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Abstract: Hybrid propulsion systems have become a focal point of low‑carbon aviation
research due to their advantages in energy savings, emissions reduction, and noise abate‑
ment. This study develops an integrated design methodology for hybrid propulsion sys‑
tems for aircraft, incorporating multidisciplinary algorithms to establish an overall per‑
formance model. Building on this model, a comprehensive aircraft design platform was
constructed, and its simulation capabilities were validated. Focusing on the mission re‑
quirements of a 180‑seat narrow‑body airliner, this study analyzed and compared the
characteristics of three hybrid propulsion architectures, optimized their design schemes,
and evaluated the key technologies for each architecture. A sensitivity analysis was con‑
ducted for critical technologies within the turboelectric architecture. The results indicate
that, based on current data and future projections, a turboelectric system featuring batter‑
ies with a specific energy of 500 Wh/kg and installed motor power of 3 MW demonstrates
superior performance, reduced fuel consumption, and no additional energy storage bur‑
den, making it the preferred propulsion solution. Furthermore, enhancing the utilization
of aft‑mounted fans and increasing the power blending coefficient can improve system per‑
formance. However, the maximum power blending coefficient is constrained to 27.25% by
the specific motor power capacity.

Keywords: low‑carbon aviation; hybrid electric scheme; hybrid electric propulsion;
integration of flight and propulsion; performance evaluation

1. Introduction
As environmental concerns intensify [1–3], stringent requirements for reducing fuel

consumption, controlling noise, and lowering pollutant emissions have been imposed on
the aviation industry bymajor players such as theUnited States, Europe, andChina. Strate‑
gic development plans have been formulated tomeet these challenges [4,5]. However, con‑
ventional aviation engine technologies are increasingly unable to fulfill the performance
demands of next‑generation aircraft [6]. In this context, electric propulsion has emerged
as a transformative technology due to its high efficiency, low emissions, and flexible inte‑
gration capabilities [7–10], making hybrid electric aircraft a critical direction for innovation
in aviation technology [11,12].

Based on this, many experts and scholars have carried out certain research on the ap‑
plication of hybrid propulsion systems in aircraft. NASA’s Subsonic Ultra Green Aircraft
Research (SUGAR) [13] and STARC‑ABL [14–16] projects have demonstrated the poten‑
tial of hybrid propulsion architectures to reduce fuel consumption and carbon emissions.
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Similarly, academic studies employing simulation experiments have evaluated the appli‑
cation of hybrid propulsion systems across various aircraft models, revealing significant
potential for fuel savings and weight optimization [17–19].

However, although hybrid electric aircraft have demonstrated advantages in aspects
such as fuel consumption and carbon emissions, they still face certain challenges in the
development process. Hybrid electric aircraft utilize electric motors to assist or replace
conventional fuel engines [20–22], requiring power output to be optimized across differ‑
ent flight phases such as takeoff, climb, and cruise. This necessitates seamless integration
of electric motors, battery packs, control systems, and conventional fuel engines to ensure
coordinated operation of all components [23]. Furthermore, electric motors and batteries
generate heat during operation, underscoring the importance of effective thermal manage‑
ment systems to maintain stability and extend service life. Therefore, integrated aircraft‑
engine design is crucial for optimizing hybrid electric aircraft performance.

Integrated aircraft‑engine design facilitates data exchange between propulsion sys‑
tems and other aircraft disciplines, enabling a coupled optimization process where both
systemsmeetmutual constraints. This unifieddesign approach ensures convergencewhile
balancing propulsion and aircraft performance to achieve a state of equilibrium that meets
design objectives. By emphasizing interactions and coordination between the aircraft and
its engines, this approach enhances aerodynamic performance, propulsion efficiency, and
fuel economy, contributing to environmental sustainability. As such, integrated design
has become a research priority. For example, significant advancements have been made in
the United States, as demonstrated by NASA’s X‑57 Maxwell project [24], which uses an
electric propulsion system to optimize aircraft performance.

Therefore, building an overall aircraft design platform based on integrated aircraft
and engine technology is a key link in the development of hybrid electric aircraft. While
international efforts in hybrid propulsion systems and aircraft design platforms began
earlier and have resulted in mature digital design tools, domestic progress in integrated
aircraft‑engine design platforms for hybrid electric aircraft requires further development.
Current design methodologies and evaluation frameworks must be refined to fully cap‑
ture the impact of hybrid propulsion architectures and their design parameters on overall
aircraft performance.

To address these challenges, this study focuses on the design of hybrid propulsion
systems for a 180‑seat narrow‑body airliner. The primary contributions of this work are
as follows:

(1) The characteristics of three hybrid propulsion architectures are analyzed and com‑
pared.

(2) Performance evaluations are conducted on the propulsion systems and flight mission
capabilities, summarizing the effects of different architectures and design parameters
on aircraft performance.

(3) Finally, sensitivity analyses of critical technologies within the most advantageous ar‑
chitecture are performed, establishing their relevance to the development of hybrid
propulsion systems and aircraft.

2. Physical Model
This study establishes a multidisciplinary hybrid electric aircraft design model that

integrates propulsion system considerations with the requirements of aircraft‑engine inte‑
gration. The model encompasses multiple disciplines, including aircraft geometric config‑
uration, aerodynamic performance analysis, weight estimation, mission performance sim‑
ulation, propulsion system design, and cost estimation. Thismodelmainly consists of nine
modules, namely geometry, mission, propulsion specifications, mass breakdown, aerody‑
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namics, propulsion, packaging, performance, and stability and control. Among them, ge‑
ometry, mission, and propulsion specifications constitute the design input module, which
performs mass breakdown, aerodynamics, and propulsion. Based on the design and sim‑
ulation results, packaging, performance, stability, and control are calculated. The entire
design platform achieves interdisciplinary coupling through data exchange and transmis‑
sion among various modules, thus realizing integrated design. The model can be used
for functional requirements such as performance analysis of hybrid aircraft, evaluation of
existing solutions, or targeted optimization design. In this study, only the mission, mass
breakdown, propulsion, and performance modules are used, and the parameters in the
othermodules remain unchanged. In addition to the above, emissions testing and cost esti‑
mation, which are more important for hybrid aircraft, are also taken into consideration, en‑
abling amore comprehensive assessment of the overall benefits brought by hybrid aircraft.

2.1. Mission

This section mainly discusses the parameter inputs of the mission module in the
model. The design input module comprises geometric configuration, top‑level mission
requirements, and propulsion system configurations. It calculates weight, aerodynam‑
ics, and propulsion performance while determining the internal layout, mission perfor‑
mance, and stability characteristics based on the design and simulation results. Through
data exchange betweenmodules, the design platform achieves multidisciplinary coupling,
enabling integrated aircraft‑engine design. The model supports performance analysis of
hybrid electric aircraft, evaluation of existing designs, and target‑based optimization.

