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ABSTRACT  
 

An integrated engine cycle design methodology and mission assessment for parallel hybrid electric 
propulsion architectures are presented in this paper. The aircraft case study considered is inspired by 
Fokker 100, boosted by an electric motor on the low-pressure shaft of the gas turbine. The fuel burn 
benefits arising from boosting the low-pressure shaft are discussed for two different baseline engine 
technologies. 

A three-point engine cycle design method is developed to redesign the engine cycle according to the 
degree of hybridization. The integrated cycle design and power management optimization method is 
employed to identify potential fuel burn benefits from hybridization for multiple mission ranges. 
Genetic algorithm-based optimizer has been used to identify optimal power management strategies. 
The sensitivity of these mission results has also been analysed for different assumptions on the electric 
powertrain.  

With 1 MW motor power and a battery pack of 2300 kg, a maximum of 3% fuel burn benefit can be 
obtained by retrofitting the gas turbine for 400 nm mission range. Optimizing the power management 
strategy can improve this fuel burn benefit by 0.2-0.3%. Redesigning the gas turbine and optimizing 
the power management strategy, finally provides a maximum fuel benefit of 4.2% on 400 nm. 

The results suggest that a high hybridization by power, low hybridization by energy, and ranges below 
700 nm are the only cases where the redesigned hybrid electric aircraft has benefits in fuel burn and 
energy consumption relative to the baseline aircraft.  

Finally, it is found that the percentage of fuel burn benefits from the hybrid electric configuration 
increases with the improvement in engine technology. 

 

NOMENCLATURE 
 𝐹  Thrust 𝐻  Degree of hybridization by energy 𝐻  Degree of hybridization by power 
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𝑚  Fuel flow 𝑉  Jet Velocity ratio 

BPR Bypass ratio 

cEIS2035 Conventional entry into service 2035 
engine 

cTAY Conventional TAY 651 

EOR End of Runway 

FPR Fan Pressure ratio 

hEIS2035 Hybrid entry into service 2035 engine 

HEPS Hybrid electric propulsion systems 

HPC High pressure compressor 

hTAY Hybrid TAY 651 

LPC Low pressure compressor 

MCL Maximum Climb 

MCR Maximum Cruise 

MIPH Mechanically Integrated parallel hybrid 

OPR Overall Pressure ratio 

PMS Power management strategy 

PR Pressure ratio 

SoC State of charge 

T/O Maximum Take-off 

Tblade Turbine blade metal temperature 

TSFC Thrust Specific fuel consumption 

UHBR Ultra-high bypass ratio 

WS Work split IPC/HPC 

 

1. INTRODUCTION  
 

The Advisory Council for Aeronautical Research in Europe (ACARE) has set some ambitious goals for 
decarbonizing aviation till 2050 [1]. Improvement in the efficiency of current gas turbines and 
airframes alone will not be sufficient to achieve these goals [2], [3]. Novel propulsion architectures 
like hybrid electric propulsion systems and alternative fuels are considered for achieving the 
anticipated leap in fuel efficiency and emissions reduction [2], [4].  
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In the past decade, NASA has revealed many aircraft configurations, utilizing different novel hybrid 
electric propulsion architectures. These concepts were namely, N3-X, SUGAR VOLT, and STARC ABL 
utilizing series/turboelectric, parallel, and partial turboelectric HEPS architectures respectively ([5], 
[6], [7], [8]). Out of these, parallel hybrid is the most likely solution to be implemented in near future, 
as other architectures would need MW-class superconducting generators and transmission systems, 
and newer airframes. Even parallel hybrid electric configurations are not expected to be implemented 
before the 2030-35 timeframe due to the low power and energy densities of electric batteries and 
heavy thermal management systems [9]. There has been significant work done in recent years 
analyzing parallel hybrid propulsion systems for different VTOL ([10], [37]), regional ([11], [12], [13]), 
UAV [14] and single-aisle narrow-body airframes [15]. Most of the work done on parallel hybrid 
electric propulsion systems in open literature has been looked at from an aircraft design point of view. 
The initial study by NASA on the SUGAR VOLT focused on the development of the airframe and electric 
powertrain models [8]. The work from Mavris et al [16] extended this and conducted analyses at the 
mission level for a sweep of battery weights on the Refined SUGAR N+4 airframe. The main conclusion 
from the paper was a 25% fuel burn benefit with a 22500 pounds battery pack on 900 nm at reduced 
payload relative to the baseline aircraft.  

