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ABSTRACT HEP Hybrid electric propulsion
With the growing pressure to reduce the environmental HEPS Hybrid electric propulsion system
footprint of aviation, new and efficient propulsion systems must HP High pressure
be investigated. The current research looks at the operating HPC High pressure compressor
characteristics of a turbofan engine in a parallel hybrid- HPT High pressure turbine
electric propulsion system. Electric motors are used to supply LP Low pressure
power in the most demanding take-off and climb phases to LPC Low pressure compressor
achieve the required thrust, which allows the turbofan to be LPT Low pressure turbine
redesigned to maximize the cruise performance (to some M Mach number [-]
extent). It was found that the turbofan’s cruise efficiency can be MTOW Maximum take-off weight [kg]
improved by 1.0% by relaxing the constraints of take-off and OPR Overall pressure ratio [-]
climb. It was found that the surge margins of compressors limit P Power [kW]
the amount of power that could be electrically supplied. PR Pressure ratio [-]
On a short-range mission, the hybrid-electric propulsion SLS Sea level static
system showed a potential to reduce around 7% of fuel burn on SM Surge margin
an A320 class aircraft. Most of these savings are however TIT Turbine inlet temperature [K]
achieved due to fully electric taxiing. The weight of the TO Take-off
electrical propulsion system largely offsets the efficiency TOC Top of climb
improvements of the gas turbine during cruise flight. A system TSFC Thrust specific fuel consumption [g/kNs]
dedicated for fully electric taxiing system could provide similar % Velocity [m/s]
savings, at less effort and costs. Given the optimistic technology W Massflow [kg/s]
levels used in the current analysis, parallel hybrid-electric
propulsion is not likely to be used in the next-generation short Greek Symbols

to medium range aircraft. n Efficiency [%]
® Rotational speed [rad/s]
D Power split [%6]
NOMENCLATURE T Pressure ratio [-]
BPR Bypass ratio [-] Y Power fraction [-]
cC Combustion chamber
DDTF Direct drive turbofan Subscripts
EM Electric motor C Corrected
EATF Electrically assisted turbofan poly polytropic
GTF Geared turbofan

* Address all correspondence to this author 1 Copyright © 2020 by ASME



Gas Turbine Stations

0 Ambient

1 Inlet

13 Fan exit bypass

16 Bypass duct

19 Bypass nozzle exit

2 Fan inlet

21 Fan exit core

25 Low pressure compressor exit
3 High pressure compressor exit
4 High pressure turbine inlet

49 Low pressure turbine inlet

54 Low pressure turbine exit

6 Core duct

9 Core nozzle exit

1. INTRODUCTION

In the past decade, several organisations have set goals for
improving the efficiency of aircraft, including the European
Commission [1]. These goals have been set to reduce the
negative impact of flying on the environment in terms of
emissions and noise created by the aircraft. Unfortunately, there
is not yet a clear roadmap to reach these goals, as was recently
presented at the 2019 World Economic Forum [2]. The CO,
emission from aviation is around 2.5-3% of the anthropogenic
CO; and is responsible for 5% of the anthropogenic radiative
forcing when including the non-CO, effects as well [2, 3].
Aviation is, therefore, one of the major influencers in climate
change; and with aviation increasing at around 5% every year,
the contribution of aviation to the global climate change will
increase significantly.

To mitigate the environmental impact of aviation, a
promising concept that is being studied intensively in recent
years is hybrid-electric propulsion (HEP). Narrow-body aircraft
seems to be a promising candidate for this technology [4]. On
longer-range flights, the additional weight of the electric
propulsion system makes it difficult to achieve any substantial
fuel saving. Multiple studies have shown that HEP can reduce
the fuel burn in regional flights by around 7-10% with the
envisaged 2030-2035 technology in comparison to
conventional propulsion system [4, 5]. With technological
levels forecasted after 2030-2035, significant fuel savings by
HEP are expected to be possible, even on long haul flights [6].
Reasons for interest in this new technology go further than
emission savings alone. In addition to the fuel savings and the
high cost of fuel, there is an economic reason to explore this
technology as well. Strategic benefits are the reduced
dependence on the depleting fossil fuels and the ability to taxi
with reduced noise and pollutant emissions. These potential
benefits could ease the current restrictions due to noise issues
on the number of aircraft movements at airports.