Key parameters such as maximum takeoff weight, range, payload, takeoff and land‑
ing distance, and mission profile design are determined based on the top‑level mission re‑
quirements. Critical technologies include performance metrics for batteries, motors, and
electrical systems.

Electric motor performance is characterized by parameters such as power density,
installed power, and efficiency. Drawing on ongoing research from various organizations
and NASA’s roadmap [25] for hybrid electric aircraft motor development, the selected
motor efficiency ranges from 95% to 99%, with power densities between 5.4 kW/kg and
16 kW/kg. It is projected that total installed motor power could reach 3 MW by 2035.

An essential metric for battery performance is specific energy, representing the en‑
ergy output per unit mass. Current battery energy densities are approximately 300Wh/kg.
Based on optimistic projections, this study considers specific energy values ranging from
300 Wh/kg to 1000 Wh/kg.

2.2. Propulsion

This section mainly discusses the calculation of hybrid power system performance by
the propulsion module in the model. Due to the particularity of the hybrid propulsion sys‑
tem, the performance evaluationmethods for conventional engines, such as thrust and fuel
consumption rate, are not applicable to hybrid systems. Therefore, this section mainly dis‑
cusses the performance calculations of the hybrid propulsion system in the model, which
primarily include the calculations of thrust and specific power consumption, with corre‑
sponding formulas provided. The results calculated from these formulas will be output
from the power module and input into the profile performance module to serve as the
basis for calculating the profile performance of hybrid aircraft.

The hybrid electric propulsion system combines gas turbine engines and electric
propulsionmodules, jointly driving ducted fans or propellers to generate thrust, as shown
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in Equation (1). The thrust produced by the electric propulsion system, TFan [N], is calcu‑
lated using Equation (2).

Tt = TEngine + TFan (1)

TFan = mFan(Vout − Vin) (2)

In the propulsion system, thrust TEngine [N] is generated by the gas turbine engine,
calculated through thermodynamic cycle analysis. Vin [m/s] represents the inlet velocity
of airflow passing through the ducted fan, Vout [m/s] is the outlet velocity, and mFan [kg/s]
denotes the mass flow rate of air.

The fuel consumption rate of conventional engines is calculated using Equation (3),
while the corresponding energy consumption rate sec [J/Ns] is determined by Equation (4).
For hybrid electric aircraft, the total energy consumption is evaluated as the combined
energy usage of batteries and fuel.

s f c =
3600m f uel

TEngine
(3)

sec = s f c × HV + Emotor (4)

Here, m f uel [kg/s] refers to the fuel flow rate, HV [J/kg] represents the calorific value
of aviation fuel, and Emotor [J/Ns] denotes the electrical energy consumption rate.

The total power consumption of the hybrid propulsion system corresponds to the
power required to generate thrust. This power is supplied by integrating the output of
the gas turbine engine and the electric motor. By adjusting the power distribution ra‑
tio between the two, the aircraft’s overall energy utilization can be optimized, reducing
fuel consumption and improving the overall efficiency of the propulsion system. The spe‑
cific power consumption of the propulsion system spc [kW/N] is calculated as shown in
Equation (5):

spc =
Pb
Tt

=
Ptur + Pm

Tt
(5)

where Pb [W] is the total power of the propulsion system, Ptur [W] is the mechanical shaft
power output from the gas turbine engine, and Pm [W] is the electrical power supplied by
the battery to drive the motor. The electrical power is calculated using Equation (6):

Pm = eThrottle × PInsEM (6)

Here, eThrottle [%] denotes the electric throttle setting and PInsEM [W] represents the
installed power of the motor.

To design a lighter and more efficient hybrid electric propulsion system, optimiza‑
tion algorithms are integrated into the model, with the optimization logic illustrated in
Figure 1. The propulsion system design parameters include key technology levels, design
point operating conditions, and component characteristics such as dimensions, materials,
efficiencies, and pressure ratios. The thrust requirements across the entire flight profile are
treated as constraints, while the objectives of the optimization are to minimize the propul‑
sion system’s mass or energy consumption rate. The optimization process thus seeks to
achieve the most efficient and effective propulsion system design. The optimization calcu‑
lation methods in this section are more detailed in another reference [26].
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Figure 1. Flowchart for optimization design of hybrid propulsion system.

In addition, the initial values and ranges of the optimization objective and optimiza‑
tion variables in the optimization process shown in Figure 1 are given in Table 1, and
many constraints applied in the optimization process are also presented. Meanwhile, in
this paper, the hybrid propulsion system was optimized by matching the design of exper‑
iments with the gradient optimization algorithm, and the resulting optimization conver‑
gence curve is shown in Figure 2.
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Table 1. Initial values and ranges of optimization objective and variables and optimization con‑
straints.

Parameter Initial Value Upper Boundary Lower Boundary

Objective Minimize MTOM [kg] 68,000 160,000 44,000

Variable

Wingspan 1 [m] 17.5 24.5 14
Wingspan 2 [m] 9 12.6 7.2
Wing chord 1 [m] 3.35 4.69 2.68
Wing chord 2 [m] 2.7 3.78 2.16
Fuel fraction 0.05 0.1 0.01

Battery fraction 0.05 0.3 0.01
BPR 15 20 10

Constraint

MTOM error |EstMTOM − CalMTOM|/EstMTOM < 0.03
Takeoff distance error 1.15 × EstTODistance < 3000
Landing distance error EstLanDistance < 3000 × 0.6
1st climb velocity error Calv35 f t > 1.2 × vstall
2nd climb thrust error CalTclimb2 > ReqTclimb2

Missed approach thrust error CalTapproach > ReqTapproach
Cruise thrust error CalTcruise > ReqTcruise
Fuel mass error

(
CalM f uel − EstM f uel

)
/EstM f uel < 0

Fuel volume error
(
CalVf uel − Vtank

)
/Vtank < 0

Battery mass error (CalMbatt − EstMbatt)/EstMbatt < 0
Battery volume error (CalVbatt − MaxVbatt)/MaxVbatt < 0

2.3. Mass Calculation

This section mainly discusses the calculation of hybrid aircraft weight by the mass
breakdown module in the model. Compared with conventional aircraft, the mass calcu‑
lation of hybrid aircraft needs to additionally consider the impact of battery mass. There‑
fore, this section provides the formulas in the model for calculating the maximum takeoff
weight, energy storage system mass, and battery mass of hybrid aircraft. The formulas
in this section calculate the maximum takeoff weight and other parameters of hybrid air‑
craft based on the input parameters of the geometric and mission modules in the model.
The calculation results of this section are used as performance outputs of the aircraft and
provide constraints for the subsequent optimization design process.

Themaximum takeoffweight MTOW of a hybrid electric aircraft is composed of three
primary components: the operating empty weight OEW, payload weight Wpayload, and
energy storage weight Wstor, as expressed by Equation (7):

MTOW = OEW + Wpayload + Wstor (7)

TheOEW comprises the structural weight of the aircraft and the weight of the propul‑
sion system. The propulsion system includes both the gas turbine engine and the electric
propulsion system, which consists of components such as the electric motor, rectifier, ther‑
mal management system, control system, and cables.

