vapor). However, for vapor quality values 0<q<1, an alternative approach is 
necessary for Refr’ and Refr’’, as their pressures are well below the critical pressure. Here, 
the subscript C refers to the cold fluid (both Refr’ and Refr’’ are cold fluids).
For each module of the heat exchanger, the thermophysical properties of the vapor and liquid 
phases are calculated using the FluidProp libraries. These properties include:

• vapor viscosity (ߤ஼,௩̅̅ ̅̅ ̅)௜ and liquid viscosity (ߤ஼,௟̅̅ ̅̅̅)௜,
• vapor specific heat (ܥ𝑝஼,௩̅̅ ̅̅ ̅̅ ̅)௜ and liquid specific heat (ܥ𝑝஼,௟̅̅ ̅̅ ̅̅ )௜,
• vapor density (ߩ஼,௩̅̅ ̅̅ ̅)௜ and liquid density (ߩ஼,௟̅̅ ̅̅̅)௜,
• vapor thermal conductivity (ߣ஼,௩̅̅ ̅̅ ̅)௜ and liquid thermal conductivity (ߣ஼,௟̅̅ ̅̅̅)௜.

Among the various correlations available in the literature, Chen’s correlation is recognized 
as one of the most effective for calculating convective heat transfer coefficients in two-phase 
flows. Using this method, the convective heat transfer coefficient (ℎ௖̅̅ ̅)௜ is expressed as the 
sum of two components [97]: (ℎ஼̅̅ ̅)௜ = (ℎே஼̅̅ ̅̅ ̅)௜ + (ℎ௟௙̅̅ ̅̅ )௜
where (ℎே஼̅̅ ̅̅ ̅ )௜ represents the contribution from nucleate boiling, which typically increases 
with the temperature difference between the wall and the saturation temperature. In this 
study, this term is neglected due to the minimal temperature difference observed. The term (ℎ௟௙̅̅ ̅̅ )௜ corresponds to the convective heat transfer between the wall and the liquid film, 
calculated as follows [97]:(ℎ௟௙̅̅ ̅̅ )௜ =  0.023 · (ܴ݁௟௙̅̅ ̅̅ ̅̅ )௜0.8 · ௟௙̅̅ݎܲ) ̅̅ ̅)௜0.4 · ஼,௟̅̅ߣ) ̅̅̅)௜݀ℎ಴  · ܨ
where (Relf̅̅ ̅̅ ̅)i and (Prlf̅̅ ̅̅ )i are the Reynolds number and Prandtl number of the liquid film, 
calculated as:



(ܴ݁௟௙̅̅ ̅̅ ̅̅ )௜ =  (1 − (ݍ · ஼ܩ · ݀ℎ಴݊௧ · ஼ܣ · ஼,௟̅̅ߤ) ̅̅̅)௜(ܲݎ௟௙̅̅ ̅̅ ̅)௜ =  
஼,௟̅̅ߤ) ̅̅̅)௜ · (ܿ𝑝஼,௟̅̅ ̅̅ ̅̅ )௜(ߣ஼,௟̅̅ ̅̅̅)௜

The Reynolds number factor F is a function of the Martinelli parameter (ݔ௧௧̅̅ ̅̅ )௜:
ܨ = 3 · ( ௧௧̅̅ݔ)1 ̅̅ )௜)0.684 ௧௧̅̅ݔ) ݂݅  ̅̅ )௜ < ܨ5 = ௧௧̅̅ݔ) ݂݅                           1 ̅̅ )௜ ≥ 5

where the Martinelli parameter is given by [97]:(ݔ௧௧̅̅ ̅̅ )௜ = (1 − ݍݍ )0.9 · ஼,௩̅̅ߩ)) ̅̅ ̅)௜(ߩ஼,௟̅̅ ̅̅̅)௜)
0.5 · ஼,௟̅̅ߤ)) ̅̅̅)௜(ߤ஼,௩̅̅ ̅̅ ̅)௜)

0.1

Regarding the performance parameters calculation, the mean heat transfer coefficient 
Ui in module i is calculated as [96]:

௜ܷ = 11(ℎ஼̅̅ ̅)௜  +  1(ℎு̅̅̅̅ )௜  · ݀௜,௜݀௘,௜
Knowing the values of (ܳ̇௘௫௖)௜ and ܷ ௜ in each module enables the calculation of the required 
heat exchange length for that module:ݔ߂௜ = (ܳ̇௘௫௖)௜ߨ · ݀௘,௜ · ݊௧ · ௜ܷ · ̅̅ܶ߂) ̅̅ )௜
where (̅̅ܶ߂ ̅̅ )௜  is the logarithmic mean temperature difference:(̅̅ܶ߂ ̅̅ )௜  =  

[( ௜ܶ௡,ு)௜ − ( ௢ܶ௨௧,஼)௜] − [( ௢ܶ௨௧,ு)௜ − ( ௜ܶ௡,஼)௜] ݈݊ (( ௜ܶ௡,ு)௜ − ( ௢ܶ௨௧,஼)௜( ௢ܶ௨௧,ு)௜ − ( ௜ܶ௡,஼)௜)
where ( ௜ܶ௡,ு)௜ − ( ௢ܶ௨௧,஼)௜ and ( ௢ܶ௨௧,ு)௜ − ( ௜ܶ௡,஼)௜ can be represented as ΔT1 and ΔT2, 
respectively. The overall length of the heat exchanger is given by:ܮ௬ ௜௡ݔ߂∑=