A hybrid-electric propulsion system (HEPS) consists of a
gas turbine engine combined with an electric motor (EM) and a
battery pack. Several ways are possible to connect these
components in a power train. The most well-known

configurations are the series and parallel type, shown in Fig. 1
and Fig. 2 respectively. In a series configuration, the gas turbine
generates electricity via a generator. The electricity is then used
by the EM to drive a fan/propeller to produce thrust, besides
power from the generator, batteries can assist in supplying
power to the EM. In the parallel type, a gas turbine is assisted
in driving the fan/propeller by the EM, also named as
electrically assisted turbofan (EATF). Both configurations have
their advantages and disadvantages, but because the parallel
configuration is closer to a conventional one, it requires fewer
changes and is therefore expected to be the first step towards a
HEP aircraft [5, 7].

Battery
|

Fuel || Gas || Gen- || Power | [ Electric | | Trans-
tank turbine erator converter motor mission

Figure 1: Series architecture

Gas
Fuel tank = X
turbine
Trans-
mission
Power Electric
LR converter motor

Figure 2: Parallel architecture

Former research on parallel EATF has considered only one
EM connected to the low pressure (LP) shaft [5, 6, 7, 8]. The
problem with only one EM is that it might cause the
compressor to surge and could push compressors away from
their most efficient operating points. A possible solution to this
problem was proposed in another research [9], in which the LP
and HP shaft were mechanically linked via a gearbox, thereby
reducing the shift in the operating line. A downside to this
solution is that an additional, heavy and complex component is
placed between the power input (electrical motor) and the thrust
generation. If however, the same amount of electric power
would be supplied via two EMs, one on each spool, the
mechanism can be simplified while allowing both spools to
operate within safe surge margins and at efficient operating
points. The aim of this research is therefore to find the
operating characteristics and limits of an EATF with two EMs.
Airbus A320neo is used as a baseline for this research as this
single-aisle aircraft is a workhorse of civil aviation [10]. The
reference turbofan considered in this study is the CFM LEAP-
1A26, which powers the A320neo. Although the physical
positioning of the EMs inside the turbofan is not analysed in
this research, a possible location of EM on the HP shaft for is at
the same location where the current turbofan engines have their
generator for electric power (connected to the accessory
gearbox). While multiple locations for connecting the EM with
the LP shaft have been explored, the location inside the fan hub
has been found to be promising [8].
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The power management strategy that was suggested by [5],
is used in this research. Figure 3 shows the mission power
management strategy. The aircraft uses electric taxi-in and out,
electrically assisted take-off and climb, and cruise on solely the
gas turbine. The reasoning behind this power management
strategy is that at cruise, it is best to use the gas turbine, as the
specific energy density of batteries is much lower than that of
kerosene. If the HEPS is used only to assist the turbofan in
take-off and climb, the turbofan is no longer required to meet
the thrust requirements on its own. It can then be sized
specifically for cruise and thereby improve its thrust specific
fuel consumption (TSFC). During taxi, the gas turbines operate
at low power settings, at which they perform poorly in terms of
efficiency. Electric motors do not have this problem and would,
therefore, provide the thrust during taxiing. The most important
operating conditions (i.e. take-off, climb and cruise) will be
analysed in this research.

taxi-out  take-off

+ IHIIl taxi-in

Figure 3: Power management strategy [5]

The intention of this study is therefore to investigate how
electrical power could be supplied to the different gas turbine
spools in the most power demanding phases while respecting
the operating constraints and maximizing its overall efficiency.
To simplify the study, the current analysis is mainly focussed
on the propulsion system, while the aircraft mission, payload
and airframe are assumed to remain unchanged.