The work of Cees Bil et al [14] and de Vries et al [22] have shown the conceptual design of parallel 
hybrid electric aircraft without going into the details at an engine cycle level. Trawick [17] produced 
different ways to assess optimal power management strategies for parallel hybrid architectures. Lents 
et al [18] focused on the thermal management systems and provided a preliminary approach to engine 
cycle design by trading bypass ratio with motor power on-take. The work done by Lents et al [18] was 
the first paper in the open literature that looked at parallel hybrid electric propulsion systems from an 
engine cycle design point of view. The cycle level benefit from increasing BPR was a 2.3% improvement 
in TSFC with a 2.1 MW motor. The study also concluded that including the ram-air drag penalty for the 
electric powertrain cooling system outweighs this benefit. The studies from Sahoo et al [19] and 
Sielemann et al [20] presented different approaches to cycle design with limited information on its 
impact at the aircraft mission level. Roumeliotis et al [21] presented the impact of power on-takes on 
LPC, fan, and HPC operability.  

There has been work done on parallel hybrid engine cycle design for a fixed power management 
strategy as described [18], [19], and [20]. In Lents’ study [18], no change is made to the design point 
FPR and OPR with increasing BPR, and neither the mass flows are conserved at top of climb. This leads 
to a slight overestimation in fuel burn benefit for the hybrid cycle as the higher drag and weight due 
to a bigger fan diameter is not accounted for.  Another approach was made by Sahoo et al [19] where 
power on-takes were provided at all the 3 design points, namely, cruise, top of climb, and take-off. 
The approach was like Lents et al [18], but extra parameters of jet velocity ratio and FPR/IPC PR work 
split were utilized to maintain the optimal cycle efficiency. The ratio of top of climb to take-off power 
on-take was the same as proposed by Lents et al [18].  

Sielemann [19] combined the two methods and produced a multi-point cycle design method. Even in 
[19], the mass flows are not conserved at top of climb. It can certainly be argued that a hybrid electric 
engine may perform better with a lower specific thrust cycle than a corresponding non-hybrid engine 
for the same thrust levels. But a comparison should be made also at the same specific thrust or fan 
diameter to isolate and benchmark the improvement in engine cycle efficiency without the nacelle 
skin friction drag penalty. Integration of power management strategies and engine cycle design for 
parallel hybrid engines has been presented in [16] and [23], but the individual benefits coming from 
these two are not quantified and no trade-offs are identified. Various aspects of engine cycle design, 
mission performance, and power management strategies have been discussed in the open literature 
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as summarized above, but still, some research questions have been left unanswered. They can be 
summarized as follows: 

 What is the maximum benefit that can be obtained by redesigning the engine cycle with 
hybridization as compared to simply retrofitting the gas turbine with electrical power? 

 What are the optimal motor power and battery sizes for a given mission range for 
minimization in fuel burn and energy consumption? 

 Do the potential benefits from hybridization increase or decrease with improvement in gas 
turbine technology? 

A novel integrated engine cycle design and power management strategy optimization methodology is 
developed and utilized to help answer the above-mentioned research questions for parallel hybrid 
electric architectures. It is important to address these research questions to provide a perspective of 
the maximum potential fuel burn benefit that can be expected from parallel HEPS architectures and 
the associated battery sizes and power management strategies. The impact of engine cycle design on 
the HEPS design space has not been explored thoroughly in the literature and as will be shown in this 
paper, it is an important factor in enabling electrification. The aircraft case study considered is a 110-
seater single-aisle, regional aircraft, resembling the Fokker 100 [24] which is powered by two 2-spool 
fuselage-mounted turbofan engines Rolls Royce TAY 651 [25]. It is understood that the maximum 
benefits obtained from hybridization in terms of fuel burn are when the electrical motor is boosting 
the LP shaft of the gas turbine. The results indicate that retrofitting the gas turbine engine with 
hybridization (without modifying the engine) has turbine life benefits and marginal fuel burn benefits 
at lower ranges. Redesigning the gas turbine with hybridization has higher fuel burn benefits than the 
retrofit hybrid gas turbine case but no turbine life benefit relative to the baseline. 

 

2. METHODOLOGY 
 

An integrated aircraft-engine model has been developed to assess parallel hybrid electric aircraft 
performance. Cranfield University in-house aircraft performance code, ORION ([26], [27]) is used for 
the baseline aircraft weight, drag, and performance estimation and was extended to utilize different 
energy sources and to account for electrical powertrain weight and efficiency variation. Cranfield 
University in-house engine performance code, TURBOMATCH [31] and ATLAS [32] are used for 
baseline gas turbine cycle modeling and sizing respectively. ORION has been integrated with a solving 
scheme performing 3-point engine cycle design and optimization. It is also integrated with electric 
power management and aircraft mission optimization codes. Each of the individual elements of this 
methodology is described in this section. The parallel hybrid configuration examined in this study is 
presented in Figure 1. 

2.1 ORION HEPS Workflow  
 

ORION is similar in structure to NASA FLOPS [28]. The drag polar is based on empirical correlations 
from Raymer [29]. ORION employs the secant method to update the iteration variable in each internal 
mission loop and runs the loops till the error between two consecutive iteration variables is within 
convergence. These variables can either be fuel burn or range depending on the mission mode 
selected by the user. To avoid another internal iterative loop for battery and motor sizing, the battery 
and motors are sized externally. Once the battery weight and motor powers are defined throughout 
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the flight envelope, an internal state of charge calculator is embedded to discharge the battery only 
to 20% state of charge. A 4-D engine deck approach is developed to perform this task, where the 
specific fuel consumption, thrust, and fuel flow for each point are estimated as a function of thrust 
rating, motor power on-take, altitude, and Mach. 