௜=1



where either y=PHEX or y=SHEX. The pressure drops for both the hot and cold fluids is 
calculated using the Darcy formula, based on the average fluid properties, as follows: Δ𝑝 =∑ 1 2 · ݇௱௣ಹ · ( ு݂)௜ ·  ( ுܸ̅̅ ̅)௜2 · ு̅̅̅̅ߩ) )௜ · ௜݀ℎ,ு௡ݔ߂

௜=1߂𝑝஼ =∑ 1 2 · ( ஼݂)௜ · ( ஼ܸ̅̅ ̅)௜2 · ஼̅̅ߩ) ̅)௜ · ௜݀ℎ,஼௡ݔ߂
௜=1

where kΔpH
 is greater than 1 and accounts for the additional pressure drop caused by the 

turbulence enhancer system. The friction factors ு݂ and ஼݂  for the hot and cold fluids, 
respectively, are calculated for rough tubes using the Haaland formula when the flow is 
turbulent, as detailed in [96]:( ௫݂)௜ = 64(ோ௘ೣ̅̅ ̅̅ ̅)೔    if (ܴ݁௫̅̅ ̅̅ ̅)௜ < 2300( ௫݂)௜ = 1(−1.8·௟௢௚( Ɛ೏ℎ,ೣ3,7)1.11+ 6.9(ೃ೐ೣ̅̅ ̅̅ ̅̅ )೔))2 if (ܴ݁௫̅̅ ̅̅ ̅)௜ ≥ 2300
where Ɛ is the roughness of the tubes. 
The coefficient of performance (COP) of the entire system is calculated as follows. The 
compressors’ isothermal work is determined assuming ideal gas behaviour. Accordingly, the 
power required to compress the refrigerant and the biomethane are, respectively:

௖ܲ௢௠௣௥,ோ = ோܩ · (ܴோ · ோܶூ · ோூߟோூߚ݈݊ + ܴோ · ோܶூூ · ோூூߟோூூߚ݈݊ )
௖ܲ௢௠௣௥,஼ு4 = ஼ு4ܩ · (ܴ஼ு4 · ஼ܶு4ூ · ஼ு4ூߟ஼ு4ூߚ݈݊ + ܴ஼ு4 · ஼ܶு4ூூ · ஼ு4ߟ஼ு4ூூߚ݈݊ ூூ )

where R is the elastic constant; ܶூ and ܶூூ represent the inlet temperatures for the first and 
second compression stages, respectively, with ோܶூ = 4ܶ and ோܶூூ = 8ܶ . The compression 
ratios for the first and second stages are denoted by ߚூ and ߚூூ. The overall efficiencies for 
the first and second stages, ߟூ and ߟூூ, are defined as ߟ = ௜௦௧ℎߟ ⋅ ௠ߟ ⋅  ௜௦௧ℎ is theߟ ௩ , whereߟ
isothermal efficiency, ߟ௠ the mechanical efficiency, and ߟ௩  the volumetric efficiency.
Assuming the refrigerant capacity of the final coolers is provided by chillers with coefficient 
of performance ܱܥ ௖ܲℎ௜௟ , the electric power consumed by the chillers is calculated as 
follows:

௖ܲℎ௜௟,ோ = ோܩ · (݅௘௫,ோூூ − ܱܥ(6݅ ௖ܲℎ௜௟,ோ (38)

௖ܲℎ௜௟,஼ு4 = ஼ு4ܩ · (݅௘௫,஼ு4ூூ − ܱܥ(1݅ ௖ܲℎ௜௟,஼ு4 (39)



where ݅௘௫ூூ is the enthalpy at the outlet of the second compressor (with ݅௘௫,ோூூ = ݅7), 
calculated by applying the first law of thermodynamics and considering the internal work 
performed. For cooling in the intercoolers of both biomethane and refrigerant streams, 
chilled water may be employed; nonetheless, the energy consumed by the associated water 
circulation pumps is disregarded in this study, given its negligible contribution to the overall 
power demand.
Two coefficients of performance are evaluated in this analysis. The first coefficient is 
determined by omitting the power requirements of the biomethane compressors and chillers, 
which facilitates a fair comparison with natural gas liquefaction processes that receive the 
feed gas already under compression:ܱܥ 1ܲ = ஼ு4(݅1ܩ − ݅2)௖ܲ௢௠௣௥,ோ + ௖ܲℎ௜௟,ோ (40)

The second coefficient of performance accounts for the power consumption of the 
biomethane compressors and the associated chiller as well:ܱܥ 2ܲ = ஼ு4(݅1ܩ − ݅2)௖ܲ௢௠௣௥,ோ + ௖ܲℎ௜௟,ோ + ௖ܲ௢௠௣௥,஼ு4 + ௖ܲℎ௜௟,஼ு4 (41)

Both COP1 and COP2 serve as key metrics to assess the performance of the proposed plant, 
alongside the specific energy consumption, which is quantified using the following 
parameters: ௡,1ܧ = ௖ܲ௢௠௣௥,ோ + ௖ܲℎ௜௟,ோܩ஼ு4 (42)

௡,2ܧ = ௖ܲ௢௠௣௥,ோ + ௖ܲℎ௜௟,ோ + ௖ܲ௢௠௣௥,஼ு4 + ௖ܲℎ௜௟,஼ு4ܩ஼ு4 (43)

The value of ܧ௡,2 includes the power consumed by the biomethane compressors and chiller, 
providing a more accurate estimate of the energy consumption. In contrast, ܧ௡,1 is useful for 
comparison with liquefaction processes reported in the literature that do not account for the 
power required for biomethane compression and precooling. For the sake of clarity Figure 
21 and Figure 22 depict the interaction between the input variables, the input parameters 
and the intermediate variables, in order to obtain the desired outputs.





explored how variations in thermodynamic input parameters can affect the plant’s 

In the calculation, the PHEX is divided into 40 modules, whilst the SHEX into 30 
modules. An important consideration is that throughout all calculations, the molar fractions 
of the components of the refrigerant mixture are assumed to remain constant. Specifically, 
the fractions are set as follows: ߯ே2  =  0.1, ߯஼ு4  =  0.34, ߯஼2ு6  =  0.41, ߯஼3ு8  =  0.15. 
These values were determined through a trial-and-error approach, as documented in [99]. 