The energy sources for the hybrid electric system are derived from two parts: the
chemical energy of aviation fuel and the electrical energy stored in the batteries. The energy
storage system weight MStor is the sum of the fuel weight MFuel and the battery weight
MBatt, calculated by Equation (8):

MStor = MBatt + MFuel (8)

The fuel weight includes both block fuel and reserve fuel. Block fuel is calculated as
cumulative fuel consumption across all flight segments, while reserve fuel accounts for the
fuel required for 45 min of additional flight endurance.
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The battery weight MBatt is determined based on cumulative electrical energy con‑
sumption EBatt during the flight profile and the battery’s key technological parameters,
using Equation (9):

MBatt =
EBatt

σBatt×BattDOD
(9)

Here, σBatt [J/kg] is the specific energy of the battery, and BattDOD [%] represents the
depth of discharge of the battery.

2.4. Profile Performance

This sectionmainly discusses the calculation of hybrid aircraft profile performance by
the performancemodule in themodel. Based on the characteristics and requirements of the
designed aircraft, the flight mission profile is parameterized by dividing it into several in‑
dependent flight segments, each of which undergoes separate optimization (as illustrated
in Figure 3). The flight profile design must comply with airworthiness regulations, such
as those outlined in the Civil Aviation Regulations of China—Part 25, which serve as de‑
sign constraints. These constraints include limits on takeoff and landing distances, aircraft
return capability following single‑engine failure, and climb gradient requirements.

World Electr. Veh. J. 2025, 16, x FOR PEER REVIEW 7 of 24 
 

of the designed aircraft, the flight mission profile is parameterized by dividing it into 
several independent flight segments, each of which undergoes separate optimization (as 
illustrated in Figure 3). The flight profile design must comply with airworthiness 
regulations, such as those outlined in the Civil Aviation Regulations of China—Part 25, 
which serve as design constraints. These constraints include limits on takeoff and landing 
distances, aircraft return capability following single-engine failure, and climb gradient 
requirements. 

 

Figure 3. Profile division diagram. 

The profile performance module calculates segment-level performance metrics, 
including thrust, fuel consumption, and energy mix ratio, by defining the initial and final 
flight states for each segment, estimating flight times, and specifying energy management 
strategies. These segment performances are then integrated to evaluate the overall profile 
performance. 

Besides, this paper also estimates the emission characteristics of hybrid aircraft along 
the entire route. Referring to the International Civil Aviation Organization (ICAO) 
emissions database [27], the CO2 emissions can be calculated based on the amount of fuel 
consumed during each flight segment and the CO2 emission index EI (Emission Index). 
The CO2 EI during the flight represents the amount of CO2 released per 1 kWh of energy 
consumed, which is a constant. Equation (10) calculates the CO2 emissions during the 
flight of hybrid aircraft. 𝐸஼ைమ,௠ = 𝐸𝐼஼ைమ,௦௘௚ ∑ ௐ೑ೠ೐೗,೔×ு௏ଷ.଺×ଵ଴ల   (10)

Here, 𝐸஼ைమ,௠[kg] is the CO2 emission during the flight process; 𝐸𝐼஼ைమ,௦௘௚ is the CO2 
emission index during the flight process, with 𝐸𝐼஼ைమ,௦௘௚ = 0.26 [kg/kWh]; 𝑊௙௨௘௟,௜[kg] is the 
fuel consumption for each flight segment; and 𝐻𝑉 is the heating value of the fuel, with 𝐻𝑉 = 43.1 [MJ/kg]. 

In addition to CO2, the nitrogen oxides (NOX) produced by fuel combustion also 
contribute to the greenhouse effect. Therefore, it is necessary to evaluate the NOX 
emissions along the flight route. This paper uses the “P3-T3” method [28] to assess the 
NOX emission performance, with the calculation expressions shown in Equations (11) and 
(12). 𝐸𝐼ேை೉,௜ = 0.0041 ቀ ௉యସଷଽቁ଴.ଷ଻ 𝑒ቀ೅యషభరళభయరఱ ቁ𝑇ସ  (11)

𝐸ேை೉ =  ∑൫𝐸𝐼ேை೉,௜ × 𝑊௙௨௘௟,௜൯  (12)

Here, 𝐸ேை೉[kg] is the NOX emission during the flight process; 𝐸𝐼ேை೉,௜[g/kg] is the 
NOX emission index for each flight segment; 𝑃ଷ [Psia] is the inlet pressure of the 
combustion chamber; 𝑇ଷ [R] is the inlet temperature of the combustion chamber; and 𝑇ସ[R] is the outlet temperature of the combustion chamber. 

  

Figure 3. Profile division diagram.

The profile performance module calculates segment‑level performance metrics, in‑
cluding thrust, fuel consumption, and energy mix ratio, by defining the initial and fi‑
nal flight states for each segment, estimating flight times, and specifying energy manage‑
ment strategies. These segment performances are then integrated to evaluate the overall
profile performance.

Besides, this paper also estimates the emission characteristics of hybrid aircraft along
the entire route. Referring to the International Civil Aviation Organization (ICAO) emis‑
sions database [27], the CO2 emissions can be calculated based on the amount of fuel con‑
sumed during each flight segment and the CO2 emission index EI (Emission Index). The
CO2 EI during the flight represents the amount of CO2 released per 1 kWh of energy con‑
sumed, which is a constant. Equation (10) calculates the CO2 emissions during the flight
of hybrid aircraft.

ECO2,m = EICO2,seg∑
W f uel,i × HV

3.6 × 106 (10)

Here, ECO2,m [kg] is the CO2 emission during the flight process; EICO2,seg is the CO2
emission index during the flight process, with EICO2,seg = 0.26 [kg/kWh]; W f uel,i [kg] is the
fuel consumption for each flight segment; and HV is the heating value of the fuel, with
HV = 43.1 [MJ/kg].

In addition to CO2, the nitrogen oxides (NOX) produced by fuel combustion also con‑
tribute to the greenhouse effect. Therefore, it is necessary to evaluate the NOX emissions
along the flight route. This paper uses the “P3‑T3”method [28] to assess the NOX emission
performance, with the calculation expressions shown in Equations (11) and (12).

EINOX ,i = 0.0041
(

P3

439

)0.37
e(

T3−1471
345 )T4 (11)
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ENOX = ∑
(

EINOX ,i × W f uel,i

)
(12)

Here, ENOX [kg] is the NOX emission during the flight process; EINOX ,i [g/kg] is the
NOX emission index for each flight segment; P3 [Psia] is the inlet pressure of the combus‑
tion chamber; T3 [R] is the inlet temperature of the combustion chamber; and T4 [R] is the
outlet temperature of the combustion chamber.

2.5. Cost

This section mainly focuses on the economic performance calculation of hybrid elec‑
tric aircraft. Based on the calculation results of the propulsion module and profile perfor‑
mance module in the model, the flight cost of hybrid electric aircraft is estimated, and the
corresponding formulas are provided.

