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Project Overview 
The purpose of this research project is to identify opportunities for utilizing fuel cells on regional jet class aircraft to 
displace traditional power systems and reduce the total fossil fuel consumption of these vehicles. Fuel cell modeling and 
simulation will be performed for integration alongside an appropriate regional jet aircraft model. 
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Task 1 – Developing a Baseline Vehicle Model 
Georgia Institute of Technology 
 
Objective 
The objective of Task 1 is to model and calibrate a notional Gulfstreamâ G280 aircraft model powered by a notional 
HTF7250G engine model and a GTCP36-150 auxiliary power unit (APU). The modeling and simulation environment used for 
this task is the Environmental Design Space (EDS). The notional aircraft model is calibrated against publicly available data. 
 
Research Approach 
The notional G280 aircraft calibration process is performed using EDS and the results are validated against public available 
data from Gulfstream and the European Union Aviation Safety Agency (EASA) (EASA, 2020). 
 
EDS is an aircraft modeling and simulation environment developed by Georgia Tech and based on validated National 
Aeronautics and Space Administration (NASA) software tools, e.g., FLight Optimization System (FLOPS), Weight Estimation 
for Turbine Engines (WATE++), and Numerical Propulsion System Simulation (NPSS) (refer to Figure 1). EDS was used to 
develop physics-based model of the G280 aircraft (see Figure 2), so that a parametric approach can be used to evaluate the 
effects of various design parameters. Built on the NPSS object-oriented framework, EDS supports automated data exchange 
between modules, allowing for comprehensive analysis of engine architectures and airframe configurations, including 
multi-design point cycle designs. The comprehensive suite of software tools which comprise EDS are integrated and 
designed to enable a thorough assessment of the environmental impacts associated with aviation. 
 

 
 

Figure 1. Environmental design space vehicle design loop. FLOPS: FLight Optimization System; NPSS: Numerical Propulsion 
System Simulation; and WATE++: Weight Estimation for Turbine Engines. 

 
 

 
 Gulfstream is a registered trademark of Gulfstream Aerospace Corporation, Savannah, Georgia 
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Figure 2. Gulfstream G280 business jet. 
 
The Gulfstream G280 is a super mid-size business jet designed and manufactured jointly by United States (U.S.)-based 
Gulfstream Aerospace and Israel Aerospace Industries. The G280 is equipped with two HoneywellÒ HTF7250G engines with 
a rated takeoff thrust of 7,624 lbf each. The notional HTF7250G mixed flow turbofan engine model was sized using the 
multi design point (MDP) methodology and calibrated using International Civil Aviation Organization (ICAO) databank to 
match the thrust-specific fuel consumption (TSFC) at four different sea level static (SLS) uninstalled points: take-off, climb-
out, approach and idle. The results of the very close calibration are shown in Figure 3. 
 

 
 

Figure 3. Environmental Design Space (EDS) HTF7250G engine calibration using International Civil Aviation Organization 
(ICAO) databank. 

 
The APU being displaced onboard of the aircraft during this research effort is the GTCP36-150. Figure 4 outlines the key 
performance data for the GTCP36-150. It has a single-stage centrifugal compressor and a single-stage radial turbine 
architecture. Its weight varies between 125 lb (51 kg) and 168 lb (76 kg) depending on the standard and high flow rates. 
With the integration of a k-factor of 2.2, the group weight value of 370 lb (168 kg) can be obtained. The rated horsepower 
can go up to 40kVA (59 F, SL) and the bleed airflow goes up to 70lb/min (59 F, SL). The rotor speed ranges from 58,737 to 
62,000 rpm with a maximum operating altitude of 20,000 ft (Honeywell, 2008). 

 
 Honeywell is a registered trademark of Honeywell International, Inc., in the United States and other countries.  
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Figure 4. APU GTCP36-150 characteristics (Honeywell, 2008). EGT: exhaust gas temperature. 
 
The role of the APU is to provide electrical and pneumatic power to the aircraft during the ground operations while the 
engines are turned off. Its role can also be to start the main engines. After the main engines start, the APU system is 
turned off. In case of an engine failure, the APU will be turned on after an emergency descent under 20,000 ft. For on the 
ground operations, if the APU is running for an hour, assuming a fuel consumption of 231 lb/hr (104 kg/hr) it will 
consume 231 lb (105 kg) of fuel before the taxi out segment. 
 
Using the previous technical specification of the G280 found in Tables 1 and 2 and leveraging the engine deck of the 
notional HTF7250G mixed flow turbofan engine model, the notional G280 model was calibrated by performing a mission 
analysis with the FLOPS software. FLOPS takes the statistical weights fractions of each subsystem on the aircraft as input, 
the geometry of the aircraft from the computer aided design three-dimensional view rendering and the payload and range 
values.  
 

Table 1. G280 aircraft specifications. 
 

G280 Aircraft Specifications  

Overall Wingspan 63 ft 

Fuselage Length 66.8 ft 

Fuselage Height 11.2 ft 

Fuselage Width 7.9 ft 

Passenger Compartment Length 25.8 ft 

Maximum operating Mach number 0.85 

Long Range Cruise Mach Number 0.8 

Maximum Cruise Altitude 45,000 ft 

Maximum Range 3,600 nmi 

Passenger 4 

Crew Member 2 
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Table 2. Notional G280 model detailed weight breakdown. EDS: Environmental Design Space. 
 

Mass Breakdown Reference (lb) EDS Results (lb/kg) Error (%) 

Auxiliary Power Unit 252 (114) 252 (114) 0 

Operating Empty Weight 24,150 (10,954) 24,151 (10,955) 0.004 

Maximum Payload  1,000 (454) 1,000 (454) 0 

Mission Fuel Weight 14,600 (6,622) 14,601 (6,623) 0.007 

Ramp Weight 39,750 (18,030) 39,752 (18,031) 0.005 

Taxi Out Fuel 150 (68) 151 (68) 0.67 

Maximum Takeoff Weight 39,600 (17,962) 39,601 (17,963) 0.003 

Design Landing Weight 32,700 (14,832) 32,703 (14,834) 0.009 

 
The baseline calibration was performed using the maximum payload (1,000 lb/454 kg) and the maximum mission fuel 
weight (14,600 lb/6,622 kg) for the maximum range (3,600 nmi) with a reserve mission of 30 minutes at 10,000 ft. A 
cruise climb schedule was implemented. The results of the calibration show a very close percentage error for the 
aggregated weights as indicated in Table 2. 
 
Milestones 

• Performed calibration of the notional HTF7250G engine model. 
• Performed calibration of the notional G280 aircraft model. 

 
Major Accomplishments 
Performed the notional baseline aircraft model of the G280 super mid-size business jet which allowed for the integration of 
the PEMFC system impact. 
 
Publications 
None. 
 
Outreach Efforts 

• Scheduled and participated in monthly meetings with Gulfstream, Honeywell, and FAA to guide this research effort. 
• Attended ASCENT biannual meetings. 