Possible data for these applications (i.e., for small scale biomethane plants) are used in 
this optimization process. The input thermodynamic and operating parameters, including 
temperatures and flow rates, designated for optimizing the proposed biomethane liquefaction 
plant are delineated as follows:
• The gaseous biomethane supply temperature is set at ௦ܶ = 30 [°C] with a pressure                              

ps=1.5 [bar], consistent with values present in the literature [99];
• The temperature assumed by the gaseous biomethane upon entering the liquefaction 

plant is equivalent to the supply temperature provided by the upgrading plant, TCH4 I=Ts=30 [°C] [99];
• The temperature assumed by the gaseous biomethane after the first intercooled 

compression stage, is considered equal to ஼ܶு4ூூ = 25 [°C] [99];
• The compressor efficiencies for both biomethane and refrigerant remain consistent 

across the first and second stages, with values set to ηCH4

I=ηCH4

II=ηR
I=ηR

II=0.82 [99];
• The performance coefficients for both biomethane and refrigerant in the chiller

(COPchil,CH4
 and COPchil,R) are assumed constant at an average value of 3 [99];

• The mass flow rate of the biomethane is taken equal to ܩ஼ு4 = 0.03 [kg/s] [99];
• The exit temperature of the biomethane after the liquefaction process in the PHEX is 

considered equal to ܶ 2 = −158 [°C], which is a typical value reported in literature [99];
• The pressure of the refrigerant (Refr) before entering the two-stage intercooled 

compressor is taken equal to 𝑝ோூ = 1.5 [bar]. Considering negligible pressure drops in 
the PHEX and SHEX, this pressure is also assumed for Refr' and Refr'' at the inlet of 
the PHEX and SHEX, respectively [99];

• The mass flow rate of the refrigerant (Refr') flowing in the PHEX is set to ܩோ′ = 0.033 
[kg/s], according to [99];

• The coefficient taking in account the turbulence enhancement produced by the internal 
turbulence enhancer is considered equal to ݇ℎ,ு = 1.6 [99].

A summary of the values considered for all these thermodynamic and operating 
parameters used as inputs in the optimization problem is presented in the following Table 1.



௦ܶ𝑝௦஼ܶு4 I ௦ܶ
஼ܶு4ூூߟ஼ு4ூ=ߟ஼ு4ூூܱܥ ௖ܲℎ௜௟,஼ு4

GCH4ܲܺܧܪ T2ܴ݂݁ݎ pR'

ηR
I=ηR

IIܱܥ ௖ܲℎ௜௟,ோ(ܴ݂݁ݎ′ ܺܧܪܲ GR
'

݇ℎ,ு
௦ܶ𝑝௦



ܺܧܪܲ (݊௧)௉ுா௑ܵܺܧܪ (݊௧)ௌுா௑݇஺ಹ݇௱௣ಹܣுܣ஼݀ℎ஼݀ℎு𝑝௣݀௜,௜݀௘,௜/݀௜,௜݀௜,௘/݀௘,௜ɛ/݀௜,௜

ܴ஼ு4ܴோ(ߚ஼ு4ூ , ஼ு4ூூߚ ோூߚ)( ோூூ)ோܶߚ , ூோܶூூ݅௘௫,஼ு4ூூ݅௘௫,ோூூܲܺܧܪ ’ݎ1ܴ݂݁݅ inlet enthalpy ’’ݎ݂ܴ݁ ’ݎ3ܴ݂݁݅ ’’ݎ݂ܴ݁ ܺܧܪܵ ݎ4ܴ݂݁݅ ܺܧܪܵ ݎ5ܴ݂݁݅ ’’ݎோܴ݂݁ܩ ݎ6ܴ݂݁݅ ோ′′௖ܲ௢௠௣௥,ோ௖ܲℎ௜௟,ோ௖ܲ௢௠௣௥,஼ு4ܩ