2. MODELLING AND METHODS

Modelling of this study is divided into three aspects: gas
turbine modelling, hybrid-electric propulsion system modelling
and the mission profile.

2.1.Gas Turbine Modelling

The modular Gas Turbine Simulation Program, GSP® is
used to build a gas turbine model [11]. The GSP® is a flexible
component-based thermodynamic modelling environment to
model various gas turbine configurations. Furthermore, GSP®
can be extended with MATLAB® via the application
programming interface [12]. In this way, it is also possible to
model an EATF. GSP® is based on a 0-D thermodynamic
model, making it very fast and suitable for performance
analysis and conceptual study.

Figure 4 shows the layout of a CFM LEAP engine model
that has been built in GSP®. The figure also shows the bleed
control schedule (component number 1), which is used to
schedule the LPC bleed-off at low LP-spool speeds to prevent
surge. As is shown in the figure, the standard gas turbine
components are numbered from 2 to 13. First, there is an inlet

(number 2), followed by a fan (number 3) with the bypass and
core exits. The fan core exit is followed by the LPC (number 4)
and the HPC (number 5). Number 6 is the control for
component number 7: the combustion chamber (CC). This is
followed by two turbines, the HPT (number 8) and LPT
(number 9). Then, aft of both the fan bypass and LPT, a duct
(number 10 and 12) and an exhaust (numbers 11 and 13) are
present.

rfrl';'? hleed
ctrl sched

>

313 1216

Eoeeie s 2
Figure 4: CFM LEAP-1A model in GSP®

The performance simulation follows a sequential procedure
starting from a reference point (cruise condition in the current
paper) and followed by off-design performance calculation at
other operating conditions. The calculation at the reference
point follows a standard thermodynamic procedure [13].
Generic compressor and turbine maps are used for the off-
design calculations. More information on the workings of
GSP® can be found in [11, 14].

2.1.1. Thrust Requirements

An aircraft is required to take-off within a certain
maximum distance and to climb at a specific rate. To achieve
this, the gas turbine has thrust requirements at these points. At
take-off, the maximum rated thrust of the selected engine is
120.6 kN at sea level static (SLS) conditions [15]. Initial cruise
thrust is calculated by assuming that the amount of fuel burnt
during take-off and climb is insignificant to the MTOW, so the
MTOW (73.5 tonnes [16]) is divided by the cruise L/D ratio
(16.8 [17]). This gives 21.5 kN of thrust per engine. To
calculate the top of climb (TOC) thrust requirement, the initial
cruise thrust is multiplied by a factor, as presented in another
research [18]. For the same MTOW, similar aircraft require
similar take-off thrust for similar performance. A320neo’s
predecessor, the A320ceo, was powered by the CFM56-5B4 for
aircraft with similar MTOW weight and it produced the same
take-off thrust as the LEAP-1A26. This CFM56 provided a
TOC thrust of 25.0 kN together with an initial cruise thrust of
22.3 kN [19]. A320neo climb requirements are assumed to be
the same as the A320ceo, meaning a TOC thrust requirement of
24.1 kN per engine. The average cruise thrust will be set as the
reference point of the gas turbine model which is calculated by
averaging the MTOW and zero fuel weight [16], and dividing
the weight by the cruise L/D ratio. The average cruise thrust
value calculated was 19.9 kN per engine. Table 1 summarises
the thrust requirements per stage with appropriate Mach
number and altitude [20].

3 Copyright © 2020 by ASME



Table 1: Thrust requirements per flight segment, per engine

Flight segment:  Thrust: [kN]  Mach: [-] Altitude: [m]
Take-off 120.6 0.0 0

TOC 241 0.78 11280
Cruise 19.9 0.78 11280

2.1.2. Gas Turbine Validation

The TSFC is checked in several ways. First, in Table 2 the
fuel consumption is compared to ICAO data [15]. At higher
thrust settings the model shows good agreement (only a
difference of around 2%). However, at idle, the difference in
the fuel flow increases to 18.7% (7% thrust). This large
deviation can be attributed to aspects such as the use of generic
performance components maps instead of the actual maps, the
simplification of a constant cooling flow rate at all thrust
settings and the fact that the combustion efficiency is assumed
constant. However, the discrepancy at idle is not expected to
influence the overall results as the idle will not have a
significant influence on the overall mission performance.