 
Awards 
None. 
 
Student Involvement  
This task involves one graduate student, Jeremy Decroix (PhD candidate). He is in charge of the notional HTF7250-G engine 
model and the G280 notional baseline aircraft model calibration against publicly available data. 
 
Plans for Next Period 
Continue to refine the mission schedule used for the calibration to make sure the integration of the PEM fuel cell system is 
accurate. 

 
Task 2 – Creating Off-line PEMFC System Model 
Georgia Institute of Technology 
 
Objective 
The objective of this task is to develop a comprehensive modeling and simulation environment for fuel cells, with potential 
application in the target aircraft. After evaluating traditional power system alternatives for APUs, Solid Oxide Fuel Cells 
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(SOFCs) and Proton Exchange Membrane Fuel Cells (PEMFCs) emerge as the most promising options (Daggett et al., 2003). 
Given PEMFCs' lower operating temperature, high efficiency, and their power output profiles that align with the typical 
power demands of business jets, PEMFCs are considered the preferable option for APU applications in business jets. 
Therefore, the modeling and simulation environment developed in this task will focus on PEMFC technology. 
 
Research Approach 
Designing a novel power system for an aircraft demands a comprehensive understanding of both onboard power sources 
and aircraft system-level power demands. In conventional aircraft, gas turbine engines generate electrical power via 
generators connected to the engine spools and supply bleed air for the environmental control system (ECS). Additionally, 
traditional APUs provide electrical power and bleed air during ground operations, engine start-up, and in certain 
emergency scenarios. For a fuel cell system to feasibly replace a gas turbine APU, it must at least fulfill all these 
operational requirements which are namely, supplying electrical power to onboard subsystems, delivering pressurized air 
for the ECS, and supporting engine start-up without relying on ground power units. 
 
Although a fuel cell system can be sized to meet the original requirements of a conventional APU, an alternative approach 
involves adjusting these requirements to better align with the benefits offered by emerging aircraft systems. This strategy 
serves as a step toward achieving a More Electric Aircraft. In this configuration, the fuel cell system is designed to supply 
continuous electrical power and pressurized air to the ECS throughout the entire flight, rather than being limited to ground 
operations and emergency situations. By enabling these capabilities, the approach aims to reduce Jet-A fuel consumption 
and lower overall emissions by eliminating the need for customer bleed air and shaft power extraction from the main 
engines.  
 
To successfully replace the gas turbine APU with a fuel cell system under a revised mission profile, the system must 
operate reliably across a wide range of environmental conditions, including hot- and cold-day ground operations, takeoff, 
and high-altitude flight. For instance, during hot-day scenarios, the ambient air drawn into the cooling ducts by fans may 
reach such high temperatures that the temperature differential between the air and the fuel cell stack becomes minimal. 
This necessitates a significantly larger volume of cooling air, often exceeding the capacity of conventional ducting systems. 
In such cases, advanced cooling cycles may be required to meet thermal management demands (Bargal et al., 2020). In 
contrast, during cold-day operations, the primary challenge becomes preheating the intake air before it enters the fuel cell 
stack to maintain optimal performance.  
 
The capability to operate at high altitudes presents significant challenges for the proposed fuel cell system, primarily due 
to the low ambient pressure at such elevations. For air-breathing fuel cells, reduced pressure directly impacts performance 
by lowering the open-circuit voltage (Willich et al., 2014), as shown in the Nernst equation through the partial pressure of 
hydrogen. Additionally, low pressure adversely affects activation and concentration overpotentials and indirectly increases 
ohmic overpotential (Willich et al., 2024). Therefore, incorporating compression elements upstream of the fuel cell is 
essential to ensure efficient performance at high altitudes. However, these compression components require power to 
operate and to achieve a self-sustained fuel cell system, this power should be supplied by the fuel cell stacks themselves. 
 
Modeling the stack-level performance of a low-temperature PEMFC alone is insufficient for making informed aircraft-level 
design decisions, especially during the early stages of conceptual development. This is primarily because the balance of 
plant (BoP) components in a low-temperature PEMFC system (e.g., compressors, pumps, and thermal management 
subsystems) are significant electrical consumers. These components contribute to the parasitic power load, directly 
impacting the system’s net electrical output available to serve onboard loads such as avionics, galleys, and other aircraft 
subsystems. Therefore, a complete system-level model that includes both the fuel cell stack and auxiliary components is 
essential to establish a robust, parametric simulation environment. 
 
The proposed PEMFC system is designed to replace the conventional gas turbine APU while ensuring continuous and 
reliable power delivery to all aircraft subsystems throughout the flight, in accordance with the defined sizing mission. The 
overall aircraft system architecture is illustrated in Figure 5. The BoP for the fuel cell system can be divided into three 
primary subsystems: the air supply system, the fuel conditioning system, and auxiliary components.  
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Figure 5. General overview of the proposed power system. APU: auxiliary power unit, LT-PEMFC: Low-Temperature Proton 
Exchange Membrane Fuel Cells, and DC: direct current.  

 
One of the main objectives of this task is to quantify the parasitic power demands, or in other words, the power 
requirements of the auxiliary components in the PEMFC system. As illustrated in Figure 5, the power sources for the 
auxiliary components include both the PEMFC stack and a parallel battery. The battery serves as an additional power 
source to assist the fuel cell stack during rapid transients in power demand, periods of high-power demand, or emergency 
situations. The outputs of the proposed system include direct current (DC) electrical power for use in aircraft subsystems 
and pressurized air for the aircraft's ECS. 
 
The air supply subsystem is responsible for delivering the required mass flow of air at the appropriate pressure and 
temperature to the PEMFC stacks. The fuel conditioning subsystem regulates the flow of hydrogen to the stacks, ensuring 
optimal electrochemical performance. The auxiliary subsystem includes supporting components such as heat exchangers 
for thermal management, as well as controllers, valves, and various monitoring devices. The net electrical output of the 
system, after accounting for parasitic power consumption by auxiliary subsystems, is available to supply the aircraft’s 
electrical loads and to generate pneumatic power for the ECS. 
 
The mechanical system architecture, illustrated in Figure 6, is designed to ensure reliable operation of the PEMFC under a 
wide range of flight conditions, including high-altitude environments where ambient air pressure and density are 
significantly reduced. In such scenarios, ambient air must first be compressed to meet the stack’s pressure requirements. 
This compression process raises the air temperature above the optimal operating range for the fuel cell, necessitating the 
use of a heat exchanger to cool the air before it enters the stack. Subsequently, a humidifier adjusts the humidity of the 
air, utilizing the system’s by-product water to meet the fuel cell’s specific moisture requirements. 
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Figure 6. Fuel cell system architecture. 
 