 ௧௢௧ܮ 
݅ (( ௜ܶ௡,ு)௜ , ( ௜ܶ௡,஼)௜)݅ (( ௢ܶ௨௧,ு)௜ , ( ௢ܶ௨௧,஼)௜)݅ (ܳ̇௘௫௖)௜݅ (( ுܶ̅̅ ̅)௜ , ( ஼ܶ̅̅ ̅)௜)݅ (( ுܸ̅̅ ̅)௜ , ( ஼ܸ̅̅ ̅)௜)݅ ு̅̅̅̅ߩ)) )௜ , ஼̅̅ߩ) ̅)௜)݅ ு̅̅̅̅ߤ)) )௜,(ߤ஼̅̅ ̅)௜)݅ ((ܿ𝑝ு̅̅ ̅̅ ̅)௜ , (ܿ𝑝஼̅̅ ̅̅ ̅)௜)݅ ு̅̅̅̅ߣ)) )௜ , ஼̅̅ߣ) ̅)௜)݅ ((ܴ݁ு̅̅ ̅̅ ̅)௜ , (ܴ݁஼̅̅ ̅̅ ̅)௜)݅ ு̅̅ݎܲ)) ̅̅ ̅)௜ , ஼̅̅ݎܲ) ̅̅ ̅)௜)݅ ௜݅(ߦ) ு̅̅ݑܰ)) ̅̅ ̅̅ )௜ , ஼̅̅ݑܰ) ̅̅ ̅̅ )௜)݅  ((ℎு̅̅̅̅ )௜ , (ℎ஼̅̅ ̅)௜)݅ ݅ݍ ஼,௟̅̅ߩ) ̅̅̅)௜݅ ஼,௩̅̅ߩ) ̅̅ ̅)௜݅ ஼,௟̅̅ߤ) ̅̅̅)௜݅ ஼,௩̅̅ߤ) ̅̅ ̅)௜݅ (ܿ𝑝஼,௟̅̅ ̅̅ ̅̅ )௜݅ (ܿ𝑝஼,௩̅̅ ̅̅ ̅̅ )௜݅ ஼,௟̅̅ߣ) ̅̅ )௜݅ ஼,௩̅̅ߣ) ̅̅ ̅)௜݅ ௧௧̅̅ݔ) ̅̅ )௜݅ܨ ௟௙̅̅ݎܲ) ̅̅ ̅)௜݅ (ܴ݁௟௙̅̅ ̅̅ ̅̅ )௜݅ (ℎ௟௙̅̅ ̅̅ )௜݅ (ℎ஼̅̅ ̅)௜݅ ߂ 1ܶ = ( ௜ܶ௡,ு)௜ − ( ௢ܶ௨௧,஼)௜݅ ߂ 2ܶ = ( ௢ܶ௨௧,ு)௜ − ( ௜ܶ௡,஼)௜݅ ̅̅̅̅ܶ߂) )௜ ݅ ௜ܷ݅ (( ு݂)௜ , ( ஼݂)௜)݅ ௜ݔ߂



1ܶ = 6ܶ𝑝஼ு4 = 𝑝ோ 4ܶ4ܶ = ( 1ܶ − ܥ°(7
𝑝஼ு4 [ܥ°] 1ܶ[ݎܾܽ]  ܱܥ ௧ܲ௢௧ ௧௢௧ܮ

ܱܥ ௧ܲ௢௧ܮ௧௢௧ 𝑝஼ு4 1ܶ
, ܱܥ ௧ܲ௢௧ܱܥ ௧ܲ௢௧ ૝ࡴ࡯࢖ 60[࢘ࢇ࢈]  58 56 54 52 50 48 46

ࢀ ૚[°࡯]

-10 NaN NaN 0.2843 0.2844 0.2842 0.2838 0.2832 0.2822-7.5 NaN NaN 0.2797 0.2794 0.2788 0.2780 0.2769 0.2753-5 NaN 0.2746 0.2746 0.2739 0.2729 0.2715 0.2698 0.2676-2.5 0.2704 0.2697 0.2688 0.2676 0.2661 0.2643 0.2619 0.25900 0.2648 0.2637 0.2624 0.2607 0.2586 0.2561 0.2531 0.24942.5 0.2585 0.2570 0.2552 0.2529 0.2502 0.2470 0.2432 0.23865 0.2515 0.2495 0.2471 0.2443 0.2409 0.2369 0.2321 0.2265
[݉] ௧௢௧ܮ௧௢௧ܮ ૝ࡴ࡯࢖ 60[࢘ࢇ࢈]  58 56 54 52 50 48 46

ࢀ ૚[°࡯]

-10 NaN NaN 10.15 9.39 9.41 9.59 10.13 11.18-7.5 NaN NaN 9.47 9.32 9.50 9.76 10.11 11.31-5 NaN 9.48 9.20 9.27 8.99 9.29 9.81 11.42-2.5 9.81 9.23 9.04 9.05 9.25 9.31 9.79 10.760 9.07 8.94 9.03 9.22 9.39 9.77 10.34 10.972.5 8.93 8.96 8.98 9.17 9.44 9.71 10.29 11.255 9.15 9.18 8.84 9.01 9.13 9.47 9.96 10.63



• 𝑝஼ு4 ܱܥ1ܶ ௧ܲ௢௧ ܱܥ ௧ܲ௢௧1ܶ 𝑝஼ு4 ௧௢௧1ܶܮ
• 1ܶ 𝑝஼ு4 ܱܥ ௧ܲ௢௧1ܶ ௧௢௧ܮ
• ܱܥ ௧ܲ௢௧ 𝑝஼ு4 1ܶ ܥ10°−=  ௧௢௧ܮ 𝑝஼ு4 1ܶ ܥ5°= 
•

• 1ܶ  = ܱܥܥ10°− ௧ܲ௢௧
1ܶ  = ܥ10°− 

• 𝑝஼ு4 ܾܽݎ ோܩ ܱܥ௧௢௧ܮ ௧ܲ௢௧ ܱܥ ௧ܲ௢௧0.72854 ܹ݇ℎ/݇݃஼ு4



ܱܥ ௧ܲ௢௧ 1ܶ 𝑝஼ு4
ܱܥ ௧ܲ௢௧ܹ݇ℎ/݇݃஼ு4 ௧௢௧ܮ  =  8.84 ݉

The computational domain in this specific case is very extensive for comprehensive 
exploration. Consequently, there is a need for an exploration criterion, specifically an 
optimization algorithm [100]. This algorithm plays a vital role in identifying the direction of 
improvement and efficiently allocating computational resources, leading to a substantial 
reduction in computational costs. This eliminates the necessity for exhaustive exploration of 
each design point of the computational domain. To effectively enable the algorithm to trace 
the direction of improvement, it is imperative to choose an appropriate one. In this context, 
a genetic algorithm is a frequently employed solution. Its unique ability to trace the direction 
of improvement makes it well-suited for this task.