Table 2: Turbofan model validation [15]

Thrust level: ICAO:  Simulation: Difference:
[% F=] / [kN]  [kg/s] [kg/s] [%]
100/ 120.6 0.861 0.879 2.1

85/102.5 0.710 0.719 1.3
30/36.2 0.244 0.248 1.6
7/8.4 0.091 0.074 -18.7

The efficiency during the cruise condition is validated by
combining data from multiple references. The predecessor of
the LEAP-1A26, the CFM56-5B4, has a TSFC of 16.98 g/kN-s
[19]. This is assumed to include power and bleed requirements
for the aircraft. CFM, the manufacturer of the LEAP-engine,
claims a TSFC reduction of 15% for LEAP-1A26 than CFM56-
5B4 [21]. LEAP-1A26’s cruise TSFC is therefore expected to
be 14.43 g/kN-s. A TSFC of 14.67 g/kN-s is obtained from the
current modelling, thereby implying a marginal overprediction
by 1.7%. Thus, the modelled gas turbine does show overall
good agreement with the actual engine.

2.2.Hybrid Electric Propulsion System Modelling

The EATF is modelled in the same GSP® environment.
The GSP® allows power to be supplied into both the HP- and
LP-spool. An important parameter in analysing HEPS is the
power split (@), defined in Eqgn. 1. It relates the total amount of
electrical power supplied into the gas turbine to the total LP-
shaft power. Previous research [5] showed that the power split
ratio during the climb has more influence than the power split
during take-off, because of the length of this phase. Around
14% climb power split was found to be optimum due to its
potential fuel-saving capabilities while not exceeding the

aircraft MTOW and limiting the total energy consumption. For
the current analysis, a 14% power split is used for take-off as
well. By having a power split of 14% in both phases, the EM
can be sized for the climb in terms of power (and weight) and
during take-off can be operated at peak power (about twice the
amount of nominal power, as recommended in the literature
[22, 23]).

& = PEM LP-shafttPEM HP-shaft )

Ptotal LP-shaft

Another parameter required for modelling the EATF is the
LP-power fraction (), defined in Eqn. 2 as the electrical power
supplied to the LP-shaft compared to the electrical power added
to both the HP and LP-shaft. An LP-power fraction of 1 implies
that all electrical power is supplied to the LP-shaft and an LP-
power fraction of 0 implies that all the power is supplied to the
HP-shaft. The used LP-power fraction will be explained in the
results section.

PEM LP—shaft )

PEM LP—shafttPEM HP-shaft

The EM is modelled by defining the five main losses inside
an EM, namely: copper, iron, friction, windage and constant
losses [24], along with magnetic saturation and field weakening
[25]. The simulated performance maps showed good agreement
with the data provided in [26]. It was found the variation in
electric motor efficiency is not significant during different
flight phases; therefore, for simplicity reasons average
efficiency values were used in both take-off and climb phases.

The inverter and battery were simulated with a constant
efficiency, power density and energy density, the values of
which are shown in the section 3.3. Modelling their
performance variation for different conditions are beyond the
scope of this study.

2.3. Mission Profile

A basic short-range mission profile described in [5] is used
to study the possible fuel savings. The mission comprises a 5
minutes of taxi-out, 0.7 minutes of take-off, 25 minutes of
climb, 35 minutes of cruise, 20 minutes of descent and 5
minutes of taxi-in, with a mission length of 1000 km. To obtain
the same mission profile for the standard A320neo and the
A320 with the new HEPS, an assumption is made: the weight
of the aircraft with HEPS does not influence the L/D ratio of
the aircraft as the engine external dimensions are not affected
significantly by the addition of the electric motor on the LP
and/or HP shaft. Therefore, the thrust for the A320neo from [5]
can be scaled with the weight difference between the HEP
A320 and the A320neo and the mission fuel consumption is
obtained by iterating.