PEMFCs require high-purity hydrogen, as they are highly sensitive to contaminants. While hydrogen can be stored in either 
gaseous or liquid form, liquid hydrogen is often preferred due to its superior gravimetric energy density. However, storing 
cryogenic hydrogen onboard presents thermal and mechanical challenges. The storage tank must be designed to minimize 
heat ingress from the environment. Before delivery to the stack, the liquid hydrogen is gasified and heated to the required 
temperature using heat exchangers. Because of the low mass flow rates involved, pressurization is achieved using 
micropumps. Any excess hydrogen is recirculated back into the system via a blower to improve efficiency and maintain 
consistent fuel supply.  
 
Inside the PEMFC stack, the electrochemical reaction is exothermic, generating substantial heat energy. To maintain the 
stack within its optimal operating temperature range, typically between 20°C and 90°C, a closed-loop single-phase liquid 
cooling system is used. This system includes a liquid-cycle heat exchanger that effectively dissipates the waste heat, 
ensuring stable and efficient stack performance under varying operational conditions. 
 
As shown in Figure 5, the pneumatic power, i.e., the compressed air supplied to the ECS, is one of the two outputs of the 
new APU system. In aircraft, the ECS is responsible for maintaining a safe and comfortable cabin environment by regulating 
pressure, temperature, and humidity. Traditionally, engine bleed air serves as the primary airflow source for the ECS. The 
system typically includes two pneumatic air conditioning kits, commonly referred to as packs, which manage core air 
conditioning and distribution functions. A schematic of this traditional configuration is shown in Figure 7. 
 

 
 

Figure 7. Conventional environmental control system (ECS) schematic (Cai, 2023). 
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As this project investigates the transition toward more electric aircraft architecture, electrifying the ECS using power 
supplied by a fuel cell system offers a promising opportunity to reduce Jet-A fuel consumption by minimizing reliance on 
engine bleed air. Therefore, accurately quantifying the power consumption, as well as other key parameters (e.g., weight 
and ram airflow) of the electrical environmental control system (eECS) is essential for the proper sizing of the fuel cell 
system. To accomplish this, defining the new eECS architecture is a key step. The cabin air compressor system consisting 
of centrifugal compressors and their associated drive mechanisms represents one of the major modifications to the ECS 
and serves as a primary power consumer. A general schematic of the eECS configuration is presented in Figure 8. 
Furthermore, trade-off studies can be conducted on the packs, which currently exhibit low efficiencies (Rosero et al., 
2007), to evaluate their weight and performance for electrified applications, especially considering that the new cabin air 
compressor system may deliver cooler, lower-pressure air compared to traditional engine bleed air. 
 

 
 

Figure 8. Electrical environmental control system (eECS) schematic (Cai, 2023). 
 

When updating the aircraft’s ECS, several key requirements must be met to ensure mission suitability. According to FAA 
regulations, the minimum airflow that must be supplied to the cabin is 0.55 lb/min per passenger (FAA, 1996). In addition 
to meeting this constraint, the system must deliver sufficient mass flow to refresh the cabin air within a defined time 
interval while maintaining a steady cabin temperature by effectively removing the internal heat load.  
 
The modeling of the proposed system is carried out in the NPSS environment. NPSS is an object-oriented simulation 
platform primarily developed for modeling gas turbine engine cycles, but its modular structure also enables broader 
applications. The software provides a library of built-in components while offering flexibility to define custom elements 
and user-defined functions. This adaptability, combined with its robust numerical solver and support for multiple 
thermodynamic property packages, makes NPSS a powerful environment for system-level modeling. Its capability to 
simulate both on-design and off-design performance scenarios is particularly valuable for this study, as it supports 
accurate component sizing and performance assessment, which are key requirements for establishing a reliable parametric 
simulation framework. The fuel cell modeling process is divided into five main steps. 
 
Step 1: Baseline Flight Mission Definition and Design Point Selection 
Sizing a fuel cell system, including hydrogen storage and cabin air compressors, to continuously supply electrical power to 
aircraft subsystems and pressurized air to the eECS throughout the flight requires a well-defined aircraft mission, which 
must include a detailed profile of the electrical power requirements of the onboard systems. Although aircraft power 
demand profiles can sometimes be obtained directly from manufacturers, the study by Voth et al. (2024) presents a 
methodology to estimate the electrical power requirements of several aircraft subsystems. Additionally, a pack model 
incorporating the selected thermal conditioning strategy for the eECS must be included to determine air demand and the 
corresponding power consumption across the ground, flight, and reserve phases of the mission. A generic altitude profile 
for the baseline aircraft, which is considered in the sizing process, is shown in Figure 9. The flight mission is critical in 
determining the design point of the new system and in properly sizing the liquid hydrogen (LH2) tank. For the design point 
of this project, the maximum possible altitude is selected, where the air density will be lowest for the given flight mission. 
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Figure 9. Baseline flight mission summary. 

 
Step 2: PEMFC Stack Sizing 
Fuel cell modeling approaches span from zero-dimensional to three-dimensional frameworks, with increasing fidelity and 
computational complexity. For early-stage aircraft design and system-level analysis, zero-dimensional and one-dimensional 
models are typically favored, as they provide sufficient accuracy with lower computational cost. In this project, a zero-
dimensional empirical electrochemical model of a PEMFC is adopted, informed by various established references. 
 
This model incorporates the three main voltage losses—activation, ohmic, and concentration—that reduce the actual 
output voltage from the theoretical maximum. The analysis begins by calculating the reversible cell voltage using the 
Nernst equation, which is a function of the stack temperature and the partial pressures of hydrogen, oxygen and water 
vapor. This reversible voltage represents the ideal open-circuit potential under given conditions. However, real-world 
performance is reduced due to inherent electrochemical and physical limitations (O’Hayre et al., 2016). 
 

𝐸𝐸𝑟𝑟𝑟𝑟𝑟𝑟 = 𝐸𝐸° + Δ𝑠̂𝑠
𝑛𝑛𝑛𝑛

(𝑇𝑇 − 𝑇𝑇0) − 𝑅𝑅𝑅𝑅
𝑛𝑛𝑛𝑛

ln �
𝑝𝑝𝐻𝐻2𝑂𝑂

𝑝𝑝𝐻𝐻2⋅𝑝𝑝𝑂𝑂2
2 �       (Eq. 1) 

 
The first category of voltage loss is activation loss, which dominates at low current densities. It is associated with the 
energy required to initiate electrochemical reactions at the anode and cathode. This loss is described using a modified 
form of the Tafel equation (O’Hayre et al., 2016): 
 

𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎 = − 𝑅𝑅𝑅𝑅
𝛼𝛼𝑛𝑛𝑒𝑒𝐹𝐹

ln(𝑖𝑖0) + 𝑅𝑅𝑅𝑅
𝛼𝛼𝑛𝑛𝑒𝑒𝐹𝐹

ln(𝑖𝑖 + 𝑖𝑖𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙)       (Eq. 2) 

