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Abstract— The paper presents a conceptual design approach 

for Energy Storage (ES) devices in advanced hybrid propulsion 

system for small aircrafts. The study targets operational 

improvement and reduction of fuel consumption for different 

flight missions. Power sharing strategies for ES and the engine 

are proposed for cruise flight phase aiming to maximise the range 

and/or endurance for the available amount of fuel in the tank. 

The ES size is designed against the engine performance and the 

proposed power sharing strategy by optimizing the flight 

altitude. 

Keywords — hybrid propulsion; battery energy storage; fuel 

burn saving. 

I.  INTRODUCTION 

There are vast efforts to move towards More Electric 

Aircraft (MEA) with motivation to reduce CO2 emission and 

to contribute in achieving a cleaner environment.  There is 

also a huge movement from the aeronautic industry towards 

hybrid and fully electric propulsion, not only to reduce 

emissions but also to reduce audible noise and improve 

aircraft performance. NASA has stated goals for future 

hybrid/electric propulsion aircrafts in which the audible noise, 

NOx emissions, and fuel and energy consumption are reduced 

significantly, [1], e.g. the energy consumption is aimed to be 

reduced by 60% in 2025. The adoption of hybrid and fully 

electric propulsion concept will give opportunities to decouple 

the operation of the engine from the propulsion system, and 

hence enables system components to operate at their 

maximum efficiency to reduce the overall fuel consumption of 

the engine, [2]. 

Cruise phase represents a significant portion of the flight 

mission and correspondingly, the largest opportunity for fuel 

burn reduction. Potential efficiency benefits that can be 

achieved by improving the cruise speed and altitude profiles 

are studied in [3]. The study has shown that speed and altitude 

are closely linked with aircraft performance and optimizing 

these profiles can offer significant fuel savings.  

The efficiency of fuel burn varies with the level of the 

engine output power; the higher the output engine power, the 

less fuel consumption per kW of output power. This reveals an 

opportunity to reduce the fuel consumption by operating the 

engine at the maximum output power, and to store the excess 

in power produced into a battery energy storage for upcoming 

use. 

High energy dense and efficient battery technologies are 

now commercially available, [4] and are being used in many 

applications from power systems to transportation, and for 

many reasons such as load levelling, power smoothing and 

power quality improvement, [5]–[7]. This concept can also be 

adopted for aircraft hybrid propulsion applications to save fuel 

via operating the engine at its highest efficiency, see Fig. 1. 

However, the installation of energy storage is like adding 

another source of power loss and more loading weight to the 

aircraft and therefore it looks like reducing the overall system 

efficiency rather than improving it. However, there is a 

possibility of reducing the overall system losses with the 

installation of energy storage, by adopting an intelligent 

energy management strategy to guarantee that the reduction in 

the engine fuel burn outweighs the energy loss by the energy 

storage system and hence improving the overall system 

efficiency.  

 
Fig. 1 Turboprop engine assisted by electric motor drive and energy storage 

system 

 

In this paper, the battery energy storage system is designed 

to improve the engine fuel burn in cruise mode. A simple 

conceptual design approach is proposed to determine the 

optimal size of the battery ES and to maximise the range or 

endurance of the flight for the available fuel in the aircraft 

tank. The proposed power management strategy is discussed 
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in section II and a numerical design example is presented in 

section III. Conclusions are drawn and given in section IV. 

II. THE DESIGN APPROACH OF A BATTERY ENERGY STORAGE 

FOR FUEL SAVING IN CRUISING MODE 

 

 In cruise mode, a simple power management cycle (for 
engine and battery energy storage) is proposed as shown in Fig. 
2. 

 

Fig. 2 Proposed power management cycle of the engine and the battery. 

 In this power management strategy, the Engine (Eng) is 
switched on and off alternatively in cycles with the battery 
energy storage (see Fig. 2). During switching on time, the 
engine is operated at its maximum output power to achieve 
efficient fuel burn and reduced Specific Fuel Consumption 
(SFC, kg/s/kW). The output power from the engine during 
switching on time is used to drive the propeller and to charge 
the battery. The stored energy in the battery is retrieved back in 
order to drive the propeller when the engine is switched off. 
Based on the proposed power management strategy, the design 
process is aiming to determine the optimal weight of the 
battery ES, the duty cycle ratio Dt of the switching on/off cycle 
of the engine and the aircraft cruising velocity at which the fuel 
saving in maximized for a given flight altitude. Simple/generic 
models for the aircraft drag, lift and SFC are used in the design 
algorithm, which we believe it provide sufficient details 
necessary to proof the concept of the design.   