 𝑡𝑠𝑓𝑐, 𝑡ℎ𝑟𝑢𝑠𝑡, 𝑚 = 𝑓(𝑎𝑙𝑡, 𝑚𝑎𝑐ℎ, 𝑜𝑛𝑡𝑎𝑘𝑒, %𝑡ℎ𝑟𝑢𝑠𝑡)    (1) 
 

Genetic optimizer is employed to generate optimal power distribution for the electrical powertrain 
across the mission segments and is linked to the global aircraft performance loop in ORION. The 
variables, objective function, and constraints are given below in Table 1. The variables are the 
electrical power on-takes provided to the LP shaft for three flight mission segments - take-off, climb, 
and cruise. The variables can also be defined as a ratio of the electrical power on-take to the LP shaft 
power. All the flight mission phases (take-off, climb and cruise) are divided into many segments, and 
the battery state of charge is calculated at each segment. The motor power on-take is made zero if 
the battery state of charge falls below 20% during any segment. All the simulations were performed 
for a sweep of battery sizes and motor powers and within each simulation, a loop of GA optimizer was 
run to optimize the electrical power distribution across the flight mission. The battery stack sizing 
module was based on the SUGAR VOLT study [8] while the AC motor and inverter efficiency maps were 
developed from the method provided by Vratny et al [33]. The selection of the line voltage was kept 
at 1800 VDC based on the inputs from Vratny et al [33]. The cell characteristics are based on the 
Panasonic 20700A lithium-ion battery cell [36], and the battery parameters are reported in Table 2. 

 

2.2 3-point engine cycle design approach  
 

The approach developed for the hybrid cycle design is based on the baseline non-hybrid 3-point cycle 
design method from Guha [30] and Kyprianidis [38]. For a typical turbofan engine cycle, the top of 
climb mass flow sizes the fan diameter and take-off requirements and constraints size the core and 
bypass ratio. The cruise is kept as the design point and an SFC optimum cold stream to hot stream jet 
velocity ratio is targeted. Table 3 summarizes the approach utilized for the 3-point hybrid engine cycle 
design and the process is represented in Figure 2. As compared to a typical cycle design process, an 
extra variable of top of climb on-take is introduced as a parameter for hybridization. For all the cases, 
take-off power on-take is the maximum motor power available (coming from the degree of 
hybridization by power). No on-takes are provided for the design point (cruise).  

For both the baseline and redesigned hybrid cases, the HPT blade metal temperatures are kept the 
same at take-off and top of climb. The main aim of redesigning the engine cycle is to exploit the 
flexibility provided by electrification by bringing the cruise operating point close to the thermal 
efficiency at take-off. Hence, no cruise on-take is applied while top of climb on-take is varied to exactly 
meet the HPT NGV and rotor blade metal temperatures during climb as the baseline. In such a way, 
the engine cycle is just about correctly sized to meet the temperature constraints. As discussed by 
Trawick [17], high continuous motor power is never recommended to avoid high discharge rates for 
the battery. Hence a continuous high motor rating is not used for all the flight segments and a variable 
power rating is used as required to meet the cycle requirements and constraints. The rest of the cycle 
design method is like the engine cycle design method described in [38]. The hybrid cycle design 
method consists of matching 10 design variables to corresponding parameters until convergence. 
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Secant method is employed to match the variables to the corresponding cycle parameters.  The BPR 
is varied to meet the optimum jet velocity ratio, the OPR is varied to meet the T/O T30 constraint while 
maintaining the LPC/HPC work ratio at cruise and FPR is varied to meet the top of climb mass flows. 
The LPT spool speed is varied to meet the thrust at top of climb and take-off as depicted in Figure 2. 
The HPT NGV and rotor blade metal temperature constraints at take-off are met by varying the cooling 
flow fractions calculated according to Horlock [31]. Finally, the climb HPT NGV and rotor temperature 
of the hybrid engine is kept the same as the baseline by varying the climb motor power on-take.  

 

2.3 Integrated hybrid aircraft-engine model 
 

The developed methodology contains ORION aircraft performance model coupled with 3-point cycle 
design methodology, weight estimation, and electric powertrain performance. The models are 
integrated with a global optimizer. For weight estimation of the gas turbine, Cranfield University in-
house code, ATLAS [32] is used. Physics-based motor and inverter efficiency models are employed, 
based on [33]. 