3. RESULTS AND DISCUSSION

The results are divided into two parts, the first part looks at
the characteristics of the EATF and the second part looks at the
effect of turbofan resizing for the cruise mission.

4 Copyright © 2020 by ASME



3.1. Electrically Assisted Turbofan Characteristics

To find the characteristics of an EATF, the baseline LEAP-
1A26 model is used. It is examined at SLS and TOC conditions
since these are the most stringent operating conditions in terms
of operational stability for the turbofan. In order to understand
the sensitivity of the EATF characteristics to the amount of
electric power used, three power splits (as defined in Eqn.1) are
considered respectively: 14% (baseline), 7%, and 21%. The
GTF architecture featuring a high-speed LPC is also compared
with a DDTF to check its feasibility in an EATF configuration.

3.1.1. Sea Level Static

At SLS condition, the three different power split levels,
21%, 14% and 7% correspond to 3.9 MW, 2.6 MW and 1.3
MW respectively. For a given power split ratio, the LP-power
fraction (as defined in Eqn. 2) is varied from 1 to O, to
gradually increase the electric power added to the LP shaft.
Accordingly, the variations in EATF operating characteristics
are analysed. These results are obtained by setting GSP® to
off-design calculations, with a thrust requirement of 120.6 kN
for every case. GSP® finds the operating point by varying the
fuel flow rate. Figure 5 shows the operating characteristics of
the LPC at SLS take-off conditions. For a given power split,
increasing the LP-power fraction increases the LPC pressure
ratio while the corrected speed remains constant. Whereas,
higher power split can increase the width of the operating line
between an LP-power fraction of 1 and 0, meaning a wider
operating range. It can be observed from Fig. 6 that LP-power
fraction of 1 is infeasible for any power split ratio because of
the violation of the LPC surge margin (SM) limit: 15% in this
paper [13]. Overall, the LPC SM decreases with increasing LP-
power fraction and therefore limits some combinations of
power supply to the LP and the HP-spool.
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Figure 5: Operating characteristics of the LPC at SLS TO under
electrical power supply
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Figure 6: LPC SM under different power splits and power
fractions for DDTF

In terms of efficiency, the goal is to minimise the thrust
specific fuel consumption (TSFC) for a given combination of
the electric power split and the LP-power fraction. The
variation of fuel flow rate for various LP power fraction is
shown in Fig. 7. As can be seen from the figure, the most
efficient LP-power fraction depends on the power split that is
used. It can be seen that the optimum LP-power fraction shifts
to lower values for higher power split. Therefore, the larger the
total power supplied to the gas turbine, the larger the fraction
that needs to be supplied to the HP-spool.

2 09(%
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Figure 7: Fuel flow rate under different power splits and power
fractions at SLS TO conditions

In Fig. 8, the operating points for various power splits at
SLS take-off condition are shown on the HPC map. The lines
show a different trend compared to those on the LPC map (Fig.
5). With increasing the LP-power fraction, the HPC pressure
ratio (PR) decreases together with the corrected speed. The
decrease in HPCPR is larger than the increase in LPCPR;
thereby, the OPR decreases with increasing the LP-power
fraction. This is the main reason why the optimum LP-power
fraction is not 1. In a high BPR turbofan (such as LEAP-1A),

5 Copyright © 2020 by ASME



the majority of the thrust is produced by the bypass jet. For a
constant thrust requirement (at a given ambient condition), the
fan speed and operating conditions remain nearly unchanged.
Therefore, the LP-shaft power is almost constant. With a power
split of 14%, the majority of the power in the LP-shaft still
needs to be provided by the LPT. Since the fuel flow rate
reduces when electric power is supplied to the gas turbine, the
gas power at the end of the combustion chamber reduces. This
in its turn reduces HP-spool speed and the resulting HPC
pressure ratio.
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Figure 8: Operating characteristics of the HPC at SLS Take-off for
various power fractions