 
The second major source of voltage loss is the ohmic loss, which arises from resistance to charge transport within the fuel 
cell. This resistance primarily stems from proton transport through the polymer electrolyte membrane. The associated 
voltage drop is calculated using the area-specific resistance (ASR) of the membrane, which encapsulates the resistivity of 
the membrane as a function of its thickness, surface area, and proton conductivity (O’Hayre et al., 2016): 
 

𝐸𝐸𝑜𝑜ℎ𝑚𝑚 = 𝑖𝑖 ⋅ 𝐴𝐴𝐴𝐴𝐴𝐴𝑜𝑜ℎ𝑚𝑚𝑚𝑚𝑚𝑚         (Eq. 3) 

 
The third loss mechanism is the concentration loss, which becomes prominent at high current densities. This loss results 
from limitations in mass transport, particularly the depletion of reactants near the catalyst layer or the accumulation of 
products that impede further reactions. As the fuel cell approaches its limiting current density, the reactant concentrations 
at the electrode surface tend towards zero, leading to a sharp increase in loss. The concentration overpotential is modeled 
by (O’Hayre et al., 2016): 
 

𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = �1 + 1
𝛼𝛼
� 𝑅𝑅𝑅𝑅
𝑛𝑛𝑒𝑒𝐹𝐹

ln � 𝑖𝑖𝐿𝐿
𝑖𝑖𝐿𝐿−(𝑖𝑖+𝑖𝑖𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙)

� = C ⋅ ln � 𝑖𝑖𝐿𝐿
𝑖𝑖𝐿𝐿−(𝑖𝑖+𝑖𝑖𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙)

�     (Eq. 4) 
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By summing the activation, ohmic, and concentration losses and subtracting them from the reversible voltage, the effective 
output voltage of the PEMFC can be estimated as follows. This equation forms the foundation for assessing the 
performance of each cell in the stack. 
 

𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝐸𝐸𝑟𝑟𝑟𝑟𝑟𝑟 − (𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎 + 𝐸𝐸𝑜𝑜ℎ𝑚𝑚 + 𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)       (Eq. 5) 
 
Although this model is relatively simple, it depends heavily on design constants outlined in the governing equations. Datta 
(2021) provides these key constants across different pressure levels, as presented in Table 3. The same study also offers 
correction factors to account for variations in operating stack temperature and humidity, enabling more accurate modeling 
under diverse conditions. 

 
Table 3. Model parameters used in PEMFC simulation (Datta, 2021). ASR: area-specific ohmic resistance. 

 
Pressure 1 atm 2 atm 3 atm 4 atm 

𝒊𝒊𝟎𝟎,𝑪𝑪 10−4 10−4 10−4 10−4 

𝜶𝜶𝑪𝑪 0.15 0.155 0.155 0.16 

𝒊𝒊𝟎𝟎,𝑨𝑨 0.1 0.1 0.1 0.1 

𝜶𝜶𝑨𝑨 0.5 0.5 0.5 0.5 

𝒊𝒊𝑳𝑳 (𝑨𝑨/𝒄𝒄𝒎𝒎𝟐𝟐) 0.73 1.0 1.1 1.23 

𝒊𝒊𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍 (𝑨𝑨/𝒄𝒄𝒎𝒎𝟐𝟐) 0.01 0.01 0.01 0.01 

𝑪𝑪 (𝑽𝑽) 0.08 0.08 0.08 0.12 

𝑨𝑨𝑨𝑨𝑹𝑹𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐𝒐 (𝛀𝛀 𝒄𝒄𝒎𝒎𝟐𝟐) 0.12 0.115 0.1 0.06 

 
To achieve the required electrical power output, individual fuel cells are connected in series to form a stack, thereby 
increasing the overall voltage. The total number of cells is determined based on the target stack and individual cell 
voltages, while the required membrane area is calculated from the desired stack-level current density. Under off-design 
conditions, although the physical dimensions of the stack (i.e., number of cells and membrane area) remain fixed, its 
performance varies with changes in aircraft altitude and speed. In addition to electrical power, fuel cell stacks produce 
waste heat, which can be repurposed for various onboard functions. Accurately quantifying this waste heat is critical for 
TMS sizing and is dependent on both cell efficiency and electrical power output. 
 

𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 = �1
𝑣𝑣
− 1� × 𝑃𝑃𝑃𝑃𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐       (Eq. 6) 

 
where 𝑣𝑣 is the cell efficiency and 𝑃𝑃𝑃𝑃𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 is the electrical power generated by the cell. 
 
To estimate the stack weight, Datta (2021) provides a detailed approach that accounts for individual sub-components. 
Alternatively, a simplified estimation can be made using a specific power-based method, in which the maximum stack 
power is divided by a representative specific power value. The Fuel Cell Roadmap report (Aerospace Technology Institute, 
2022), prepared for FlyZero project, outlines specific power targets for future years. However, due to the relatively low 
Technology Readiness Level (TRL) of the system, there is considerable uncertainty in these values. To address this, 
confidence intervals should be established to capture the range of possible outcomes. Using the latter method, the fuel 
cell stack weight is estimated by dividing the maximum stack power—although potentially outside the typical operating 
range, as illustrated in the polarization curve in Figure 10, by an assumed specific power value. 
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Figure 10. Cell efficiency and power density versus current density. 

 
Step 3: Balance of Plant Sizing and Modeling 
As illustrated in the fuel cell system architecture, the system comprises several auxiliary components, including pressure-
boosting elements such as compressors and pumps. The fuel cell compressor and hydrogen micropump requirements are 
determined by the pressure and flow rate demands of the fuel cell stack at the selected design point. The most critical 
design condition corresponds to the maximum operating altitude of the baseline aircraft. From the stack perspective, 
specifying the stack design pressure and temperature is essential, as these parameters directly influence the compressor 
pressure ratios and overall stack performance. 
 
The power requirement for the air compressor is calculated using the following relation with compressor efficiency. The 
total enthalpy rise and power without any bleed across the compressor is given by: 
 

ℎ𝑡𝑡,𝑜𝑜𝑜𝑜𝑜𝑜 = ℎ𝑡𝑡,𝑖𝑖𝑖𝑖 ×
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        (Eq. 7) 

 

𝑃𝑃𝑃𝑃𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑊̇𝑊𝑐𝑐𝑐𝑐𝑐𝑐 × �ℎ𝑡𝑡,𝑖𝑖𝑖𝑖 − ℎ𝑡𝑡,𝑜𝑜𝑜𝑜𝑜𝑜�       (Eq. 8) 
 
where Π = pt,out

𝑝𝑝𝑡𝑡,𝑖𝑖𝑖𝑖
 is the total pressure ratio across the compressor, 𝑊̇𝑊𝑐𝑐𝑐𝑐𝑐𝑐 is the mass flow rate through the compressor, and 𝛾𝛾 

is the specific heat ratio of air. 
 