The model assesses the economic performance of the aircraft by estimating direct op‑
erating costs (DOC), cost per seat‑kilometer, and the cost of distance traveled per unit price
COSAR [m/￥]. The relationship between DOC and cost per seat‑kilometer is expressed
as follows:

DOC comprises flight costs, maintenance costs, and fixed costs. Flight costs (FOC) in‑
clude battery expenses (Cbattery), energy costs, crew operation costs (Ccrew) and airport op‑
eration costs. For hybrid electric aircraft, energy costs are divided into fuel costs (C f uel) and
electricity costs (Celectricity). The flight cost expression is given by Equations (13) and (14):

FOC = Cbattery + C f uel + Celectricity + Ccrew (13)

COSAR =
V × L

D(
SPC f ue × c f ue + SPCelec × celec

)
× W

(14)

Here, V [m/s] is the flight speed, L/D is the lift‑to‑drag ratio, SPC f ue [W/N] is the
specific power consumption for fuel, SPCelec [W/N] is the specific power consumption for
electricity, c f ue [￥/kwh] is the fuel price, celec [￥/kwh] is the electricity price, W[kg] is
the aircraft weight. The cost model used in this article is derived from another article [26].

2.6. Optimization

The aircraft design model integrates genetic and gradient‑based optimization algo‑
rithms, with the optimization framework illustrated in Figure 4. Based on conventional
aircraft as the design benchmark, first input the required parameter values for eachmodule
of the model, including mission requirements such as maximum takeoff weight (MTOW),
range, and passenger capacity, as well as key technology levels, and determine the energy
management strategy for the entire route, design parameters for conventional gas turbine
engines, and performance parameters for motors and electrical components. The input pa‑
rameters of the energy storage system, including the amount of fuel and batteries carried,
should also be determined. Then, it is necessary to select optimization variables and their
optimization ranges.

Themodel internally calculates thrust for each flight segment, takeoff and landing dis‑
tances, MTOW, fuel consumption, and electricity consumption. Optimization algorithms
are used in combination with constraint conditions to screen for the optimal solution, to
enhance hybrid electric aircraft performance, such as fuel consumption, emissions, and
energy efficiency, or improve economic factors. The optimization design process is a con‑
tinuous iterative process. The parameter values are updated after each iteration to obtain
a design plan. If the model’s calculation results do not meet the constraint conditions, it
returns to re‑iterate until the iterative results meet all constraint conditions, that is, the
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results are within the allowable error range, thereby completing the design of the hybrid
aircraft plan.
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2.7. Validation

To ensure the accuracy and reliability of the hybrid propulsion system and aircraft
design, the power and mission performance of hybrid electric aircraft was validated us‑
ing three aircraft configurations with varying propulsion systems and technological ma‑
turity levels [14]: SUGAR Free: A wing‑loaded, twin‑turbofan aircraft representative of
2008 technology levels. SUGAR High: A wing‑loaded, twin‑turbofan aircraft with ad‑
vanced 2030 technology levels. SUGAR Volt: A hybrid electric aircraft incorporating
2030‑level technology.

For each aircraft, the power and mission performance was calculated and validated
according to its respective designedmission profile, where the thrust represents the power
performance of the aircraft while fuel, electricity, and energy consumption represents mis‑
sion performance of the aircraft. The results, as shown in Tables 2–4, indicate that the max‑
imum absolute error in power and mission performance calculations for all three aircraft
remains below 10%. This demonstrates the model’s capability to meet the requirements
for hybrid electric aircraft design.

Table 2. SUGAR Free validation results.

SUGAR Free Model Error
Thrust [N] 121,436 111,487 −8.19%

Fuel Consumption [kg] 6392 6397 0.08%

Table 3. SUGAR High validation results.

SUGAR High Model Error
Thrust [N] 86,295 86,783 0.57%

Fuel Consumption [kg] 2966 3079 3.81%
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Table 4. SUGAR Volt validation results.

SUGAR Volt Model Error

Thrust [N] 80,068 85,744 7.09%
Fuel Consumption [kg] 2554 2737 7.17%

Electricity Consumption [J] 1.71 × 1010 1.56 × 1010 −8.77%
Energy Consumption [J] 1.27 × 1011 1.34 × 1011 4.87%

3. Hybrid Electric Scheme
3.1. Key Technologies and Comparison Benchmark

In the design of the hybrid propulsion system, the performance of the ducted fan pri‑
marily focuses on three key technologies: the design size of the ducted fan, the ducted fan
propulsion efficiency, and the boundary layer ingestion (BLI) efficiency. CFD modeling
shows that the upper limit for fan size is 4 feet [29]. The BLI efficiency must take into ac‑
count the power saving coefficient (PSC) and the fan pressure ratio. The PSC is a coefficient
based on power considerations, used to assess the impact of BLI on the propulsion system
configuration. Its definition is given by Equation (15). In this design, the selected value for
the ducted fan pressure ratio is 1.25, and the PSC is set at 10%.

PSC =
Psha f t − Psha f tBLI

Psha f t
(15)

where Psha f t represents the shaft power, Psha f tBLI
denotes the reduction in power demand

due to the implementation of boundary layer ingestion (BLI) technology.
Given the current limitations of battery and motor power density, the application of

a hybrid propulsion system on a narrow‑body airliner is constrained by mass, preventing
the realization of an integrated aircraft‑engine design. This study aims to design a hybrid
propulsion system based on key technologies expected to advance in the next 5–10 years.
The current technologies will be used to evaluate future targets, with key parameters in‑
cluding total motor installed power, motor power density, battery energy density, battery
specific energy, electric system power density, cable density, and electric power transmis‑
sion efficiency. The specific parameters are listed in Table 5.

Table 5. Key technology values.

Parameter Values
Total Installed Power of Electric Motor [MW] 3
Specific Power of Electric Motor [kW/kg] 5.55

Battery Specific Energy [wh/kg] 500
Specific Power of Electrical System [kW/kg] 7.5

Battery Specific Power [kW/kg] 0.5
Battery Energy Density [MJ/m3] 5400
Electric Transmission Efficiency 89.1%
Power Transmission Efficiency 89%

BLI Efficiency 90%
Tail Fan Efficiency 93%

In addition, to ensure the scientific reliability of the scheme comparison, a unified
benchmark needs to be established before performance evaluation. This article is based on
themission planning of B737‑900 (Table 6), following the principle of reducing peak load of
turbofan engines through electrical systems, and optimizing the design of hybrid propul‑
sion systems at the same key technology in Table 5. Based on B737‑900, the power system
and route design requirements of hybrid electric aircraft are shown in Tables 7 and 8.
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Table 6. Performance of B737‑900.

Parameter Values Unit
MTOM 79,000 [kg]
OEM 37,163 [kg]

Cruise Mach 0.79 [‑]
Cruise Altitude 10,668 [m]

Passenger 180 [seats]
Range 1000 [nm]

Block fuel 14,152 [kg]
Block energy 6.10 × 1011 [J]

NOX emission 72.97 [kg]
CO2 emission 43,588 [kg]

Table 7. Propulsion design requirements of hybrid electric aircraft.