Below, the design input variables (Table 8), along with the Design of Experiments 
(DOE) and the algorithm utilized to obtain it, will be specified. Subsequently, the objectives 
and constraints imposed for the resolution of the optimization problem will be outlined. 
Lastly, the optimization algorithm employed to achieve the optimal values will be described 
in detail. 

The multi-objective optimization problem is configured with three degrees of freedom. 
Specifically, the three thermodynamic quantities, selected as design input variables for 
optimizing the proposed biomethane liquefaction plant, are detailed below (refer to Figure 
18 for a better understanding of symbols). Please note that ߂ 1ܶ,4 indicates the temperature 
difference between the pre-compressed and pre-cooled gaseous biomethane at the PHEX 
inlet ( 1ܶ) and the refrigerant (ܴ݂݁ݎ’ and ܴ݂݁ݎ’’) exiting the PHEX and SHEX ( 4ܶ), i.e., ߂ 1ܶ,4 = 1ܶ − 4ܶ.



1ܶ = 6ܶ𝑝஼ு4 = 𝑝ோΔ 1ܶ,4
It is important to note that, the temperature ( 6ܶ) and the pressure (𝑝ோ) of the whole pre-
compressed and pre-cooled refrigerant (ܴ݂݁ݎ) at the SHEX inlet are constrained in this 
optimization problem. Specifically, 6ܶ and 𝑝ோ are assumed to be equal to 1ܶ and 𝑝஼ு4 , 
respectively. Therefore, since 6ܶ = 1ܶ and 𝑝ோ = 𝑝஼ு4 , these thermodynamic quantities can 
be considered as input variables of the optimization process. This strategy was selected in 
order to make the evaporation curve of the refrigerant very close to the cooling curve of the 
biomethane [99].

Table 8 outlines the design input variables involved in the optimization problem, along 
with their value ranges, the considered variation step, and the resulting maximum number of 
design points obtained. To comprehensively explore the optimization calculation domain, 
the total number of design points required can be determined by multiplying the maximum 
number of design points for each input variable. This results in a total of 2520 design points.
To significantly reduce this number while still considering all potential values for each input 
variable, the Uniform Latin Hypercube (ULH) algorithm was employed. This algorithm 
generates a predefined number of design points, ensuring that every potential value for each 
variable is represented at least once [101]. With this approach, an initial population (DOE) 
consisting of thirty design points was generated. These design points, labelled with 
identifiers (ID) ranging from 0 to 29, are detailed in Table 9, alongside the respective values 
assigned to each input thermodynamic variable.



૚ࢀ ૝ࡴ࡯࢖ ૚,૝ࢀࢤ

To ensure optimal performance of the proposed liquefaction plant, two main output variables 
are closely monitored during the optimization process. The first output variable is the 
specific energy consumption (ܧ௡2), enabling the evaluation of the energy efficiency of the 
system. The second output variable is the total tubes length (ܮ௧௢௧), which reflects the cost of 
the heat exchangers. Specifically, it combines the lengths of tubes from both the PHEX 
௧௢௧ܮ resulting in ,(ௌுா௑ܮ) and the SHEX  (௉ுா௑ܮ) = ௉ுா௑ܮ + .ௌுா௑ܮ

These variables (ܧ௡2 and ܮ௧௢௧) are established as the objective functions of the 
optimization problem, with the goal of minimizing both of them. Additionally, it is important 
to ensure that the temperature difference (߂ 2ܶ) between the outlet temperature of the hot 
fluid (( ௢ܶ௨௧,ு)௜) and the inlet temperature of the cold fluid (( ௜ܶ௡,஼)௜) remains above 2°C in 
each PHEX and SHEX module to avoid unrealistic scenarios. Table 10 provides an overview 
of the objective functions and constraints assumed in the optimization problem. 



߂௧௢௧ܮ2݊ܧ 2ܶ
The Multi Objective Genetic Algorithm (MOGA II) optimization algorithm was chosen to 
find the optimal values for the objective functions. This evolutionary algorithm utilizes a 
directional crossover operator for fast convergence and a smart multisearch elitism for a 
uniform spread of solutions [102]. It has proven to be highly efficient in solving multi-
objective optimization problems [103].

Inspired by Charles Darwin's evolutionary theory, the MOGA II algorithm treats the 
initial design points from the DOE (refer to previous Table 9) as individuals. In this context, 
each individual's genetic material corresponds to a specific design point, evaluated based on 
a combination of 1ܶ, 𝑝஼ு4and ߂ 1ܶ,4 values.

The initial individuals from the DOE represent the zero generation. As the algorithm 
progresses through successive generations, obtained by recombining individuals' genetic 
material, it generates new individuals with improved genetic material (also referred to as 
superior fitness). To facilitate this recombination process, the MOGA II algorithm employs 
four distinct genetic operators:
• Selection: This operator involves simply copying the genetic material of each individual 

to the next generation without making any modifications;
• Classical crossover: This operator enables the genetic material of two individuals 

(parents) to be recombined in order to obtain an individual (child) with superior fitness;
• Directional crossover: This operator determines the direction of improvement for the 

optimization problem. It compares an individual's fitness from a specific generation 
with its parents' fitness from the previous generation. Subsequently, it creates a new 
individual by moving in a randomly weighted direction within the range determined by 
the individual and its parents [42]. This operator has proven to enhance the algorithm's 
convergence across a wide range of numerical problems [102], [103];

• Mutation: This operator changes the genetic material in a random way, ensuring 
algorithm robustness. This introduces additional randomness, which allows for a deeper 
exploration of the calculus domain and prevents premature convergence of the 
algorithm.