To accurately quantify the power consumption of the cabin air compressor system, which comprises multi-stage centrifugal 
compressors, an electric motor, and associated components required for motor operation, in the eECS, additional system 
details must be defined. As proposed by Tagge et al. (1985), the system may be configured with three cabin air 
compressors: two dedicated to normal operation and one serving as a redundant unit for emergency situations. The overall 
system architecture is illustrated in Figure 11. Depending on the number of packs implemented, the total number of 
compressors, as well as the allocation between operational and backup units, may vary. 
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Figure 11. Overall electric environmental control system (eECS) system architecture. 
 
Tagge et al. (1985) also presented several system configurations in their study, each employing a different thermal 
conditioning method, namely, air-cycle, vapor-cycle, and air-cycle with heat exchanger cooling. The selected thermal 
conditioning approach significantly influences the discharge pressure requirements of the cabin air compressors, which in 
turn directly impacts their power consumption, as illustrated in Figure 12. For instance, implementing a vapor-cycle system 
can lead to substantial reductions in compressor power consumption due to its lower discharge pressure requirement. 
However, since this approach alters the thermal management architecture, its broader implications must be carefully 
evaluated through detailed system-level analysis to ensure overall performance and integration benefits. 
 

 
 

Figure 12. Required discharge pressure of cabin air compressors as a function of altitude (Tagge et al.,1985). 
 

Another important consideration for the turbomachinery is the weight estimation for each of the components. In the case 
of this study, centrifugal compressors are selected over axial compressors. Indeed, axial compressors are known for 
higher efficiency and handling larger mass flows and thus will be privileged for big jet engines applications. Centrifugal 
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compressors, on the other hand, have higher compression per stage, are more compact and are easy to maintain 
(Campbell & Talbert, 1945). Therefore, they are more suited in the case of this study. 
 
To estimate the weight of the ECS and fuel cell compressors, the needed inputs for both are the maximum required mass 
flow rate as well as the maximum pressure ratio. These values can be obtained through the modeling and simulation 
environment previously described. They are then compared to the values of existing compressors from manufacturers’ 
databases available online and a suitable solution is determined, and the weight of the selected industrial solution is used. 
 
With a similar approach, the design pressure ratio for the hydrogen pump is estimated by considering liquid hydrogen tank 
pressure and pressure losses across the hydrogen boiler to ensure that hydrogen is delivered to the stack at the required 
pressure. The hydrogen pump shaft power is then calculated as the product of the volumetric flow rate and the pressure 
difference, divided by the pump’s hydraulic efficiency, representing the hydraulic power requirement: 
 

𝑃𝑃𝑃𝑃𝑅𝑅𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 𝑄𝑄×Δ𝑃𝑃
𝜂𝜂𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

         (Eq. 9) 

 
Efficiencies are critical factors in calculating the performance of both compressors and pumps. Performance maps, sourced 
either from manufacturers or derived from semi-empirical models in turbomachinery literature, are used to evaluate these 
components under off-design conditions. These maps are then scaled according to the specified on-design efficiency to 
estimate power requirements during off-design operation. 
 
For the hydrogen pump, the choice to use a micropump is made. Indeed, the required hydrogen mass flow rate required by 
the stack will remain very low. The exact value can be determined in the modeling and simulation environment that was 
developed for this study. The weight estimation is then obtained by following the exact same methodology as for the ECS 
and fuel cell compressors. Manufacturers databases are analyzed, and the weight of a suitable industrial solution is used. 
 
Another important BoP subsystem is the electrical components, which include but are not limited to electric motors, power 
converters, and batteries. Among these components, electric motors serve as the backbone of fuel cell systems, converting 
electrical power generated by the fuel cell into mechanical power to drive key components such as compressors. 
Depending on system requirements, various motor types can be employed, including brushless DC motors (MicroPump, 
Inc., 2025) and permanent magnet synchronous motors (Rotrex Fuel Cell Compressors, 2025). Motor sizing is based on 
the mechanical power demands of the fuel cell system and accounts for the projected design efficiency. Pastra et al. (2022) 
provide efficiency and specific power projections for electric motors in future years, which are used as reference points. 
Once the motor is sized, shaft power output is evaluated using an efficiency map derived from industrial motor data, 
scaled to reflect the chosen design-point efficiency.  
 
Alongside electric motors, power converters play a crucial role in the electrical BoP by ensuring that the electrical power 
from the fuel cell is properly conditioned to meet the voltage and current requirements of the system. For example, a DC-
DC converter is required to regulate the output voltage of the fuel cell stack to match the bus voltage, which is determined 
primarily by the aircraft subsystem requirements and the battery voltage. This converter ensures stable and consistent DC 
output. Additionally, since electric motors within the fuel cell system require alternating current (AC) input, DC-AC 
inverters are employed to convert the regulated DC voltage into AC. Similar to electric motors, the design efficiency of 
these power electronics components is critical. Hall et al. (2022) provide projections for future years, including efficiency 
targets and specific power values, which inform the sizing and performance assessment of these devices. 
 
In the proposed system architecture, the secondary energy storage device, the battery, plays a critical role in supporting 
the fuel cell system by fulfilling several essential functions. At startup, it supplies electrical power to the balance-of-plant 
components, such as electric motors driving the compressors and temperature regulation units for air and hydrogen, 
enabling the system to initiate autonomously without external power. Once the PEMFC stack generates sufficient power to 
cover parasitic loads and provide a net output to aircraft subsystems, the battery can be deactivated. Additionally, due to 
the inherently slow dynamic response of fuel cell systems to transient power demands, the battery also acts as a buffer to 
manage power fluctuations, ensure consistent system output, and supplement the fuel cell during peak load conditions 
(Smith et al., 2021). In this setup, the fuel cell is sized to meet average power requirements, while the battery handles 
dynamic variations. Future projections for battery specific energy and associated confidence intervals are provided by 
Tiede et al. (2022), offering valuable input for long-term planning. 
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The water management system is designed to control the fuel cell’s humidity, which directly affects the membrane’s 
resistance. Therefore, the humidity levels of fuel cell must be carefully controlled throughout the flight mission, regardless 
of environmental conditions. To maintain appropriate humidity levels, the system may utilize the by-product water 
generated during fuel cell operation, enabling a more self-sustained configuration. This water can be collected via a water 
separator and subsequently directed to the humidifier, while any excess water can be expelled into the atmosphere. 
 
Various types of humidification systems are available for fuel cell applications, with membrane humidifiers and enthalpy 
wheels being the primary options (Chang et al., 2018). Since enthalpy wheels require electrical power to operate, 
membrane humidifiers are generally considered a more efficient solution for this application. 
 
For weight estimation of the humidification system, industrial data can be used to develop a simple parametric model. For 
example, Schröder et al. (2021) estimate the weight of a membrane-type humidifier based on the dry air mass flow rate 
that supplied to the stacks, using a value of 82.353 kg/(kg/s of dry air). The weight of the water separator is typically 
negligible compared to that of the humidifier, as indicated by the industrial supplier (MANN+HUMMEL, n.d.). 
 