Figure 3 shows the top-level flow diagram for the optimal PMS and retrofit case. For the redesigned 
case study, the minimum value of top of climb and take-off power on-take is constrained by the blade 
metal temperature limits. It should be noted that the full flow diagram is only utilized when assessing 
the redesigned gas turbine case study integrated with optimal power management strategy. For the 
retrofit and optimal power management strategy cases, as no changes are made to the baseline 
engine, the 3-point engine cycle design code is not utilized. 

 

3. RESULTS AND DISCUSSION  
 

This section is divided into five segments: Baseline aircraft and engine, HEPS engine cycle design, HEPS 
aircraft mission assessment, HEPS EIS 2035 engine cycle design and HEPS aircraft mission assessment 
(EIS 2035). Section 3.1 provides information on the baseline aircraft and engine and validation data 
for the models developed. Section 3.2 describes the impact of electrification on the engine cycle 
design and summarizes the cycle data for baseline, retrofit, and redesigned cycles. Section 3.3 consists 
of the mission assessment results for all the hybrid cases utilizing the cycle design and power 
management optimization method. Section 3.4 provides engine cycle data for baseline, retrofit, and 
redesigned cases for EIS 2035 cycle constraints. Section 3.5 compares the impact of electrification 
across the full design space for the two engine technologies. 

 

3.1 Baseline aircraft and engine  
  

The aircraft model was developed in ORION using data from [34] while the engine model (inspired by 
TAY 651) was developed in TURBOMATCH and validated with [25]. The aircraft and engine model 
performance data can be summarized in Table 4. The payload-range capability was matched to public 
domain information [24] as depicted in Figure 4, indicating that the aircraft mission performance is 
predicted with good accuracy (<3%). The baseline engine data are provided in Table 5. 
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3.2 HEPS Engine Cycle Design  
 

3.2.1 Retrofit engine cycle  
 

The impact of electrification on the baseline engine is described in this sub-section. The retrofit engine 
simply means there is no change to the baseline engine and the engine is de-rated for the phases of 
flight where the motors provide power to the LP shaft. The retrofit hybrid engine will have potentially 
a turbine life benefit and NOx reduction compared to the baseline due to the lower turbine work 
requirement and hence lower turbine entry temperatures.  Figure 5 and Figure 6 show the drop in T40 
and T30 on the same thrust level at take-off conditions with varying degrees of hybridization. Every 1 
MW on-take leads to a drop in T40 by 41 K and a drop in T30 by 5 K. The retrofit engine data are 
provided in Table 5. This reduction in T40 and T30 gives some margin to redesign the cycle to smaller 
core sizes and higher OPRs at cruise. This will potentially lead to improvement in core efficiency and 
lower specific fuel consumption. Simultaneously, it will lead to higher core temperatures compared to 
the retrofit case, partly negating turbine life and NOx benefit. An engine cycle redesigned to take 
advantage of this flexibility is presented in the next sub-section. 

 

3.2.2 Redesigned engine cycle  
 

In this subsection, the engine cycle that was redesigned with electrification is described. The method 
for engine cycle design described in section 2.2 is utilized to develop an engine cycle redesigned 
according to electrification. The comparison of the three engine cycles – baseline, retrofit, and 
redesigned hybrid is presented in Table 5.  For the redesigned cycle, the power on-take is found to be 
400 kW at top of climb to have the same blade temperatures as the baseline. All three cycles are 
compared at the same thrust levels as the maximum take-off weight constraint is maintained. For the 
redesigned hybrid case, the increase in design point BPR and OPR increases the thermal efficiency at 
cruise.  Thereby reducing cruise specific fuel consumption by 0.7% relative to the baseline engine. The 
top of climb and cruise thrusts will be slightly different for the hybrid cycle depending on the power 
management strategies, but the differences are too small to be considered.  The redesigned engine is 
also 7% lighter than the baseline engine due to the reduced core size. Though the ratio of top of climb 
to take-off on-take of 0.4 obtained from Figure 7 is not too different from Lents [18] (0.35), it heavily 
depends on gas turbine technology level and thrust ratios. 

 

3.2.3 Gas turbine operability 
 

In this subsection, the impact of electrification on gas turbine operability is described. In the last 
subsections, it was discussed that as the motor shaft power increases, there is a linear decrease in T40 
and T30, which means a linear improvement in the cruise specific fuel consumption for the redesigned 
engine cycles with an increasing degree of hybridization.  The maximum power provided at take-off, 
climb and cruise though will ultimately be limited by the impact on the operability of the gas turbine 
components. The LPC moves towards surge on application of on-take for any phase of flight. This is 
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particularly more prominent if higher motor power is provided to the LP shaft as seen in Figure 8.  The 
HPC operating point change with power on-take is shown in Figure 9. If the HP shaft was powered 
instead of the LP shaft, the trend is reversed and shown in [11]. Operating characteristics will remain 
the same for redesigned engine cycle as the retrofit as the cruise design point surge margin is kept the 
same and no electrification is provided at that point. The gas turbine can certainly be redesigned 
keeping the surge margin of the compressors in mind with electrification but that would also reduce 
the specific fuel consumption benefit. Hence, the cruise surge margin is kept the same. 