At each step of the reproduction process, one of the four operators is selected based on 
predefined probabilities and applied to the current individual.

Once each generation, containing the same number of individuals as in the DOE, is 
formed, the algorithm identifies individuals with the most favourable fitness, known as non-
dominated design points. These are then included in the "elite set", which consists of 
individuals excelling in optimizing all previously detailed objective functions, i.e. ܧ௡2 and ܮ௧௢௧. Elitism is crucial in multi-objective optimization for preserving individuals closest to 
the Pareto front and those with the best dispersion [102], [103]. Consequently, when 



updating the elite set, any duplicated or dominated design points are discarded. This process 
is repeated for every generation. 

The MOGA II algorithm was implemented using the Esteco modeFRONTIER software 
[104]. Its graphic interface provides a manual configuration option, allowing users to 
customize the algorithm settings. Table 11 displays all the chosen values for the configurable 
parameters.

–

  

  

  

Figure 25 ௡2ܧ ௧௢௧ܮ
Table 12







• Fixed values for all input thermodynamic variables (𝑝஼ு4 , T1 and ߂ 1ܶ,4) result in well-
defined values of 2݊ܧ;

• Maintaining constant values for 𝑝஼ு4  and 1ܶ while increasing ߂ 1ܶ,4 leads to a rise in 2݊ܧ;
• With fixed values for 𝑝஼ு4 and ߂ 1ܶ,4, increasing  1ܶ causes 2݊ܧ to increase;
• When 𝑝஼ு4  remains constant, increasing values of both ܶ 1 and ߂ 1ܶ,4 correspond to rising 

values of 2݊ܧ, with ߂ 1ܶ,4 having a greater impact on the increasing trend of 2݊ܧ 
compared to 1ܶ;

• Fixed values of 1ܶ and ߂ 1ܶ,4, with rising values for 𝑝஼ு4, result in decreasing values of 2݊ܧ;
• Fixed values of 1ܶ, with rising values of ߂ 1ܶ,4 and 𝑝஼ு4, exhibit a decreasing trend in 

En2 primarily due to the influence of 𝑝஼ு4, which dominates the increasing trend given 
by ߂ 1ܶ,4;

• With fixed values for 1ܶ and ߂ 1ܶ,4, increasing  𝑝஼ு4  causes 2݊ܧ to decrease;
• When 1ܶ remains constant, increasing values of both 𝑝஼ு4 and ߂  shows a 2݊ܧ ,1ܶ,4

decreasing trend due to 𝑝஼ு4 , which is dominant compared to the increasing trend 
caused by ߂ 1ܶ,4;

• When both 𝑝஼ு4 and 1ܶ increase, while ߂ 1ܶ,4 remains fixed, 2݊ܧ exhibits an increasing 
trend driven by 1ܶ, which is dominant compared to the decreasing trend caused by 𝑝஼ு4;

• For increasing values of all input variables (𝑝஼ு4, 1ܶ and ߂  demonstrates an 2݊ܧ ,(1ܶ,4
increasing trend given by 1ܶ, which exerts greater influence on the increasing trend 
provided by ߂ 1ܶ,4, while also dominating the decreasing trend provided by  𝑝஼ு4 .
A summary of the trend observed in the objective function En2, concerning the variation 

of the input thermodynamic variables (𝑝஼ு4, 1ܶ , and ߂ 1ܶ,4)  is provided in Figure 27. 
Additionally, the influence of varying the input thermodynamic variables (𝑝஼ு4 , 1ܶ and ߂ 1ܶ,4) on both the objective functions (ܧ௡2 and ܮ௧௢௧) can be assessed by examining the 
following Figure 29. Specifically, when considering the impact of these variables on the 
objective functions, it becomes evident that lower values of 1ܶ, intermediate values of 𝑝஼ு4, 
and higher values of ߂ 1ܶ,4contribute to minimizing both ܧ௡2 and ܮ௧௢௧.









In conclusion, Table 1Table 14 presents the values of heat exchanger lengths, pressure drops, and performance coefficients for the entire system under optimal conditions. Additionally, it includes main intermediate variable values for the biomethane liquefaction plant, including the temperature difference at the pinch point for the PHEX. Notably, the table highlights that the pressure drops in both heat exchangers are minimal, indicating they can be considered negligible, consistent with the evaluation in [99].

஼ு4ூߚ = ′ݎ஼ு4ூூβRI=βRIIܴ݂݁ߚ ″ݎ݂ܴ݁ (ݎ3ܴ݂ܶ݁ ோܶூ = ݎ݂ܴ݁)4ܶ  ோܶூூ ′′ݎ݂ܴ݁)8ܶ = ܺܧܪ ݎ݂ܴ݁′′ோܩ ߂ோܩ ௣ܶ௣ܲܺܧܪ ܺܧܪ௉ுா௑ܵܮ 4ܪܥௌுா௑ܮ ’ݎ𝑝஼ு4ܴ݂݁߂ ݎ݂ܴ݁′𝑝௥௘௙௥߂ ’’ݎ݂ܴ݁ 𝑝௥௘௙௥߂ ܱܥ1݊ܧ′′𝑝௥௘௙௥߂ ܱܥ1ܲ 2ܲ
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Hydrogen-based propulsion offers several pathways to more environmentally sound, next-
generation aircraft [105], [106], [107], [108]. To that effect, several feasibility studies have 
suggested that a 50-90% reduction in flight emissions is possible in the next 10-15 years for 
aircraft leveraging hydrogen combustion or fuel cell technology compared to forecasts for 
kerosene-fuelled aircraft [109]. At present, the combustion route is a more practical option 
for a wider array of aircraft due to insufficient hydrogen fuel cell power densities 
[105],[109]. Aircraft powered by hydrogen combustion are also envisioned to have a large 
technology overlap with existing kerosene designs, which aids development and adoption of 
the technology in the short-term. Indeed, companies such as Moog, Eaton Aerospace, and 
Parker Aerospace, well established in the fluid power domain, are also extremely active in 
the emerging field of hydrogen fuel systems  [110].