Step 4: Liquid Hydrogen Tank Sizing 
After sizing all components of the fuel cell system and finalizing the design, the total hydrogen fuel required for the 
complete sizing mission, including reserve segments, is calculated. Based on this estimated total hydrogen consumption, 
the hydrogen storage tank is sized. It is assumed that a single storage tank is placed within the fuselage, designed as a 
cylindrical vessel with 2:1 semi-ellipsoidal heads. Due to the significantly higher ambient temperature in the fuselage 
compared to the cryogenic storage temperature of liquid hydrogen, a constant inward heat flux occurs during flight. This 
heat is absorbed by both the liquid and gaseous hydrogen, accelerating the boil-off phenomenon. To mitigate hydrogen 
losses, the tank is equipped with an insulation jacket. For the sizing process, the choice of tank and insulation material is 
critical, as both heat transfer characteristics and structural weight must be carefully balanced. In a study conducted by 
Johnson et al. (2024), candidate tank materials such as aluminum alloy Al 5083 (a metallic option) and CycomÒ 5320 (a 
composite material), along with various insulation materials, were evaluated. Among these, the combination of Cycom 
5320 with a QuestÒ vacuum insulation jacket provided the best performance in terms of thermal insulation and overall 
weight efficiency. The material properties of these materials are summarized in Table 4. 
 

Table 4. Material properties for hydrogen tank design (Johnson et al., 2024). 
 

Properties of Cycom5320  Properties of Quest Vacuum Jacket  

Property Value Property Value 

Yield Stress [psi] 190,000 Density [kg/m3] 0.0 

Density [kg/m3] 1,310 Surface Area Density [kg/m2] 2.0 

Thermal Conductivity [W/(mK)] 0.167 Thermal Conductivity [W/(mK)] 2.1E-4 

 
To preserve the current cabin layout, the fuel cell system and its BoP is placed in the tail cone. Since this system will 
occupy more space than the traditional APU, elongating the cabin has been identified as the most viable option. This 
modification will be factored into the aircraft-level analysis. 
 
Step 5: Thermal Management System Sizing and Modeling 
The thermal management system (TMS) plays a critical role in conditioning hydrogen and air to meet the temperature 
requirements of the PEMFC under operational conditions. The proposed TMS architecture (see Figure 6) includes three key 
heat exchangers, each serving a distinct function, and whose modeling approach is detailed in subsequent sections. First, 
a hydrogen boiler is used to bring liquid hydrogen to the working conditions of the PEMFC. To size the hydrogen boiler 
responsible for heating cryogenic hydrogen to the steady-state temperature required by the PEMFC, we assume an initial 
shell-and-tube heat exchanger geometry. Unlike TMS architectures in previous studies (Link et al., 2022), which rely on hot 
compressed air for hydrogen preheating, this method is not viable in our case during ground operations and low altitudes, 
where compressed air lacks sufficient thermal energy. Consequently, several heat sources were investigated in this study. 
The first one is to use bleed air, yet, in order to maintain engine performance this alternative was discarded. Alternatively, 

 
 Cycom is a registered trademark of Syensqo SA/NV, Brussels, Belgium. 
 Quest is a registered trademark of Quest Thermal Group, LLC, Arvada, Colorado. 
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the heat up of cryogenic hydrogen to gas hydrogen could be performed by electric heaters alone, alimented by the PEMFC, 
yet this alternative increases the load on the PEMFC and increases the weight of the overall PEMFC subsystems. 
Consequently, the most viable alternative consists on using warm air from the stack heat exchanger for an initial heat up 
of the cryogenic hydrogen and adjusting the final temperature of gas hydrogen using electric heater (see Figure 13). 
Figure 14 depicts in blue the final hydrogen temperature after applying the first heat up and the red line depicts the 
required power to adjust the hydrogen temperature to the working temperature of the PEMFC through the mission.  
 

 
 

Figure 13. Hydrogen boiler architecture. H2: hydrogen, LH2: liquid hydrogen. 
 
 

 
 

Figure 14. Hydrogen (H2) temperature and required electric power for full heat up. 
 
The sizing methodology is based on the effectiveness– number of transfer units (NTU) method. A thermal scaling 
parameter, referred to as the k factor, is applied to the initial geometry and dynamically updated at each iteration to rescale 
the heat exchanger. This iterative process continues until the hydrogen outlet temperature matches the PEMFC stack’s 
target operating condition, ensuring effective thermal integration of the cryogenic hydrogen loop. 
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The second heat exchanger conditions the compressed air to bring it to the required PEMFC steady temperature. Many 
methods can be used to efficiently extract the waste heat of the PEMFC such as air cooling, heat spreaders or liquid 
cooling. Yet, for high waste heat (superior to 10kW), liquid cooling is a more efficient method (Baroutaji et al., 2021), 
consequently this method was considered in the current TMS architecture. The liquid cooling heat exchanger for the 
PEMFC stack is modeled as a finned flat tube exchanger, designed to manage the thermal load generated during PEMFC 
operation. The sizing process uses the effectiveness–NTU method in an iterative framework (Brooks & Mavris, 2021). 
Specifically, two pairs of dependent and independent variables are considered (see Table 5). As previously, the 𝑘𝑘 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 is 
dynamically updated in each iteration to rescale the heat exchanger geometry, starting from an initial assumed cube of 
10 in. per side. Because the liquid coolant circuit operates in a closed loop, the target outlet temperature of the coolant is 
precomputed to match the inlet temperature, ensuring thermal equilibrium and effective heat rejection. Once convergence 
on the effectiveness and geometry is achieved, the solver computes the necessary ram air flow rate to meet the cooling 
requirement, ensuring the PEMFC stack operates within its designated temperature range for performance and durability. 
The algorithm used to size the PEMFC stack liquid heat exchanger is outlined in Table 6. The hot ram air exiting the heat 
exchanger will then be expelled and create a Meredith effect, where the exhausted hot air will provide an additional thrust 
(Frey et al., 2025). In order to integrate the air precooler in the global NPSS code, the modeling approach selected is 
presented in Figure 15. A bypass must be implemented to avoid an error from the solver. Indeed, during descent, the flow 
rate density increases and there is a limit altitude beneath which the mass flow rate is more than enough to cool down at 
176°F. The NPSS solver tries to reduce the flow rate to meet the targeted temperature by giving negative values to the fan 
velocity. This leads to an error. The solution is therefore a bypass architecture with fixed rotating velocity for the fan and 
variation of bypass ratio. 
 

Table 5. Considered dependent-independent variables. 
 

Dependent Variable Independent Variable 

kfactor Target effectiveness 

Ram Air Flow Rate Liquid Coolant Outlet Temperature 

 
 

Table 6. Iterative sizing algorithm for liquid-cooled proton exchange membrane fuel cell (PEMFC) heat exchanger. 
 