The ratio of top of climb to take-off power of 0.40 is ideal from an engine cycle design and operability 
point of view but is not ideal from a power management strategy point of view. The power distribution 
for the retrofit hybrid would depend on three factors: variation of aircraft weight due to change in on-
takes, battery discharge rates, and motor-inverter efficiency.  From the battery stack model described 
in Section 2.1, higher discharge rates/ currents will reduce the efficiency of the battery, keeping the 
discharge rate low is a critical factor for both performance and life. The variation in motor-inverter 
efficiency with power is typically low, from models described in section 2.1. It can be concluded that 
the battery discharge rates, and aircraft weight variation are driving factors in the selection of a power 
management strategy. Hence, the ideal power management strategy would be to utilize a fraction of 
the maximum available power throughout the flight, powering mostly cruise, to have lower battery 
discharge rates and get lighter earlier in the mission. However, such a distribution will have operability 
issues at cruise and would give limited scope for engine core reduction.  

 

3.3 HEPS aircraft mission assessment 
 

This section presents the mission performance results for HEPS engine cycles described in the earlier 
section. It is divided into two sub-sections: Fixed battery energy and Sweep of battery weights. 

 

3.3.1 Fixed battery energy 
 

In this sub-section, a comparison is made between redesigned and retrofit hybrid cycles for a set of 
off-design mission ranges in terms of fuel burn and energy consumption using the cycle data 
summarized in Table 5. These are performed with current assumptions on the electrical powertrain 
and a sweep of battery energy densities with fixed battery energy, sized to provide 1 MW during take-
off and climb. The complete powertrain efficiency (battery, motor, and inverter) considered for the 
design point is 0.86, with no superconducting technology considered for the electrical motors. The 
electrical powertrain and thermal management power densities are summarized in Table 6 for both 
state of the art and 2035 assumptions. The 2035 assumptions on the power densities are used to 
produce the results in section 3.3.2.  In this study, the weights for the thermal management systems 
are considered. It can be seen from Figure 10, that payload needs to be reduced with an increase in 
mission range to meet the ramp weight constraint for mission ranges above 1000 nm and all energy 
densities considered. For battery energy density of 250 Wh/kg, there is a consistent penalty in the 
payload for all mission ranges considered except for missions shorter than 400 nm.  

There is no penalty in payload till 1000 nm for 750 Wh/kg for both retrofit and redesigned case studies. 
It is observed that the redesigned hybrid case results in lower penalty in payload than the retrofit 
hybrid for all mission ranges. This is attributed to 7% lower engine weight and lower specific fuel 
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consumption.  Two new parameters are defined to compare energy and fuel economy, accounting for 
the penalty in payload and range, named as Normalized delta energy and Normalized delta fuel.  

 𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝐸𝑛𝑒𝑟𝑔𝑦 = 𝐸𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛(𝑅𝑎𝑛𝑔𝑒 ∗ 𝑝𝑎𝑥)     (2) 

 𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝐹𝑢𝑒𝑙 = 𝐹𝑢𝑒𝑙 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛(𝑅𝑎𝑛𝑔𝑒 ∗ 𝑝𝑎𝑥)     (3) 

 

In Figure 11 and Figure 12, to separate benefits arising from cycle design and power management 
strategy, a continuous 1 MW on-take till battery discharges, is provided for both retrofit and redesign. 
Figure 11 and Figure 12 show the percentage difference in Normalized Energy and Normalized Fuel 
respectively between HEPS architectures (retrofit and redesign) and baseline engine. It is seen that 
even with a 750 Wh/kg assumption on the battery energy density, there is no benefit in normalized 
fuel burn for retrofit hybrid design relative to the baseline non-hybrid for all mission ranges. The same 
trend is observed in normalized energy consumption relative to the baseline, with penalties ranging 
from 0.2% to 36%. The redesign brings a benefit of the order of 1-1.1% in block fuel burn relative to 
retrofit for all ranges with the maximum payload. On a mission range of 400 nm, the redesigned 
provides a 1.8% fuel burn benefit relative to the baseline. Since the Fokker 100 flies 50% of the flights 
below 400 nm, there is scope for fuel burn improvement with a properly designed engine cycle, 
optimally sized thermal management systems and optimally utilized electric powertrain. The 
comparison of the same redesigned cycle with these two different power distributions is described 
further in section 3.3.2. 