Generally, the fuel system encompasses fuel storage, transfer, distribution, and metering 
processes throughout all flight phases expected of the aircraft [111], [112], [113]. These 
functions are carried out by a network of interconnected fuel tanks, pumps, valves, and 
transfer lines, with the aim of providing desirable fuel conditions for combustion at the gas 
turbine aeroengine. At a high level, common architectures for a kerosene-fuelled system 
involve a series of boost pumps connected to a fuel storage tank, which deliver fuel to the 
inlet of a larger positive displacement pump referred to here as the main fuel pump. The 
main pump elevates the fuel to the correct pressure and transfers the fluid to a fuel metering 
unit (FMU) downstream [114], [115].

Similar to the kerosene architecture, tank-mounted boost pumps will be relied on to 
initiate transfer of the LH2 to the engines [120]. On the contrary, while positive displacement 
pumps are appropriate for kerosene handling, evidence suggests that they are not suitable 
for cryogenic LH2 application. Deficiencies are linked to intensified thermal contraction and 
cycling, which have been shown to penalize the leakage performance in piston-type 
displacement pumps, shortening their operational life [121], [122]. Moreover, the pumps 
would be required to run at low rotational speed under these conditions giving poor power-
to-weight ratio. Reports on vane-type configurations for LH2 use have been equally 
unpromising [123]. The centrifugal pump is thus favoured in the literature as a substitute for 
the conventional positive displacement configuration [120]. 
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ܳ̇ுா௑ = ݉̇ ⋅ (ℎ௢௨௧ுா௑ − ℎ௜௡ுா௑)ℎ௢௨௧ுா௑ ℎ௜௡ுா௑

ܳ̇ுா௑ = ℎ௖௢௡௩ ⋅ ܵ௣ ⋅ ( ௪ܶ − ௙ܶ)
ܵ௣ ௪ܶ ௙ܶℎ௖௢௡௩

ℎ௖௢௡௩ = ∗ܭ̅ ⋅ ܭுா௑̅ܦ∗ݑܰ ݑܰ ுா௑ܦ

ℎ௖௢௡௩ெ  = ௌ௅ெܭ̅ ⋅ ܮܵܯுா௑ܦௌ௅ெݑܰ
∗ݑܰ = 8݂ (ܴ݁∗ − 1∗ݎܲ (1000 + 12.7 √8݂ 2/3∗ݎܲ) − ݎܲ(1 ݂



݂ = {−1.8 log10 [6.9ܴ݁∗ + (ɛுா௑3.7 )1.11] }−2ɛுா௑ ܴ݁
ܴ݁∗ = |݉̇| ⋅ ுா௑ܦ ⋅ ܵ∗ݒ ⋅ ݒ∗݇ ݇ ܵ

ெݑܰ = 0.05 ⋅ [(1 − ݔ − ݔ ⋅ (ௌ௅ݒௌ௏ݒ√ ⋅ ܴ݁ௌ௅]
0.8 ௌ௅0.3ݎܲ

ܸܵ
ܴ݁ௌ௅ = |݉̇| ⋅ ுா௑ܦ ⋅ ௌ௅ܵݒ · ݇ௌ௅

γ

γ





ܿ௜௡ெ௏
௣೚ೠ೟ಾೇ௣೔೙ಾೇ = ( 2ఊ+1) ംം−1 = 0.5283

݉̇ = √௥ெ௏ܣௗெ௏ܥ ߛߛ2 − 1𝑝௜௡ெ௏ ⋅ ௜௡ெ௏ߩ ⋅ ߛ)1 + 12 ) 2ఊ−1 −  2(ெ௏ܣ௥ெ௏ܣ)

ை்ூே்ܣ = ூேܣ380 = ூேܦ19 ≈ 5
The combustion chamber is modelled using a “Controlled Reservoir (G)” block. This block 𝑝௖௖) ܶ௖௖"ܿܿ"

𝑝ுா௑߂ 𝑝ெ௏+ூே߂



̇࢓ ࡼࡹࡺ ઢࡼࡹ࢖ ࢄࡱࡴ࢖ࢤ ࡺࡵ+ࢂࡹ࢖ࢤ ࢉࢉ࢖

restricted area (or metering valve’s opening degree (ܺெ௏

ுா௑ܦ(ுா௑ܮ௄𝑝்௄Δ𝑝ெ௉ܰெ௉்ݔ
௢ܶ௨௧ுா௑ɛுா௑ ⋅ [μm]ܣ௥,௠௔௫ெ௏ܣெ௏ ை்ூே்ܣ஽ெ௏ܥ



Simulations’ output variables and corresponding nomenclature.