3.1.2. Top Of Climb

At TOC, the overall trends are similar to those at SLS take-
off. The same power splits (as at take-off) are used, 21%, 14%
and 7%, which correspond to 2.1 MW, 1.4 MW and 0.7 MW
respectively. The effective power is lower in TOC compared to
SLS, because the overall power of the turbine decreases due to
lower air density. At higher LPC corrected speed in TOC
conditions, the SM is reduced, as shown in Fig. 9. The SM
requirement limits the ability to operate at the optimum LP-
power fraction. Figure 10 shows the fuel flow rate required at
TOC. At 14% power split, the LP-power fraction with
maximum efficiency is 0.75, but the SM is even lower than the
12% LPC SM of the baseline model. In order to operate with a
safe SM, the LP-power fraction should not exceed 0.6.

LPC SM [%)]

------------ Reference
—H—Pd=7%
0/ |-—3=14%
d=21%
-10 ‘ :
0 0.2 04 0.6 0.8 1

v

Figure 9: LPC SM under different power splits and power
fractions at TOC conditions
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Figure 10: Fuel flow rate under different power splits and power
fractions at TOC conditions

The feasibility of a geared turbofan (GTF) [27] for an
EATF architecture is investigated by using a different LPC
performance map (transonic LPC map instead of a subsonic
LPC map). The results are obtained as shown in Fig. 11. The
map’s efficiency contours are shaped differently, and the
maximum efficiency contour is positioned further away from
the surge line. Figure 12 shows that the SM of the transonic
LPC at TOC is clearly increased as compared to that of a direct
drive turbofan (DDTF). Although the SM requirement of 15%
limits the LP-power fraction to 0.7 (at 14% power split), it is
close to the maximum efficiency point of 0.75. Therefore, a
transonic LPC of a GTF seems to be better suited for the EATF
architecture.
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3.2. Redesign of the Turbofan

With respect to the redesign of the turbofan for cruise
conditions, Fig. 13 shows that the overall efficiency of a gas
turbine can be split into thermal and propulsive efficiency. The
overall efficiency is defined by Eqn. 3 [13], as the thrust power
(thrust multiplied by flight speed) divided by the total supplied
power to the gas turbine, which is the chemical power of the
fuel together with the electrical power.

Pthrust (3)

Ntotal =
PchemicaltPelectrical

Thermal efficiency is defined by Eqn. 4 and is defined as
the propulsive jet kinetic power added to the flow with respect
to the total power supplied to the gas turbine. The propulsive
efficiency is the conversion from propulsive jet power into
thrust power (Eqgn. 5). Propulsive efficiency is affected by the
fan PR and the BPR of the engine. Thermal efficiency, on the

other hand, depends on the efficiency of the individual
components, the OPR, the pressure losses in the ducts, the
combustion efficiency and the TIT.

Gas generator Eff.
OPR
TIT
Component Eff.
Duct pr. losses
Transfer Eff.
LPT Eff.
Shaft Eff.
Fan Eff.
Nozzle Eff.

FPR
BPR

Figure 13: Efficiency build-up of a gas turbine.

PR E jet
Nthermal = (4)
PchemicaltPelectrical
Pthrust
Npropulsive = (5)
prop PKE jet

Firstly, a sensitivity analysis is performed to LEAP-1A26’s
propulsive efficiency by varying BPR and FPR as shown in
Fig. 14. A similar analysis was performed in reference [27].
The OPR, TIT and thrust are kept constant while varying the
fan duct pressure ratio, BPR and air mass flow at the reference
design point. It can be seen that for each FPR, there is a specific
BPR at which the TSFC is minimum (due to the ideal jet
velocity ratio [27]). The general trend is that lower fan duct
PR’s can achieve a lower TSFC at higher BPRs. Minimum
TSFC is obtained at a fan duct PR of 1.48 with a BPR of 12.75.
The TSFC is reduced by 1.3% but the mass flow rate through
the fan is increased by 12%, compared to the LEAP-1A26
baseline model. When considering the drawbacks of increasing
the engine diameter (larger fan, nacelle etc), it can be
concluded that increasing the BPR further is not a viable
option.