Parameter Values Unit
Design Mach 0.79 [‑]
Design altitude 10,668 [M]
Pressure ratio 32.8 [‑]

Bypass ratio of GTE 5.1 [‑]
Installed power of motor 7.5 [MW]

Sea Level Thrust
Requirement 120 [kN]

Table 8. Flight design of hybrid electric aircraft.

Parameter Values Unit
Taxing out time 5 [min]

Maximum takeoff distance 3000 [M]
1st Climb gradient 0.024 [‑]
2nd Climb gradient 0.024 [‑]
3rd Climb time 5 [min]

Continuous climb time 25 [min]
Cruise Mach 0.79 [‑]
Cruise altitude 10,668 [m]
Descend angle 3 [◦]

Maximum landing distance 3000 [m]
Taxing in 5 [min]

3.2. Propulsion Schemes
3.2.1. Series Hybrid Electric Powertrain

The turbine–electric architecture is illustrated in Figure 5. In this configuration, two
wing‑mounted turbofan engines drive generators on their low‑pressure shafts to produce
electricity. This electricity powers a rear‑mounted electric motor, which drives a ducted
fan to provide thrust. Simultaneously, the wing‑mounted engines continue to contribute
partial thrust through jet propulsion. Equations (16)–(19) provide themathematical model
for the series hybrid electric powertrain.

Tt = Tb + Tjet (16)

Pb = Pm = Ptur (17)

Et = E f (18)
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Ft = FTtoM (19)
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Here, Tt [N] is the total thrust of the propulsion system; Tb [N] is the bypass thrust
generated by the fan; Tjet [N] is the thrust generated by the turbine engine; Pb [W] is the
total power passed to the fan; Pm [W] is the power transferred from the electric motor to
the main shaft; Ptur [W] is the power transferred from the turbine engine to the main shaft;
Et [J] is the total energy consumption; E f [J] is the total kerosene energy consumption;
Ft [kg] is the total fuel consumption; and FTtoM [kg] is the fuel used to charge the battery.

Compared to conventional propulsion systems, this architecture introduces a rear fan
and electric propulsion system. The aerodynamic benefits of boundary layer ingestion by
the ducted fan reduce drag and improve fuel efficiency. The electric propulsion systemalso
alleviates the load on the wing‑mounted engines, enabling smaller engine sizes and higher
energy efficiency. Additionally, the electric propulsion system features a simple, indepen‑
dent structure, reducing design complexity while maintaining high safety standards.

In comparison with series–parallel turbine–electric and electrically assisted turbofan
configurations, this design eliminates the need for additional battery energy storage. The
high specific energy of the system allows for increased fuel storage or payload capacity.
However, the architecture requires additional generators, which increase the overall sys‑
tem weight.

3.2.2. Parallel Hybrid Electric Powertrain

The enhanced turbine–electric architecture, illustrated in Figure 6, builds upon Con‑
figuration 1 by incorporating additional battery energy storage. During peak thrust de‑
mands, the battery supplies power to the rear‑mounted electric motor, effectively reducing
the peak load on the wing‑mounted engines. Equations (20)–(23) provide the mathemati‑
cal model for the parallel hybrid electric powertrain.

Tt = Tb + Tjet (20)

Pb = Pm + Ptur (21)

Et = Ee + E f (22)

Ft = FTtoP (23)



World Electr. Veh. J. 2025, 16, 212 13 of 24

World Electr. Veh. J. 2025, 16, x FOR PEER REVIEW 12 of 24 
 

𝐸௧ =  𝐸௙  (18)𝐹௧ = 𝐹்௧௢ெ  (19)

Here, 𝑇௧[N] is the total thrust of the propulsion system; 𝑇௕[N] is the bypass thrust 
generated by the fan; 𝑇௝௘௧[N] is the thrust generated by the turbine engine; 𝑃௕[W] is the 
total power passed to the fan; 𝑃௠[W] is the power transferred from the electric motor to 
the main shaft; 𝑃௧௨௥[W] is the power transferred from the turbine engine to the main shaft; 𝐸௧ [J] is the total energy consumption; 𝐸௙ [J] is the total kerosene energy consumption; 𝐹௧[kg] is the total fuel consumption; and 𝐹்௧௢ெ[kg] is the fuel used to charge the battery. 

Compared to conventional propulsion systems, this architecture introduces a rear fan 
and electric propulsion system. The aerodynamic benefits of boundary layer ingestion by 
the ducted fan reduce drag and improve fuel efficiency. The electric propulsion system 
also alleviates the load on the wing-mounted engines, enabling smaller engine sizes and 
higher energy efficiency. Additionally, the electric propulsion system features a simple, 
independent structure, reducing design complexity while maintaining high safety 
standards. 

In comparison with series–parallel turbine–electric and electrically assisted turbofan 
configurations, this design eliminates the need for additional battery energy storage. The 
high specific energy of the system allows for increased fuel storage or payload capacity. 
However, the architecture requires additional generators, which increase the overall 
system weight. 

3.2.2. Parallel Hybrid Electric Powertrain 

The enhanced turbine–electric architecture, illustrated in Figure 6, builds upon 
Configuration 1 by incorporating additional battery energy storage. During peak thrust 
demands, the battery supplies power to the rear-mounted electric motor, effectively 
reducing the peak load on the wing-mounted engines. Equations (20)–(23) provide the 
mathematical model for the parallel hybrid electric powertrain. 

 

Figure 6. Schematic diagram of parallel hybrid architecture. 

𝑇௧ = 𝑇௕ + 𝑇௝௘௧  (20)𝑃௕ =  𝑃௠ + 𝑃௧௨௥  (21)𝐸௧ =  𝐸௘ + 𝐸௙  (22)𝐹௧ =  𝐹்௧௢௉  (23)

Figure 6. Schematic diagram of parallel hybrid architecture.

Here, Ee [J] is the total electricity consumption; FTtoP [kg] is the fuel used to drive
the fan.

Like Configuration 1, this architecture leverages the aerodynamic benefits of bound‑
ary layer ingestion by the ducted fan and the high efficiency of electrical energy conversion
to enhance both aerodynamic and propulsion performance.

However, the key difference lies in the inclusion of a supplementary battery sys‑
tem. This addition enables the rear electric motor to operate independently of the wing‑
mounted engines, further reducing their load and allowing for smaller and lighter turbofan
engines and cores. The availability of additional electrical energy also introduces greater
flexibility in power allocation strategies. These strategies can be optimized to meet perfor‑
mance goals across varying flight requirements and stages.

Despite its advantages, the inclusion of the battery system also presents notable draw‑
backs. The relatively low specific energy of current battery technologies imposes a signif‑
icant weight penalty. Compared to Configuration 1, under the same maximum takeoff
weight, this hybrid architecture reduces the aircraft’s effective payload capacity.