Step Description 

1 Initialize geometry 

2 Compute required incoming liquid temperature around the PEMFC to ensure steady stack temperature 

3 repeat 

4   Initialize ram air flow rate 

5   repeat 

6     Initialize (kfactor) 

7     repeat 

8       Initialize guess for air and liquid side temperatures 

9       Compute liquid and air side characteristics using the effectiveness–NTU method 

10       Update (kfactor) 

11       until the effectiveness converges to the target 

12     Update Hydrogen outlet temperature 

13   until outlet Hydrogen temperature is at the stack steady temperature 
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Figure 15. Air precooler modeling approach. 
 
Finally, a third heat exchanger maintains the PEMFC stack temperature within safe operational limits to ensure system 
stability and fuel cell longevity. The air-air heat exchanger, also called air precooler, is used to cool down the compressed 
air to the operating temperature of the PEMFC stack. Several options can be considered to cool down the compressed air. 
First, hydrogen could be used as a liquid medium to remove the compressed air heat. Indeed, the hydrogen temperature is 
very low before the hydrogen boiler. This method has a double benefit: it cools down the air and heats up hydrogen. Thus, 
the hydrogen boiler can be downsized as the temperature raise needed is less important. It can ultimately lead to weight 
saving for the total system. However, this methodology presents a major drawback as the hydrogen mass flow rate is very 
low and probably not enough to achieve the required heat rejection. Another option would be to use hydrogen as a heat 
sink in addition to the air from ram air channels (Quaium et al., 2022). Yet this solution exacerbates the complexity of the 
architecture of the thermal management system. The most promising option would be to exploit only the ram air as the 
coolant medium and is further assessed below. In this solution, the air precooler receives hot pressurized air from the 
compressor outlet and uses ram air as a medium to extract the heat. The geometry used to model this heat exchanger is a 
finned flat tube exchanger, designed to manage the thermal load generated during the pressurization of ram air by the 
compressor. As for the PEMFC air-liquid heat exchanger, the sizing process uses the effectiveness–NTU method (Navarro & 
Cabezas-Gómez, 2006) in an iterative framework. The architecture of the system and the sizing methodology used are also 
similar to the PEMFC heat exchanger. The exact same pairs of dependent and independent variables are considered. 
Indeed, a k factor is implemented to match targeted effectiveness, and the ram air mass flow rate is varied to reach the 
correct temperature at the outlet of the heat exchanger (i.e., the stack temperature). The k factor is dynamically updated at 
each iteration to rescale the heat exchanger geometry, starting from an initial assumed cube of 20 in. per side. Once 
convergence on the effectiveness and geometry is achieved, the solver varies the ram air mass flow rate until the cooling 
requirement is satisfied. The new temperature of the compressed air at the outlet of the heat exchanger is recomputed at 
each iteration while ensuring thermal equilibrium and effective heat rejection. Finally, the necessary ram air flow rate to 
reach the steady stack temperature at the inlet of the stack is outputted. This ensures once again that the PEMFC stack 
operates within its designated temperature range for performance and durability. 
 
Milestones 

• Imported the flight mission defined in EDS, used for aircraft sizing, into the NPSS environment. The manufacturer 
has also provided the average electrical power and bleed air requirements for each flight phase of the baseline 
aircraft. Step 1 has been completed. 

• Established the fuel cell stack element for use in the NPSS environment, with both on-design and off-design 
capabilities. Step 2 has been completed. 

• Established the fuel cell elements and their connections within the NPSS environment, and implemented weight-
estimation models. Ongoing work focuses on refining the weight-estimation models to account for changes in the 
aircraft ducting system, such as additional air intakes, ducts, and nozzles. Step 3 is in progress. 

• Implemented a cryogenic tank sizing function with the capability to handle several material types into the model. 
Step 4 has been completed. 

• Developed thermal management system models and integrated the models into the NPSS environment and tested 
the models. Additional design alternatives are currently being explored. Step 5 is in progress. 
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Major Accomplishments 
• Added all major BoP components to a single modeling and simulation environment, tested, and used the components 

to create a suitable performance table for the aircraft mission analysis tool. 
• Conducted a literature review, and identified the projected specific power and energy of the system’s electrical 

components to support estimation of the system weight for the target year. 
 
Publications 
Terzi, B., Decroix, J., Wattebled, L. A., Jazzini, A. S., Tai, J. C., & Mavris, D. (2025). Modeling Methodology for PEM Fuel Cells 

as Auxiliary Power Units in Aircraft Applications. In AIAA AVIATION FORUM AND ASCEND 2025 (p. 3373). 
 
Outreach Efforts 

• Scheduled and participated in monthly meetings with Gulfstream, Honeywell, and FAA to guide this research effort. 
• Attended ASCENT biannual meetings. 

 
Awards 
None. 
 
Student Involvement  
This task involves four graduate students: Berkay Terzi (Ph.D. candidate), who worked on fuel cell stack modeling and 
integration of fuel cell components into the modeling environment; Jeremy Decroix (Ph.D. candidate), who worked on 
hydrogen tank sizing; Leo Wattebled (M.S. candidate), who worked on hydrogen preheater modeling; and Axel Jazzini (M.S. 
candidate) worked on compressor weight estimation and air precooler modeling. 
 
Plans for Next Period 

• Refine some weight estimation models which are used in Task 2.  
• Integrate the off-line PEMFC code into the EDS environment to enable seamless data transformation between them 

and centralize control from a single hub. 

 
Task 3 – Integrating Vehicle & PEMFC Models & Conducting Trade Studies 
Georgia Institute of Technology 
 
Objective 
The objective of Task 3 is to integrate the offline PEMFC code developed under Task 2 with the EDS environment to 
perform aircraft-level assessments and conduct feasibility studies for the proposed fuel-cell system. 
 
Research Approach 
As described in Task 2, the proposed fuel-cell system must satisfy three primary objectives: (1) supplying electrical power 
to aircraft subsystems, (2) providing pressurized air for the ECS, and (3) enabling independent engine start without 
external power sources. In the baseline aircraft, the conventional gas-turbine APU fulfills these requirements by delivering 
backup AC power up to 20,000 feet, supplying in-flight bleed air for air-conditioning up to 15,000 feet, and providing 
pneumatic power for engine start. These functions are achieved through extracting of shaft power and bleed air from the 
engine compressor (Honeywell, 2008). 
 
In the proposed architecture, however, the fuel-cell system will supply continuous electrical power and pressurized air for 
the ECS throughout the entire flight, thereby reducing Jet-A fuel consumption and overall emissions. In Task 3, the fuel-cell 
system weight will be estimated using the modeling environment developed in Task 2, and aircraft-level weight-balance 
implications will be assessed in EDS. The overarching objective is to perform these analyses within a unified modeling and 
simulation framework. Using this simulation framework will also streamline the process and enable possible parametric 
studies. 
 