 The models of the aircraft system variables and parameters 
such as air density, drag, lift and propulsion power as function 
of aircraft altitude and velocity are given in section II.A. Then, 
the approach on how to determine the battery size is detailed in 
section II.B. The generic model for engine fuel consumption 
and its relation to the flight parameters is given in section II.C. 
The possible amount of fuel saving is evaluated and discussed 
in section II.D.  

 

A. Basic Models of System Variables 

In general, the output power from the engine decreases 

with the decrease in air density at higher altitudes. The model 

of the air density variation against altitude is given in (1). The 

coefficients of the model in (1) are obtained by applying curve 

fitting to the data taken from the standard air-density versus 

altitude tables. 

 

𝜌 = 𝜌𝑆𝐿 + 𝑏1𝐴𝑙𝑡 + 𝑏2𝐴𝑙𝑡2       (1) 

 

Where: Alt is the aircraft altitude, m.  is air density, kg/m3. 

𝜌𝑆𝐿 is air density at sea level, kg/m3. b1 (kg/m3/m) and b2 

(kg/m3/m2) are constants. 

 

The aircraft drag (D) is function of the velocity (V), 𝜌 and 

the wing surface area (S) and is given by: 

 

𝐷 = 𝐶𝐷(0.5𝜌𝑉2)𝑆      (2) 

 

Where: D is the aircraft drag, N.m. CD is the drag constant. 

S is the wing surface area, m2. V is the aircraft velocity, m/s. 

 

The drag coefficient (CD) is also given by: 

 

 𝐶𝐷 = 𝐶𝐷0 + 𝑘𝐶𝐿
2     (3) 

 

Where: CL is the lift coefficient. CD0 and k are drag constants. 

 

The lift coefficient is given by: 

𝐶𝐿 =
𝑊

(0.5𝜌𝑉2)𝑆
       (4) 

Where: W is the total weight of the aircraft in N. 

 

By substituting (3), (4) into (2), the drag D as function of 

W, V and S is given by: 

 

𝐷 = [𝐶𝐷𝑜(0.5𝜌𝑉2)𝑆 + 𝑘
𝑊2

(0.5𝜌𝑉2)𝑆
]     (5a) 

 

The value of lift to drag ratio (L/D) is a measure of 

aircraft’s aerodynamic efficiency. The higher the lift force to 

drag means the aircraft can carry more weight with less 

propulsion power (i.e. less fuel consumption). The minimum 

drag occurs when parasite drag and induced drag are equal, 

[8], hence: 

𝐶𝐷𝑜
= 𝑘𝐶𝐿

2    𝑎𝑛𝑑,   𝐶𝐿𝑚𝑎𝑥 = √
𝐶𝐷𝑜

𝑘
        (5b) 

Where: CLmax is the lift at the minimum drag. 

 

Then from (4) and (5b), the aircraft velocity at minimum 

drag is given by: 

 

𝑉 = √
2𝑊

𝜌∗𝑆∗𝐶𝐿𝑚𝑎𝑥
       (5c) 

The velocity V of (5c) is the minimum velocity to keep the 

aircraft flying at a given altitude. 

 

From (4), (5a), (5c) the propulsion power is given as 

function of aircraft velocity V and air-density : 
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Pprop =
DV

P

=
V

P

[CDo(0.5ρV2)S + k
W2

(0.5ρV2)S
]   (6) 

Where: p is the propulsion efficiency, which can be obtained 

from the available charts for the propeller efficiency and/or 

thrust as a function of air density, aircraft velocity and engine 

speed in rpm.  

 

The engine size is normally defined by its output power at 

the sea level and when the engine is operated at the 

permissible thermal (i.e. combustor temperature) and 

mechanical (i.e. turbine and compressor blades stress) limits. 

The maximum output power from the engine decreases with 

the increase in altitude and can be expressed in a 

simple/generic form as, [9]: 

 

PEng−max = PEng−SL


SL

      (7) 

Where: PEng−SL is the engine output power at sea level. 

 

B. Sizing of Battery Energy Storage 

Based on the engine and the proposed battery power 

management cycle shown in Fig. 2, the relationship between 

the output power of the engine PEng-max (during switching on 

time of engine), the duty cycle Dt and Pprop can be derived 

from the energy balance during the power cycle as in (8a): 

 

TPEng−maxDt = TP𝑝𝑟𝑜𝑝Dt + TP𝑝𝑟𝑜𝑝(1 − Dt)/
rt

   (8a) 

and hence from (8a), PEng-max is given as: 

PEng−max = (
1−Dt

Dtrt

+ 1) Pprop     (8b) 

 

Where: Dt is the duty cycle of engine switching on and off 

cycle, T is time period of the power cycle.  
rt

 is the round 

trip efficiency of the battery energy storage, (the ratio between 

the discharging and the charging energy of the battery). 
rt

 is 

equal to the product of the charging and discharging 

efficiencies of the battery energy storage system. 