3.2.3. Series–Parallel Hybrid Electric Powertrain

Configuration 3, as shown in Figure 7, features a parallel hybrid architecture that
integrates batteries as an additional power source. The battery system drives two electric
motors on the low‑pressure shaft of the wing‑mounted turbofan engines, providing extra
electrical power to the engines. Equations (24)–(27) provide the mathematical model for
the series–parallel hybrid electric powertrain.

Tt = Tb + Tjet (24)

Pb = Ptur − Pc (25)

Et = Ee + E f (26)

Ft = FTtoP + FTtoM (27)

Here, Pc [W] is the power transferred from the turbine engine to charge the battery.
In comparison to conventional propulsion systems, this configuration offers a signif‑

icant advantage during high‑thrust demands. By supplying additional electrical power,
it reduces the load on the wing‑mounted turbofan engines, enabling the core engine to
operate closer to its optimal efficiency, thus lowering the overall fuel consumption.
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Unlike previous configurations, this system does not use a ducted fan. Instead, it em‑
ploys a unified propulsion setup, shortening the energy pathway and minimizing losses.
By omitting components such as generators and rectifiers, the system complexity and
weight are reduced. The energy storage unit enhances power distribution flexibility, broad‑
ening the range of operational scenarios.

However, connecting the electric motors directly to the low‑pressure shaft of the tur‑
bofan increases design complexity. Additionally, the integration of electrical power with
the engine’s power system reduces the fault tolerance capacity of the system.

World Electr. Veh. J. 2025, 16, x FOR PEER REVIEW 13 of 24 
 

Here, 𝐸௘[J] is the total electricity consumption; 𝐹்௧௢௉[kg] is the fuel used to drive the 
fan. 

Like Configuration 1, this architecture leverages the aerodynamic benefits of 
boundary layer ingestion by the ducted fan and the high efficiency of electrical energy 
conversion to enhance both aerodynamic and propulsion performance. 

However, the key difference lies in the inclusion of a supplementary battery system. 
This addition enables the rear electric motor to operate independently of the wing-
mounted engines, further reducing their load and allowing for smaller and lighter 
turbofan engines and cores. The availability of additional electrical energy also introduces 
greater flexibility in power allocation strategies. These strategies can be optimized to meet 
performance goals across varying flight requirements and stages. 

Despite its advantages, the inclusion of the battery system also presents notable 
drawbacks. The relatively low specific energy of current battery technologies imposes a 
significant weight penalty. Compared to Configuration 1, under the same maximum 
takeoff weight, this hybrid architecture reduces the aircraft’s effective payload capacity. 

3.2.3. Series–Parallel Hybrid Electric Powertrain 

Configuration 3, as shown in Figure 7, features a parallel hybrid architecture that 
integrates batteries as an additional power source. The battery system drives two electric 
motors on the low-pressure shaft of the wing-mounted turbofan engines, providing extra 
electrical power to the engines. Equations (24)–(27) provide the mathematical model for 
the series–parallel hybrid electric powertrain. 

 

Figure 7. Schematic diagram of series-parallel hybrid architecture. 

𝑇௧ = 𝑇௕ + 𝑇௝௘௧  (24)𝑃௕ = 𝑃௧௨௥ − 𝑃௖  (25)𝐸௧ =  𝐸௘ + 𝐸௙  (26)𝐹௧ =  𝐹்௧௢௉ + 𝐹்௧௢ெ  (27)

Here, 𝑃௖[W] is the power transferred from the turbine engine to charge the battery. 
In comparison to conventional propulsion systems, this configuration offers a 

significant advantage during high-thrust demands. By supplying additional electrical 
power, it reduces the load on the wing-mounted turbofan engines, enabling the core 
engine to operate closer to its optimal efficiency, thus lowering the overall fuel 
consumption. 

Figure 7. Schematic diagram of series‑parallel hybrid architecture.

3.3. Propulsion Evaluation

The propulsion system is a key factor influencing aircraft performance. The integra‑
tion of electric propulsion with conventional propulsion offers significant advantages, but
it also comes with certain drawbacks: the battery storage system imposes considerable
challenges on the overall mass of the energy storage system. Furthermore, it is essential
to perform a detailed performance analysis of aircraft equipped with different propulsion
systems across various flight segments and the entire flight profile, based on the comple‑
tion of a full flight mission.

3.3.1. Performance Evaluation

Based on the characteristics of the hybrid architecture, fuel efficiency, energy effi‑
ciency, and power consumption were selected as evaluation criteria. A comparative anal‑
ysis of fuel efficiency, energy efficiency, and power consumption was conducted under
two conditions: maximum takeoff (Ma = 0, H = 0 km) and maximum cruise (Ma = 0.8,
H = 11 km), while ensuring that thrust requirements were met. The results are shown in
Figures 8–10, with the conventional configuration serving as the baseline.

In terms of fuel consumption, the results indicate that all three hybrid powertrain sys‑
tems reduce fuel consumption under different operating conditions. The series–parallel,
series, and parallel hybrid architectures reduce fuel consumption by 56.6%, 46.3%, and
−9.6%, respectively, under takeoff conditions. Under cruise conditions, the reductions are
14.9%, 12.4%, and 17.8%. Thanks to the aerodynamic advantages of boundary layer in‑
gestion (BLI) and the high efficiency of electric propulsion, the series and series–parallel
hybrid configurations perform significantly better. Moreover, under high thrust demands,
the series–parallel hybrid architecture benefits from additional power supplied by the bat‑
tery, allowing the core engine to be further downsized compared to the series hybrid, re‑
sulting in lower fuel consumption under the same conditions.
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Figure 9. Comparison of energy consumption for three schemes.

In terms of energy consumption, the results show that all three hybrid configurations
reduce energy consumption. The series–parallel, series, and parallel hybrid architectures
reduce energy consumption by 47.0%, 52.2%, and 52.2%, respectively, under maximum
takeoff conditions. Under maximum cruise conditions, energy consumption is reduced
by 11.4%, 17.5%, and 13.2%. Due to the superior aerodynamic performance of the ducted
fan at the rear, the configuration without a battery‑powered tail fan results in lower total
energy consumption.

In terms of power consumption, taking into account the combined aerodynamic ad‑
vantages and high electric power conversion efficiency, the results show that the series hy‑
brid architecture offers the most advantages compared to the conventional configuration.
The series–parallel architecture also shows clear benefits, while the parallel hybrid configu‑
ration does not demonstrate a significant advantage in power consumption, increasing by
18.2% and 29.0%, respectively, under maximum takeoff and maximum cruise conditions.
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Figure 10. Comparison of power consumption for three schemes.