Step 1: PEMFC System Weight Estimation 
One of the main parameters for sizing a PEMFC system to meet target performance is the power demand of the aircraft 
subsystems. Because business-jet designs vary more widely than those of commercial transport aircraft, the subsystem 
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power demand which is provided directly by the manufacturer rather than estimated using generalized equations will be 
used for sizing the system. 
 
The power demand of the electric ECS is another key factor in the sizing process. Since this project focuses on fuel cells, 
the ECS packs themselves will not be modeled; instead, their power consumption will be included within the overall aircraft 
subsystem loads. However, the cabin air compressors and their driving electric motors will be sized to deliver the required 
discharge pressure while providing the necessary fresh-air flow rate to the cabin. Their resulting power consumption will 
be quantified and will play a significant role in the overall sizing process. The selection of the thermal-conditioning pack 
cycle type, as shown in Figure 12, is also an important consideration, since discharge pressure directly influences power 
consumption. Based on aircraft manufacturer feedback, the discharge pressure associated with the preferred thermal-
conditioning pack will be used. 
 
Once system performance, including parasitic power consumption, has been defined, the weights and volumes of the 
components must be estimated for aircraft-level assessment. Because implementing such a system is a long-term effort, 
technology-projection studies are required to establish future assumptions for component-specific power, volume, and 
efficiency. Several references provided in Task 2 already contain useful projected specific-power data for certain 
components (Aerospace Technology Institute, 2022; Pastra et al., 2022; Hall et al., 2022; Tiede et al., 2022; Schröder et 
al., 2021). Having projected values across multiple future time horizons also enables identification of the breakeven point 
at which the fuel-cell system becomes competitive in terms of weight. Ongoing work includes expanding the set of 
technology-assumption studies and identifying current industry manufacturers of fuel cells and fuel-cell components. In 
parallel, the system layout will also be defined to support accurate estimation of ducting and cable weights, as well as any 
internal or external modifications to the aircraft required to integrate the system into the aircraft. 
 
Step 2: Aircraft Level Assessment of the New System 
For seamless integration of the PEMFC modeling environment into EDS, a performance table is generated by running the 
model in off-design mode at each point in the flight envelope. This table contains the hydrogen consumption rate, ram 
drag, and the thrust produced by the expansion of warm, pressurized air. However, the aircraft mission analysis software 
FLOPS cannot simultaneously utilize two engine decks within the same mission segment. In this study, both the 
conventional engine deck and the PEMFC performance table are required to conduct the analysis. To address this 
limitation, a combined engine deck is created by merging the conventional engine deck with the PEMFC performance table, 
following the process outlined in Figure 16. 
 

 
Figure 16. Aircraft modeling environment integration process. 
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The following performance metrics are modified to account for hydrogen consumption, PEMFC-generated thrust and the 
drag penalty introduced by the PEMFC system integration:  
 

𝑚̇𝑚𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 = 𝑚̇𝑚𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 + 𝑚̇𝑚ℎ𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦        (Eq. 10) 
 

𝐹𝐹𝑔𝑔 = 𝐹𝐹𝑔𝑔,𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 + 𝐹𝐹𝑔𝑔,𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃         (Eq. 11) 
 

𝐷𝐷𝑟𝑟𝑟𝑟𝑟𝑟 = 𝐷𝐷𝑟𝑟𝑟𝑟𝑟𝑟,𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 + 𝐷𝐷𝑟𝑟𝑟𝑟𝑟𝑟,𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃        (Eq. 12) 
 

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 =
𝑚̇𝑚𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘+𝑚̇𝑚ℎ𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦

(𝐹𝐹𝑔𝑔,𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝐹𝐹𝑔𝑔,𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃)−(𝐷𝐷𝑟𝑟𝑟𝑟𝑟𝑟,𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝐷𝐷𝑟𝑟𝑟𝑟𝑟𝑟,𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃)
      (Eq. 13) 

 
To track the relative usage of kerosene and hydrogen throughout the mission the energy fraction (EF) metric is defined as: 
 

𝐸𝐸𝐸𝐸 =
𝑚̇𝑚ℎ𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦

𝑚̇𝑚𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘+𝑚̇𝑚ℎ𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦
         (Eq. 14) 

 
The resulting combined dataset is then imported into FLOPS within the EDS environment to enable accurate mission 
analysis and determine the required liquid hydrogen tank capacity. 
 
In designing a new aircraft power system, it is also essential to consider emergency scenarios that require redundancy. In 
the proposed configuration, the fuel cell system serves as the primary power source under the revised mission profile. 
However, one of the original engine-mounted generators may be retained—potentially in a downsized form—to provide a 
backup power source in the event of a fuel-cell system failure. This ensures continued electrical power supply to critical 
subsystems, thereby maintaining operational safety and system reliability. 
 
To support a fair comparison against the PEMFC-powered configuration, the notional calibrated aircraft baseline is 
additionally resized to reflect the fuel consumption that would result if the conventional APU were operated throughout the 
entire mission. This produces a more representative reference configuration, since the PEMFC system is designed to supply 
electrical power and bleed air to the ECS continuously for the full mission duration. 
 
For the aircraft-level system assessment, two evaluation pathways are considered. The first is a retrofit analysis, in which 
the aircraft geometry remains unchanged; in this case, the comparison can be conducted under either fixed-payload or 
fixed-range assumptions. The second pathway is a resize analysis, where the fuselage is extended to accommodate PEMFC 
subsystem integration—most notably the cryogenic hydrogen tank. Across both approaches, key metrics such as weight 
penalties or benefits, fuel savings, emissions reductions, and payload–range impacts are systematically tracked to quantify 
the overall aircraft-level performance of PEMFC integration. 
 
Milestone 
Ran two modeling and simulation environments separately to generate interim results, and to demonstrate their 
usefulness. Once the fuel cell model is finalized, efforts will be focused on integrating these environments. Steps 1 and 2 
are in progress. 

 
Major Accomplishments 
Examined the weight effects at the aircraft level are examined using the interim results from the fuel cell sizing tool. 
 
Outreach Efforts 

• Scheduled and participated in monthly meetings with Gulfstream, Honeywell, and FAA to guide this research effort. 
• Attended ASCENT biannual meetings. 

 
Publications 
None. 
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Awards 
None. 
 
Student Involvement  
This task involves two graduate students: Berkay Terzi (Ph.D. candidate), who worked on the PEMFC system weight 
estimation; Jeremy Decroix (Ph.D. candidate), who worked on the aircraft modeling environment integration process and the 
aircraft system-level performance assessment. 
 
Plans for Next Period 

• Integrate the off-line PEMFC code into the EDS environment to enable seamless data transformation between them 
and centralize control from a single hub. 

• Conduct more comprehensive design studies by expanding the design space following the integration of the two 
environments. 

• Evaluate the volumetric impact of the new system on the aircraft. 
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