 

3.3.2 Sweep of battery weights  
 

The next set of simulations is performed to identify the appropriate battery size and motor power for 
this aircraft using battery energy density of 750 Wh/kg and 2035 estimates on the electric powertrain. 
As the battery size increases, the maximum payload range of the aircraft reduces due to added weight 
and the energy consumption penalty also increases. In all the flight mission results considered herein, 
the genetic algorithm optimizer is employed to optimize the electrical power distribution along the 
flight mission. This is integrated and utilized with the cycle design method for the redesigned case 
studies. The line ‘Battery limited by power’ in Figure 13 is the maximum range below which the battery 
is not fully discharged (SoC>20%) and is oversized. This is a key parameter that reflects the need for a 
higher motor power to discharge the battery for lower flight mission ranges. The line ‘Battery limited 
by MTOW’ highlights the maximum flight mission range for maximum payload for different battery 
weights. Figure 14 illustrates the potential benefit arising from simply utilizing the battery in a more 
favorable manner without any cycle redesign. The maximum fuel burn benefit from optimizing the 
power management strategy is approximately 0.2-0.3%, which is less than the benefit from cycle 
redesign. Optimal power management strategy suggests an almost continuous low power value of 
motor to get a balance between aircraft weight and battery resistance effect. 

The final comparison is made between 0.5 and 1 MW motor power for the sweep of battery sizes in 
Figure 15 and Figure 16. It is seen that retrofit hybrid with 0.5 MW consumes less block energy and 
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fuel than 1 MW for the same battery size, but the trend is the opposite for redesigned hybrid. This 
shows that core size reduction has a more pronounced effect on fuel burn and energy consumption 
than electrical powertrain weight increment for the same battery size. A higher motor power on-take 
will improve the fuel burn benefit due to greater margin to redesign the engine cycle but will have 
operability issues and higher cruise turbine entry temperatures. The 1 MW redesigned hybrid has a 
roughly 45 K higher T40 than the baseline engine, while the 0.5 MW redesigned hybrid has roughly 22 
K higher T40 than the baseline engine at cruise. This leads us to the conclusion that a higher power 
on-take would enable higher fuel burn benefits for redesigned cycles for the given case study. 
However, this power on-take may ultimately be limited by cruise turbine entry temperatures in cases 
where a higher margin for cycle redesign is available. 

Finally, some light is shone on different power management strategies for the redesigned engine cycle. 
The difference between redesigned and retrofit delta energy is slightly higher for the results shown in 
Figure 11 than Figure 16 by 0.2% corresponding to a battery size of 1153 kg. This difference is due to 
the better power management strategy of 1 MW and 400 kW at take-off and top of climb instead of 
1 MW throughout, till the battery discharges. The identification of optimal battery size is heavily 
dependent on the operation of the aircraft fleet. It is seen from Figure 17 and Figure 18 that a 2307 
kg battery pack has greater fuel burn benefit than an 1153 kg battery pack for all ranges below 800 
nm but has a reduced maximum payload range capability by almost 300 nm. 

 

3.4 HEPS EIS 2035 engine cycle design  
 

The TAY 651 hybrid results have been presented in the earlier sub-chapters. TAY 651 has been in 
service since 1990 [25] hence when hybridization will be applied, more efficient gas turbines will be 
available for the same thrust class. The next step would be to analyse the impact of hybridization for 
a modern UHBR geared turbofan engine with polytropic efficiency estimates for EIS 2035[35]. In this 
section, hybrid engine cycle design is performed and presented for an entry into service 2035 turbofan 
engine. The engine cycle design and aircraft mission assessment methods are the same as described 
in the previous chapters. The engine cycle parameters are summarized in the Table 7. For the same 
electrical input power of 1 MW, the redesign cruise specific fuel consumption benefit is 0.92% relative 
to the retrofit cycle. It should be noted that this is an optimum cycle without putting constraints on 
the blade height of last stage of the HPC, which may put the baseline cycle at a lower OPR and T40.  

This is slightly higher than the specific fuel consumption benefit which was obtained for the TAY 
redesign relative to retrofit. This brings us to a more fundamental understanding of parallel hybrid 
turbofan systems.  It is intuitive to think that as the thermal efficiency of the gas turbine increases, the 
delta fuel burn percentage benefit of parallel hybrid electric systems should reduce. But the reduction 
in specific thrust has a greater impact than the improvement in thermal efficiency. Hence, for the 
same electrical power, there is a greater contribution to thrust from the electrical powertrain as lower 
specific thrust dominates thermal efficiency. This is the reason why EIS 2035 engine shows greater 
reduction in specific fuel consumption as compared to TAY 651 on application of same electrical power 
on-take. 

 

3.5 HEPS Aircraft mission assessment 
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The hypothesis proposed in the previous subsection is more easily understood from the mission-level 
assessment. To cover the full design space for parallel hybrids, two specific parameters are used. These 
are 𝐻  and 𝐻 , called degree of hybridization by power and degree of hybridization by energy. 