3.3.2. Propulsion Mass Evaluation

Under the application of new technologies, the wing‑mounted engine size of hybrid
aircraft increases, and the low energy‑density batteries and electric systems add additional
weight. In Figure 11, among the three hybrid configurations, the series configuration ben‑
efits from the ducted tail fan, which reduces the load and results in a relatively smaller
wing‑mounted engine size, giving the overall powertrain system a weight advantage. The
series–parallel configuration, with its tail fan propulsion and added electric power supply,
achieves the smallest wing‑mounted engine weight, which increases by only 35%, result‑
ing in the lightest overall powertrain mass. In contrast, the parallel configuration, due to
the positioning of the electric motor and the loss of the aerodynamic advantages provided
by the ducted tail fan, has the heaviest wing‑mounted engine, with a relative weight in‑
crease of as much as 110.02%. Since there is no ducted tail fan and no additional electric
system components, the powertrain’s mass consists solely of the wing‑mounted engine.
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Although the series–parallel hybrid architecture significantly reduces the powertrain
mass compared to the other two configurations, the additional weight introduced by the
battery cannot be overlooked. A comprehensive consideration of the energy storage sys‑
tem and the flight mission performance is needed to fully assess its impact.

3.4. Energy Storage

The performance evaluation metrics for the energy storage system include average
specific energy and the total mass of the energy storage system. The energy storage mass
of the hybrid propulsion system consists of both fuel and battery mass. Due to the current
low energy density of batteries, it is difficult to alleviate fuel consumption pressure, and
this leads to additional weight penalties and energy consumption impacts on design and
commercial viability. Therefore, it is necessary to evaluate the performance of the energy
storage system.

The storage mass is influenced by the power management strategy (PMS). In this
study, a peak shaving strategy is adopted, where both the wing‑mounted engine and the
battery provide power during takeoff to relieve the peak load on the gas turbine engine.
Since the battery’s ownweight remains unchanged, only thewing‑mounted engine is used
to provide power during cruise, reducing the total energy storage mass along the flight
profile. As shown in Figure 12, the series–parallel hybrid configuration has the largest bat‑
tery mass, and its low specific energy reduces the overall energy density, increasing the
aircraft’s weight and consequently the energy storage mass. In contrast, the series hybrid
configuration does not involve battery weight, and although it does not exhibit a signifi‑
cant advantage in fuel consumption, it has the smallest overall energy storage mass.
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Figure 12. Comparison of energy storage mass for three schemes.

3.5. Profile Performance Evaluation

The evaluation of flight profile performance primarily involves analyzing the perfor‑
mance of aircraft with different propulsion systems along the same profile. This includes
refining the mission profile, calculating flight time for each segment, average thrust, fuel
consumption rate, fuel usage, and total fuel consumption. The design uses average thrust
and fuel consumption rates for each segment as the main performance evaluation metrics.
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As shown in Figures 13 and 14, compared to the conventional propulsion system, all
three hybrid configurations show a reduction in fuel consumption rate. The series hybrid
configuration demonstrates an increase in thrust across all flight segments. Notably, as
flight altitude increases, the fuel consumption difference between the series and parallel
hybrid configurations widens, peaking during the cruise phase. The reason for this is that,
at high altitudes and high speeds, the impact of the electric propulsion system’s intake is
minimal, while the boundary layer ingestion effect of the nacelle‑mounted tail fan becomes
significant, improving fuel efficiency. Therefore, the parallel hybrid configuration exhibits
higher fuel consumption during cruise, while the series hybrid configuration achieves a
29.69% reduction in fuel consumption rate compared to the conventional configuration,
offering a greater advantage over the parallel hybrid configuration.
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The cruise phase is the longest and most fuel‑consuming phase in air transportation.
Research has shown that, compared to conventional propulsion systems, hybrid electric
aircraft achieve a reduction in overall fuel consumption along the entire profile. Among
the hybrid configurations, the series–parallel hybrid system performs the best, reducing
fuel consumption by 34.97%. In contrast, the purely parallel hybrid configuration shows a
smaller improvement, primarily due to the absence of the nacelle‑mounted tail fan and its
aerodynamic advantages. During the cruise phase, hybrid configurations equippedwith a
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nacelle‑mounted tail fan exhibit significant fuel savings, with the series hybrid and series–
parallel hybrid configurations saving 29.69% and 40.87% of fuel, respectively.

4. Results and Discussion
4.1. Power Hybridization

In the series hybrid propulsion system, power is provided by the turbofan engine and
the tail‑mounted electric motor, with the electric motor receiving its energy from the low‑
pressure shaft of the turbofan engine. A key focus of the power management strategy is to
efficiently allocate the low‑pressure shaft power to enhance energy utilization and reduce
fuel consumption.

In this design, the degree of hybridization (DoH) is used to represent the proportion of
power distribution. The hybridization coefficient Hp is defined as the ratio of the power PE

supplied to the electric system from the low‑pressure shaft to the total power PGT output
from either the low‑pressure or high‑pressure shaft, as shown in Equation (28):

HP =
PE

PGT
(28)

Integrating the boundary layer ingestion (BLI) with electric propulsion technology,
the research finds that an increase in the hybridization coefficient can enhance propulsion
efficiency and reduce fuel consumption. Based on this analysis, a sensitivity study at the
conditions of Ma = 0 and H = 0 km reveals that total thrust increases with the hybridiza‑
tion coefficient, while the fuel consumption rate decreases as the hybridization coefficient
increases as shown in Figures 15 and 16. The strategy to maximize the hybridization coef‑
ficient reduces fuel consumption by 29.30% and increases total thrust by 41.44% compared
to the conventional system, making it the optimal solution. Therefore, maximizing the uti‑
lization of the tail‑mounted fan becomes a key element of the power management strategy.
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Figure 15. Sensitivity analysis chart of hybridization coefficient to thrust.
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Figure 16. Sensitivity analysis chart of hybridization coefficient to SFC.

The increase in the hybridization coefficient improves the performance of the power
system but is limited by the motor’s installed power capacity. As the hybridization coef‑
ficient increases, the input power to the electric motor also increases. Once the motor’s
installed power is reached, the hybridization coefficient ceases to increase and reaches its
maximum value. In the high‑temperature takeoff condition, if the motor’s installed power
is 3 MW, the maximum hybridization coefficient is 27.25%.

4.2. Installed Power

Based on the analysis, the installed power of the electric motor influences the system’s
power distribution. A sensitivity analysis was conducted on the motor’s installed power
in light of technological advancements. The study compares the impact of motor installed
powers ranging from 2 to 6MWon the performance parameters of the power system, with
the optimization goal being the minimization of the system’s total mass, while ensuring
that the required thrust for the mission is met. To ensure the reliability and scientific rigor
of the comparison, the maximum hybridization coefficient was kept constant during the
analysis, and the design parameters for each system were optimized to achieve the lowest
possible mass. The results are shown in Figures 17 and 18.

World Electr. Veh. J. 2025, 16, x FOR PEER REVIEW 20 of 24 
 

 

Figure 16. Sensitivity analysis chart of hybridization coefficient to SFC. 