௜௡ெ௉ݑ , ℎ௜௡ெ௉ , ௜௡ெ௉ݏ , ௢௨௧ெ௉ݑ௜௡ெ௉ߩ , ℎ௢௨௧ெ௉ , ௢௨௧ெ௉ݏ , ௢௨௧ெ௉ߩ
௢ܶ௨௧ெ௉𝑝௢௨௧ெ௉
௜ܶ௡ுா௑

– 𝑝௜௡ுா௑ − 𝑝௢௨௧ுா௑ݑ௜௡ுா௑, ℎ௜௡ுா௑ , ,௜௡ுா௑ݏ ,௢௨௧ுா௑ݑ௜௡ுா௑ߩ ℎ௢௨௧ுா௑ , ,௢௨௧ுா௑ݏ ௢௨௧ுா௑ܳ̇ுா௑ߩ
–

௢ܶ௨௧ெ௏𝑝௜௡ெ௏ − 𝑝௢௨௧ெ௏ℎ௜௡ெ௏ , ௜௡ெ௏ݏ , ௜௡ெ௏ℎ௢௨௧ெ௏ߩ , ௢௨௧ெ௏ݏ , ௢௨௧ெ௏ܿ௜௡ெ௏ߩ
–

–
௜ܶ௡ூே − ௢ܶ௨௧ூே𝑝௜௡ூே − 𝑝௢௨௧ூேℎ௜௡ூே , ௜௡ூேݏ , ௜௡ூேℎ௢௨௧ூேߩ , ௢௨௧ூேݏ , ௢௨௧ூே݉̇𝑝0ߩ

ρ

ࢂࡹࢄ  ࢉࢉ࢖
– –











ெ௏ݔ = ெ௏ݔ80% = 50% ெ௏ݔ = 30%

௨ெ௉ܪ = Δ𝑝ܲܯ݊݅ߩܲܯ·݃ = 7509 ܰெ௉

XMV =80%













, LH₂ vaporizes upstream of the metering system via a heat 

its liquid form (LH₂) to a gaseous form (GH₂).

nitrogen (N₂) and hydrogen (H₂) circuit. Concerning the fluid circuits:
• N₂ circuit: N₂, a safe and inert gas with excellent thermophysical properties, is widely 

. Specifically N₂ is particularly 
suitable for use with H₂ under supercritical conditions, as its critical temperature is 
moderately higher than that of H₂ and, for both fluids, slightly supercritical operative 
pressures are employed. This aspect makes N₂ 

temperatures are excessively higher compared to that of H₂, thus not allowing a correct 
. In this system, N₂ operates within a 

absorbs heat from the turbine’s exhaust gases (EGs), raising its temperature.
energy is then transferred to the H₂ circuit to heat GH₂ to high temperatures.
completing the heat exchange, N₂ is recirculated and reheated by the EGs, 

• circuit: This circuit ensures the complete phase change of H₂ from liquid form (LH₂) 
to gaseous form (GH₂) while achieving the desired thermodynamic conditions for 

–Heating: LH₂ is initially vaporized using a portion of the heat from high

Heating: The resulting GH₂ is further heated through energy transfer from 
the N₂ circuit.

temperature GH₂’s energy is used to 
vaporize incoming LH₂. After this step, the GH₂ exits the heat exchanger at the 
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The inputs for the calculation are as follows: for the H₂ circuit, the required 
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summarizes the input parameters for the H₂ 
circuit, including the inlet LH₂ temperature to the heat exchanger, the outlet GH₂ temperature 
from the heat exchanger, as well as the H₂ circuit pressure and mass flow rate. These 

2ܪ

۶૛ 
ṁH2

TH2
in

TH2
out

pH2

the N₂ circuit:

• TN2
in

represents the temperature achieved by N₂ after heat exchange with the EGs in the 

• pressure in the N₂ circuit was set to 70 bar.

2ܰ2ܰ



2ܰ

 2 TN2
in

pN2

temperature GH₂ exiting the main heater subunit (H2
out,main

the LH₂ supplied from the main fuel pump (H2
in

subunit, the cold fluid (c) is the vaporized H₂ leaving the pre H2
out,pre

temperature N₂ from the recovery heater subunit (N2
in

Stainless Steel
316

Density ρmat 8060 [kg/m3]
Tensile Strength, Yield σyield 200 [MPa]
Tensile Strength, Max σmax 550 [MPa]

Young Modulus Emat 193 [GPa]
Specific Heat Capacity cmat 500 [J/(kg∙K)]
Thermal Conductivity λmat 16 [W/(m∙K)]
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that the pressure drops across the pipes remains below Δp ≤ 0.1 bar. This applied to both the 
cold fluids (denoted as “c”) and hot fluids (denoted as “h”) in the respective subunits, 

Parameter Symbol Range Values 
[Unit]

Step 
size 
[Unit]

 umber 
of 

Points

Input 
Thermodynamic 

Variables

N2 outlet main heater 
temperature TN2

out (228.15 – 273.15) 
[K] 15 [K] 4

Temperature difference 
between N2 entering and 

H2 exiting the main heater
ΔTN2

in-H2
out,main (70 – 130) [K] 15 [K] 5

Input 
 eometric
Variables

Number of pipes
(both subunits) nt (80 – 100) [-] 10 [-] 3
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Considering the thermodynamic input values for N₂ corresponding to the optimal design 

H₂ provided in 
enthalpies for the H₂ and N₂ circuits, as calculated by the thermodynamic model using 

Parameter Symbol Value [Unit]
LH2 inlet enthalpy 

(from main fuel pump) hH2
in 148.7 [kJ/kg]

GH2 outlet enthalpy 
(to metering valve) hH2

out 5264 [kJ/kg]

 2 circuit

N2 inlet enthalpy 
(to main heater) hN2

in 522.5 [kJ/kg]

N2 outlet enthalpy 
(from main heater) hN2

out 265.8 [kJ/kg]

–

• The temperatures and enthalpies of H₂ at the outlets of the pre

• The required mass flow rate of N₂ in the main heater subunit.
•
•
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