 𝐻 = 𝑃𝑃     (4) 

 𝐻 = 𝐸𝐸     (5) 

 

Figure 19 shows the percentage delta fuel burn between hybrid retrofit TAY (hTAY) and baseline TAY 
(cTAY) on 500 nm. For 5% 𝐻  and 4% 𝐻 , the fuel burn benefit is 1.91% with a total battery weight of 
2167 kg.  Figure 20 shows the percentage of delta fuel burn between hybrid retrofit EIS 2035 and 
conventional EIS 2035. For the same 5% 𝐻  and 4% 𝐻 , the percentage fuel burn benefit is 2.58% with 
a total battery pack weight of 1321 kg.  

From these two contour plots, for the same 𝐻  and 𝐻 , hybrid EIS2035 has a greater fuel burn benefit 
than hybrid TAY relative to their respective basely baseline engines. This is reflected in the LP shaft 
power, as it reduces from 16 to 10 MW approximately from the TAY to EIS 2035. For the same 𝐻  and 𝐻 , hybrid EIS 2035 requires lighter battery and motor weights due to two reasons, lower shaft power 
requirement and higher shaft speed. The maximum LP shaft speed of the EIS 2035 is 11,200 RPM while 
TAY 651 is 8800 RPM [25]. The battery weights are only affected by the lower shaft power requirement 
and not the motor rotational speeds as line voltages are the same. The contribution of a higher motor 
power-to-weight ratio is much lower than the contribution of LP shaft power reduction to the fuel 
burn benefit for EIS 2035. The reduction in motor and inverter weights due to higher shaft speeds is 
only around 40 kg so it is safe to assume most of the fuel burn benefit for the hybrid EIS 2035 as 
compared to hybrid TAY 651 comes from the lower shaft power requirement. Reduction in weights 
mainly due to lower shaft power requirement means that less fuel burn penalty is paid to carry the 
dead weight in the case of EIS 2035, and this is reflected in delta mission fuel burn in Figure 20. The 
trend of the energy burn is similar in both cases and is shown below in Figure 21 and Figure 22. But it 
can be seen even in energy burn, hybrid EIS 2035 has a significantly lower energy penalty than hybrid 
TAY.  Figure 17 showed that 2-5% fuel burn can be saved with a 2307 kg battery pack on a redesigned 
TAY. Since the benefit is 0.7-0.8% more on a hybrid redesigned EIS 2035 (difference between Figure 
19 and Figure 20), the total benefit jumps to approximately 3-6%. 

 

4. CONCLUSION 
 

This work presented a comprehensive mission assessment and design methodology for parallel HEPS 
systems for single-aisle aircraft applications. The results were presented for retrofit, optimal PMS, 
and redesigned engine cycle case studies with varying motor powers and battery sizes across several 
mission ranges. It has been demonstrated the improvement in fuel burn benefit from hybridization 
increases with reduction in engine specific thrust. The major conclusions from this study can be 
summarized as follows: 
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 Low engine specific thrust and high battery energy density are driving factors for 
reduction in fuel burn for HEPS  

 There is only a benefit of 1.8% fuel burn at 400 nm for Fokker 100 – hybrid TAY with 
a battery energy density of 750 Wh/kg, sized for T/O & Climb, current power density 
estimates on the motor, inverter, and thermal management system. 

 Improvement in electrical powertrain density and implementing on a modern UHBR 
engine shows a much bigger fuel burn benefit ranging from 3-6% across full design 
space relative to the baseline engine.  

 Low 𝐻  and high 𝐻  is the most suitable combination for fuel burn and energy 
consumption reduction. 

 Power management strategies do not have a particularly big benefit at the aircraft 
level mission fuel burn but are critical from the point of view of the aircraft-engine 
operation and battery life.  

 The cruise specific fuel consumption benefit obtained from redesigning the engine 
cycle with hybridization of 1 MW power on the TAY 651 engine is around 0.7% which 
translates into 1.1% fuel burn benefit taking the reduced engine weight into account. 

 The maximum motor power into the shaft may ultimately be limited by the turbine 
entry temperature at cruise with the redesigned cycle. 

This work provides a perspective, of the fuel burn benefit that can be expected from parallel HEPS 
architectures from different engine cycle design technology scenarios. It also provides a robust, 
integrated method to perform engine cycle design with power management strategy optimization 
and mission assessment of these architectures. The method is flexible and can be easily modified to 
assess other HEPS configurations on different aircraft classes. 
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TABLES 
 

Table 1 - Genetic Optimizer 

Objective Function  Min fuel burn  
Variables   Take-off on-take  

 Climb on-take  
 Cruise on-take  

Constraints   Aircraft TOW  
 Battery SoC > 20% 

 

Table 2 - Battery characteristics 

Nominal Cell Voltage (V) 3.6 
SoC (%) 20 
Specific Energy Density (Wh/kg) 250 
Specific Power (kW/kg) 1.2 
Capacity (Ah) 3.3 

 

Table 3 – 3-point cycle design parameters and variables 

Objective function Min tsfc  
Design parameters  Cruise thrust  

 Top of climb thrust 
 Take-off thrust  
 T/O T30 
 T/O T40 
 Top of climb Tblade 
 Top of climb mass flow  
 Cruise jet velocity ratio  
 Cruise IPC/HPC work split  
 End of runway Tblade  