 

The optimal operating value of Dt for a given altitude is 

determined from (8b) and (7). By knowing the value of Dt, the 

weight of the required battery energy storage will be 

determined based on the amount of energy to be stored during 

engine switch on time within the proposed power management 

cycle shown in Fig. 2. Hence, the weight of the battery is 

calculated as follows: 

 

Wbat =
(1−Dt)Pprop

Dt∗rt∗SPbat−ch
      (9) 

 

Where: Wbat is the weight of the battery stack in kg. SPbat-ch 

(W/kg) is the specific charging power of the battery. 

SPbat-ch is chosen in this study to be equal to three times the 

battery Specific Energy density (SEbat), which means that the 

minimum time for charging the battery energy storage is ~20 

minutes. 

The weight of the power electronics and electrical machine 

is determined based on the maximum power to be handled by 

the battery during the charging and discharging cycle. 

 

PPE = Pprop                               if (PEng−max − Pprop) < Pprop 

PPE =  (PEng−max − Pprop)     if (PEng−max − Pprop) ≥ Pprop 

 

Where: PPE is the maximum electric power processed by the 

power electronics and the electrical machine. 

The total weight of the power electronics and electrical 

machine WPE is given by: 

WPE =
PPE

PDPE
       (10) 

Where: PDPE (W/kg) is the power density of the power 

electronics and the electrical machine system. 

 

The total weight of the energy storage (WES) system is: 

 

WES = Wbat + WPE      (11) 

 

C. Fuel Consumption 

A generic and simple analytical model of the Specific Fuel 

Consumption (SFC) against engine output power is assumed 

as in (12). The model is designed to reflect the decrease in the 

SFC of the engine with the increase in the altitude and to 

represent the increase in the SFC with the decrease in the 

output power from the engine. 

 

SFC = SFC0(1 + c1e−PEng∗c2)
Vsnd

Vsnd−SL
    (12) 

 

Where: SFC is the Specific Fuel Consumption (kg/s/kW)  

SFC0 is the theoretical minimum specific fuel consumption 

(kg/s/kW). Vsnd is the sound speed at a given altitude, m/s. 

Vsnd-SL is the sound speed at the sea level. c1 and c2 are generic 

constants. 

 

The sound speed (in m/s) as function of the altitude is 

given by: 

Vsnd = Vsnd−SL −
(Vsnd−SL − 295)

11000
Alt           Alt < 11000 

Vsnd = 295                                                           Alt ≥ 11000 
 

The average rate of fuel consumption of the engine in case 

of using battery energy storage (as shown in Fig. 2) is: 

 

FCES = SFC(PEng−max) ∗ PEng−max ∗ Dt    (13) 

 

Where: FCES is the average rate of fuel consumption in kg/s. 

 

D. Fuel Saving 

The rate of fuel consumption (FCNo−ES) of the engine in 

the case without using the battery energy storage is : 

 

FCNo−ES = SFC(Pprop) ∗ Pprop     (14) 

 



From (13) and (14), the fuel saving per unit time is: 

 

FCsaving = FCNo−ES − FCES   (15) 

 

Where: FCsaving is rate of fuel saving in kg/s. 

 

The fuel saving per unit distance (kg/km) is then given by: 

 

FCsaving = 1000 ∗ (
FCNo−ES

VNo−ES
−

FCES

VES
)    (16) 

 

The model equations from (1) to (16) give a simple/generic 

and sufficiently accurate modelling approach that can be used 

to evaluate the tendency of fuel saving when using battery 

energy storage system with the engine and operating the 

proposed hybrid propulsion system (Fig. 1) according to the 

proposed power management cycle shown in Fig. 2. 

 

III. NUMERICAL DESIGN EXAMPLE 

The equations (from (1) to (16)) are used in the design 

algorithm to determine the size of the battery energy storage 

and to investigate the amount of fuel saving during cruise 

mode. The aircraft and system parameters used in this study 

are listed in Table 1. 
 

Table 1. System parameters and coefficients used in the design algorithm. 

WAC aircraft weight, 2500 kg 

S aircraft wing surface area, 16.7225 m2 

CD0  drag constants (5b), 0.018. 

k drag constants (5b), 0.0950. 

𝜌𝑆𝐿  air density at sea level, 1.2041 kg/m3. 

b1 constant (1), -0.00010323. 

b2 constant (1), 2.4181e-9. 

p the propulsion efficiency, 0.91. 

𝑃𝐸𝑛𝑔−𝑆𝐿 the engine output power at sea level, 1000 kW. 