7 Copyright © 2020 by ASME
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Figure 14: Propulsive efficiency analysis of the baseline turbofan for various fan duct pressure ratios and BPRs at cruise thrust

Figure 15 shows the OPR of the EATF at TOC. In the case
of DDTF LEAP-1A26, the OPR can be increased by 2.3% with
a power split of 14%, because it needs to operate at an LP-
power fraction of 0.6 or below in order to meet the SM
requirements. In case of a GTF, the transonic LPC is less
limited by the surge margin, thereby allowing an increase of the
OPR by 3.4%. In terms of the reduction in TIT during take-off,
the DDTF and GTF show a similar reduction. For the case with
14% power split, the TIT is reduced by around 100 K for take-
off as well as in TOC.
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Figure 15: OPR under different power splits and power fractions
at TOC conditions

Since a GTF with its different LPC performance map
shows a larger potential for improvements with an EATF as
compared to a DDTF, the GTF architecture is used for the rest
of the results. Because the OPR and TIT change for the
redesigned EATF, a new propulsive efficiency analysis need to
be carried out to find the new optimum fan duct PR and BPR.
Therefore, a similar analysis is carried out with the GTF as was
shown in Fig. 14. In this case, the TIT increased from 1550 K
to 1650 K while the increase of OPR is obtained by increasing
the HPC PR from 14.5 to 15.0. The results show that the cruise

TSFC can be reduced by 1.7% with a bypass fan PR of 1.50
and a BPR of 13.75. However, this would still require a
relatively large increase in the air mass flow by 6.5%. If on the
other hand the fan duct PR of 1.54 is selected with a BPR of
12.75, the TSFC is reduced by 1.0%, while the mass flow does
not change (-0.01%). This second option is therefore selected
and will be used in the rest of the analysis. It should be noted
that the increased TIT will have a negative effect on the
lifetime of the combustion chamber and HPT (since the
materials will degrade faster). Since the focus of this study is
on the performance aspects, the component life is not taken into
account.

3.3. Mission Analysis

For the mission analysis, two technology levels have been
used to assess the possible fuel savings and the feasibility of a
HEPS. Table 3 shows the assumed technology levels for the
years 2030 and 2040.

Table 3: Different technology levels

Parameter: 2030 2040
Battery energy density 600 Wh/kg 1200 Wh/kg
Battery discharge efficiency: 97.5% 99%

EM power density: 12.5 kW/kg 25 kW/kg
EM maximum efficiency: 97.5% 99%
Inverter power density: 20 kW/kg 25 kW/kg
Inverter efficiency: 99% 99.5%

Figure 16 compares the fuel consumption of the baseline
A320neo, together with a HEP A320neo for the technology of
2030 (called A320HEP2030) and the A320HEP 040 Which has the
technology of 2040. The A320HEP.03 shows a total fuel
consumption reduction of 4.7%, whereas the A320HEP 2040
obtains a reduction of 7.3% with respect to the A320neo.
Because of the assumed technological improvements in the
year 2040, the weight penalty of the HEP on the aircraft would
be smaller. The weight penalties are 5.5% and 2.5% for the
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A320HEP2030 and the A320HEP40, respectively. The most
significant savings of both HEP aircraft are however expected
during the taxi phases. For the A320HEP2030, the more savings
are obtained during the taxi phase than for the entire mission,
indicating the HEPS is not able to save fuel during the cruise
flight. With the A320HEP2040, the marginal fuel savings can be
realized during the cruise phase, wherease, the majority of fuel-
saving is still obtained from electric taxiing.
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Figure 16: Comparison of total fuel consumption between the
A320neo and the A320HEP2030 and A320HEP2040 with redesigned
EATF