Variables  Cruise FPR 
 Cruise BPR  
 Cruise T40 
 Cruise LPC PR 
 Cruise HPC PR 
 Cruise mass flow  
 Top of climb power on-take  
 Top of climb LPT spool speed 
 Take-off LPT spool speed 
 Cooling fractions  

 

 

Table 4 - Fokker 100 aircraft & engine data 
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Max Ramp Weight (kg) 45909 
Max Payload Range (nm) 1425 
Max Payload (kg) 10750 
Cruise tsfc (g/kN.s) (TAY 651) 19.47 
Cruise BPR (-) 3.06 
SLS Thrust (kN) 68.5 
T/O T40 (K) 1411 

 

 

Table 5 - Comparison of baseline, retrofit hybrid and redesigned hybrid engine cycles 

Parameter Baseline Retrofit, delta Redesigned, delta  
Cruise BPR (-) 3.06 3.06 0 3.329 8.8% 
Cruise tsfc (g/kN.s) 19.475 19.475 0 19.34 -0.7% 
Cruise OPR (-) 16.6 16.6 0 17.01 2.5% 
Cruise T40 (K) 1160 1160 0 1198 38 
T/O T40 (K) 1411 1369 -42 1411 0 
T/O T30 (K) 728 723 -5 728 0 
Top of climb mass 
flow (kg/s) 

80.26 80.85 0.7% 80.26 0 

Cruise on-take (kW) 0 0 0 0 0 
Top of climb on-take 
(kW) 

0 400 400 400 400 

T/O on-take (kW) 0 1000 1000 1000 1000 
 

 

Table 6 - Electrical powertrain assumptions 

Parameter  Current 2035 
Motor Power density (kW/kg) 7 13 
Inverter Power density (kW/kg) 11 19 
Thermal Management Power 
density (kW/kg) 

0.7 1.2 

Battery Power Density (kW/kg) 1.2 2 
 

 

Table 7 - EIS 2035 Engine cycle parameters  

Parameter Baseline Retrofit, delta Redesigned, delta  
Cruise BPR (-) 17.5 17.5 0 18.6 6.2% 
Cruise tsfc (g/kN.s) 12.95 12.95 0 12.83 -0.9% 
Cruise OPR (-) 52.44 52.44 0 54.79 4.5% 
Cruise T40 (K) 1630 1630 0 1677 47 
T/O T40 (K) 1880 1824 -56 1880 0 
T/O T30 (K) 946 934 -12 946 0 
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Top of climb mass 
flow (kg/s) 

165.09 165.43 0.2% 165.09 0 

Cruise on-take (kW) 0 0 0 0 0 
Top of climb on-take 
(kW) 

0 400 400 400 400 

T/O on-take (kW) 0 1000 1000 1000 1000 
 

 

FIGURES  
 

 

Figure 1 - Parallel HEPS Schematic 

 

 

Figure 2 - 3-point cycle design flowchart 
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Figure 3 - Top-level flow diagram 

 

 

Figure 4 - Payload range diagram validation with [24] 

 

 

Figure 5 - Variation in T40 with power on-take at EOR on same thrust level 
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Figure 6 - Variation in T30 with power on-take at EOR on same thrust level 

 

 

Figure 7 - Power on-takes for T/O and top of climb 

 

 

Figure 8 - LPC operability vs on-take at EOR 
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Figure 9 - HPC operability vs on-take at EOR 

 

 

Figure 10 - Payload vs battery energy densities for range of ranges 

 

Figure 11 - Normalized delta energy (%) 
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Figure 12 - Normalized delta fuel (%) 

 

Figure 13 - Battery weights vs range of ranges sweep for 0.5 MW retrofit 

 

Figure 14 - Retrofit vs Optimal PMS 
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Figure 15 - Delta energy % for 0.5 MW 

 

Figure 16 - Delta energy % for 1 MW 

 

 

Figure 17 - % Delta fuel for 2307 kg battery pack 
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Figure 18 - % Delta fuel burn for 1153 kg battery pack 

 

 

 

Figure 19 - % Delta fuel burn hTAY vs cTAY 
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Figure 20 - % Delta fuel burn, hybrid EIS2035 vs conventional EIS2035 

 

 

 

Figure 21 - Delta energy burn (%), hTAY vs cTAY 

A
cc

ep
te

d
 M

an
u
sc

ri
p
t 
N

o
t 
C

o
p
ye

d
it
ed

Journal of Engineering for Gas Turbines and Power. Received July 20, 2022; 

Accepted manuscript posted September 16, 2022. doi:10.1115/1.4055635 

Rolls-Royce plc



GTP-22-1416, Ghelani, 27 
 

 

Figure 22 - Delta energy burn (%), hybrid EIS2035 vs conventional EIS2035 
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