The increase in the hybridization coefficient improves the performance of the power 
system but is limited by the motor’s installed power capacity. As the hybridization 
coefficient increases, the input power to the electric motor also increases. Once the motor’s 
installed power is reached, the hybridization coefficient ceases to increase and reaches its 
maximum value. In the high-temperature takeoff condition, if the motor’s installed power 
is 3 MW, the maximum hybridization coefficient is 27.25%. 

4.2. Installed Power 

Based on the analysis, the installed power of the electric motor influences the 
system’s power distribution. A sensitivity analysis was conducted on the motor’s installed 
power in light of technological advancements. The study compares the impact of motor 
installed powers ranging from 2 to 6 MW on the performance parameters of the power 
system, with the optimization goal being the minimization of the system’s total mass, 
while ensuring that the required thrust for the mission is met. To ensure the reliability and 
scientific rigor of the comparison, the maximum hybridization coefficient was kept 
constant during the analysis, and the design parameters for each system were optimized 
to achieve the lowest possible mass. The results are shown in Figures 17 and 18. 

 

0% 20% 40%
-40%

-30%

-20%

-10%

0%

Fu
el

 co
ns

um
pt

io
n 

re
la

tiv
e 

va
ria

tio
n 

ra
te

 [%
]

Hybridization coefficient [%]

 Fuel consumption relative variation rate 
 Maximum hybridization coefficient

0%

5%

10%

15%

20%

25%

30%

M
ax

im
um

 h
yb

rid
iza

tio
n 

co
ef

fic
ie

nt
 [%

]

2 4 6
-50%

-40%

-30%

-20%

-10%

0%

Fu
el

 co
ns

um
pt

io
n 

re
la

tiv
e 

va
ria

tio
n 

ra
te

 [%
]

Motor installed power [MW]

 Fuel consumption relative variation rate 
 Maximum hybridization coefficient

0%

20%

40%

60%

80%

M
ax

im
um

 h
yb

rid
iza

tio
n 

co
ef

fic
ie

nt
 [%

]

Figure 17. Comparison chart of SFC changes under different installed powers.
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Figure 18. Comparison chart of propulsion system’s mass changes under different installed powers.

The analysis reveals that themaximumhybridization coefficient increaseswith higher
motor installed power. Compared to the baseline configuration, under the trends of key
technological advancements, a 5 MW motor installed power was found to be the optimal
solution, resulting in a 22.28% reduction in the total mass of the power system. Over the
2 MW to 6 MW range, each additional MW of installed power reduces the fuel consump‑
tion rate by 26.5% to 40.6%. However, the total mass of the power system is not solely
influenced by the installed power; while an increase in motor installed power leads to
an increase in motor weight, the optimized core engine mass decreases. Therefore, the
overall mass of the power system needs to be considered as a trade‑off between these
competing factors.

4.3. Specific Power of Electric System Components

A sensitivity analysis was conducted based on the projected range of specific power
for electrical systems between 2025 and 2035. This analysis examined the impact of the spe‑
cific power of various electrical system components—including the electricmotor, rectifier,
power controller, and thermal management system—on the overall mass of the power sys‑
tem, as shown in Tables 9 and 10.

Table 9. Sensitivity analysis of specific power of various components in the electrical system (0 m,
0 Ma condition).

Year Rectifier Specific
Power [Watt/kg]

Power Controller
Specific Power

[Watt/kg]

Thermal Management
System

Specific Power
[Watt/kg]

Propulsion
SystemMass [kg]

2025 7500 7500 3750 6635.89
2030 11,250 11,250 11,250 6540.07
2035 17,800 17,800 17,800 6452.51

Table 10. Sensitivity analysis of motor specific power (0 m, 0 Ma condition).

Year Specific Power of
Electric Motor [Watt/kg]

Propulsion
SystemMass [kg]

2025 5500 6635.89
2030 6000 6576.80
2035 6500 6526.80
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The comparative analysis indicates that between 2025 and 2035, the specific power
of the electric motor increases by 18%, resulting in a 1.64% reduction in the overall mass
of the power system. In contrast, the specific power of the electrical system as a whole
increases by 137%, leading to a 2.76% decrease in system mass. The study shows that
while the specific power of the electrical system has a relatively limited impact on system
mass, it is recommended to prioritize the development of other technologies with a more
significant influence.

5. Conclusions
This study integrates multidisciplinary algorithms to establish a hybrid electric

propulsion integrated aircraft design model, verifying the model’s simulation capability.
The performance of various hybrid propulsion architectures is analyzed based on mission
requirements, and the technical characteristics and sensitivity of key technologies of three
architectures are evaluated. The key conclusions of the study are as follows:

(1) Hybrid Electric Integrated Aircraft Design Methodology: A comprehensive perfor‑
mance model for hybrid aircraft was established, which includes sub‑models for mis‑
sion requirements, power systems, mass allocation, flight performance, and cost es‑
timation. A hybrid electric aircraft design platform based on the integrated aircraft
propulsion technology was developed using these models.

(2) Model Validation: The validation of the hybrid electric aircraft performance model
and the hybrid propulsion system performance calculations shows that the hybrid
system and aircraft design accuracy meet the required standards. The model’s pre‑
cision in calculating hybrid engine fuel consumption, thrust, and other performance
parameters satisfies the needs of subsequent applications. Furthermore, the perfor‑
mance validation of the hybrid aircraft model demonstrates that the simulation error
for aircraft with different power system configurations and key technology levels is
minimal, meeting the design requirements for hybrid aircraft flight performance.

(3) Comparison of Hybrid Propulsion System Architectures: With the same design con‑
straints, key technologies, and mission profiles, a comparative analysis of three hy‑
brid propulsion system architectures reveals that the battery‑equipped architecture
offers weight reduction and overall energy‑saving advantages. However, due to the
low current energy density of batteries, it cannot alleviate fuel consumption pres‑
sures, leading to significant penalties in aircraft mass and energy consumption. The
turbine–electric hybrid architecture, on the other hand, improves system efficiency
and reduces fuel consumptionwithout imposing additional burdens from the energy
storage system. It is more feasible under current technology levels and could become
a key focus for future application research.

(4) Performance Sensitivity Analysis: Based on the design model, the turbine–electric
hybrid architecture was selected for further analysis. Sensitivity analyses of power
hybridization factors, motor power rating, and electric system specific power were
conducted. The results indicate that total thrust and fuel consumption rate increase
monotonicallywith the hybridization factor. When the power allocated to the electric
system equals the motor power rating, the hybridization factor reaches its feasible
maximum. Maximizing the hybridization factor as a power management strategy
reduces fuel consumption by 29.30% and increases total thrust by 41.44%. The hy‑
bridization factor and motor power rating are directly proportional, and within the
range of 2 MW to 6 MW motor power, each 1 MW increase in motor power reduces
fuel consumption by 26.5% to 40.6%. From 2025 to 2030, the impact of specific power
on the mass of the electric system will be limited. An 18% increase in specific power
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results in a 1.64% reduction in system mass, while a 137% increase in specific power
leads to a 2.76% decrease in system mass.
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