In the mission profile considered, the taxi-out and taxi-in
were 5 minutes for each. The warmup or cooling-down time of
the gas turbines was not taken into account. In reality, it is
important to include the warm-up and cooling-down time for
the safety and the longevity of the engine. Typically, the warm-
up phase lasts for around 4 minutes, while 3 minutes is required
for cooling down after touch down [28]. Because the turbofan
needs to work at idle, enough thrust is available, and no
additional electric power is required from the electric motors. A
mission analysis, with warm-up and cooling down taken into
account, shows that the savings of the A320HEP23 are
reduced from 4.7% to 1.8%. Clearly, the taxi phase is
determining the possible fuel savings. In 2007, the average US
taxi time was significantly longer, at 17 minutes and 7 minutes
for the taxi-out and taxi-in respectively [29]. Combining this
longer taxi phase with the warm-up and cooling down would
allow a fuel reduction of 7.1% with the A320HEP 203, compared
to the A320neo. Although these savings are significant, the lack
of fuel-saving during the cruise flight means that EATF is not
very promising. Therefore an electric taxiing system at the
ground level is beneficial from an operational point of view.

4. CONCLUSIONS AND OUTLOOK

In this paper, a parallel hybrid electric turbofan has been
investigated by means of a 0-D thermodynamic cycle
modelling in GSP. The analysis was focussed on analysing the
propulsion system performance, while the airframe, aircraft

mission and MTOW were not altered. Several conclusions can
be drawn from this research:

e The analysis shows that two electric motors, one on the
LP-shaft and one on the HP-shaft, is required for
achieving maximum efficiency while keeping a safe surge
margin for LPC.

e A GTF architecture with a transonic LPC has a better
potential for EATF than a DDTF due to better SM
compared to a subsonic LPC.

e Due to the added electrical power, the TIT of the gas
turbine decreases for a given thrust in take-off as well as
climb phase.

e However, for the cruise condition, the OPR and TIT of a
redesigned EATF can be increased. By applying a power
split ratio of 14% for both take-off and climb phases, the
redesigned turbofan with higher OPR and TIT shows a
cruise TSFC reduction of 1.0%.

e The potential block fuel savings for a parallel HEP
version of the existing A320 aircraft are limited, mainly
due to the additional mass of the required electrical
system. The total weight of the aircraft increases by
around 5.5% with expected technology for the year 2030,
and 2.5% for 2040 technology level.

e The study shows that this additional weight cannot
sufficiently be offset by the 1.0% reduction in the cruise
thrust specific fuel consumption.

e Over a typical mission of 1000 km, a fuel saving of 4.7%
can be achieved with an anticipated technology level of
2030. The fuel reduction can be increased to 7.3% with
the anticipated technology levels of 2040.

e With the anticipated 2030 technology level, the main fuel
savings are achieved during the taxi phase, whereas the
other flight phases do not show a substantial reduction in
fuel consumption.

o Therefore fuel savings can be better realised by using
ground-based electric taxiing instead of a complete
hybrid-electric propulsion system.

e For 2040 technology level, some fuel savings are also
achieved during the cruise flight. However, the majority
of fuel-saving is still achieved from electric taxiing.

e Taking into account the warm-up and cooling down
requirements of a turbofan engine and applying more
realistic taxi phase lengths (17 and 7 minutes for taxi-out
and taxi-in respectively), the expected fuel savings are
around 7.1% for the A320 with a HEPS.

e Despite the fuel savings and benefits of electric taxiing
with a HEPS, commercial parallel HEP aircraft are not
expected to be introduced in the coming two decades.
HEPS will require a significant redesign of the aircraft
propulsion system, while the majority of the fuel savings
can be achieved by incorporating an electric taxiing
system as a ground-based electric taxi system will require
less effort to be developed than a HEPS.
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