𝑟𝑡

  the round trip efficiency of the battery energy 

storage, 0.9. 

SPbat-ch specific charging power of battery, 0.6 kW/kg. 

SEbat specific energy density of battery, 0.2 kWhr/kg. 

PDPE the power density of the power electronics and the 

electrical machine, 2 kW/kg. 

SFC0 the minimum specific fuel consumption, 4.63e-05 

(kg/s)/kW. 

Vsnd-SL the sound speed at sea level, 340.3 m/s. 

c1 Generic constant (12), = 3. 

c2 Generic constant (12), = 0.0061. 

 

 

A. Engine Fuel Consumption 

The aircraft parameters and constants in Table 1 are used 

to calculate the SFC versus the engine output power at 

different altitudes using (12). Fig. 3 shows the variation of the 

SFC with the altitude and the engine output power.  

 

The maximum output power PEng-max from the engine at 

different altitudes is determined using (7) and is mapped on 

the SFC lines in red square markers as shown in Fig. 3. The 

red square markers of the PEng-max form the trajectory that 

gives the variation of the SFC of the engine against its 

maximum output power at different altitudes. The PEng-max at 

sea level (0km) is considered equal to 1MW and it decreases 

with the increase in altitude. 

 
Fig. 3 SFC (kg/s/kW) versus engine output power at different altitudes 

 

The engine maximum output power, the propulsion power 

and the optimal aircraft velocity (i.e. when L/D ratio is 

maximum) are calculated using the system parameters listed in 

Table 1 for an altitude range from 0 to 11 km and the results 

are shown in Fig. 4. The power difference between the engine 

output power PEng-max and the propulsion power Pprop at any 

altitude is the power available for charging the battery. The 

available charging power at different altitudes is highlighted 

by green double arrow lines as shown in Fig. 4. The Aircraft 

ceiling altitude at which the engine maximum output power is 

just equal to the propulsion power is marked by a red circle. 

 
Fig. 4 Cruising velocity for maximum L/D at different altitudes. 
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B. Energy Storage Sizing and Fuel Saving 

In order to determine the amount of fuel saving when using 

the battery energy storage, first the rate of fuel consumption of 

the engine without using energy storage should be calculated 

at the optimal aircraft velocity and then compared with the 

case of using battery energy storage. The weight of the energy 

storage system will be determined using an iterative algorithm 

with assumption that the engine is operated at PEng-max during 

the switch on time and the aircraft is cruising at the optimal 

velocity, (5c). The weight of the battery Energy Storage (ES) 

is calculated based on the available power for charging the 

battery, (see Fig. 4) and the specific power density of the 

battery and the power electronics used. The weight of the ES 

is added to the weight of the aircraft and the calculation of the 

required propulsion power and the aircraft velocity is iterated 

until finding out the final weight of the ES and the optimal 

aircraft velocity. The results obtained for both cases (with and 

without ES) are shown in Fig. 5. The charging power of the 

battery ES is also shown in Fig. 5.  

 

It is noted that the cruising velocity in case of using ES is 

higher than the case without ES. The added weight of the ES 

increases the overall weight of the aircraft and hence the 

optimal cursing velocity should be higher to compensate for 

the increased lift needed, and this results in increase in the 

required propulsion power.  

 

 
Fig. 5 Cruising velocity at different altitudes with and without ES. 

 

 

The fuel consumption per unit distance (range) for the two 

cases, with and without ES are calculated (16) and plotted in 

Fig. 6a. The % of fuel saving per unit distance (kg/km) due to 

using ES is calculated and plotted in Fig. 6b. It is noted that 

the maximum % of fuel saving per unit distance occurs at 

~4000 m altitude. This means that, the use of the ES will 

increase the flight range for a given amount of fuel in the 

aircraft tank and the maximum achievable range occurs when 

the aircraft is cruising at ~4000 m altitude.  

 

The fuel consumption per unit time (endurance) for the 

cases with and without using ES are calculated and plotted in 

Fig. 7a. The % of fuel saving per unit time (kg/s) due to using 

ES is plotted in Fig. 7b. The maximum fuel saving per unit 

time occurs at altitude of ~ 5500 m. This means that the 

aircraft endurance can be increased using ES and the 

maximum achievable endurance occurs when the aircraft is 

cruising at 5500 m altitude. 

 
Fig. 6 Fuel saving per unit distance in case of using ES 

 

  

 
Fig. 7 Fuel saving per unit time in case of using ES 

 

The calculated weight of the ES and the duty cycle Dt of 

switching on and off the engine at different altitudes (without 

taking into account the aircraft on-board load power PL) are 

given in Fig. 8. It is noted that the amount of fuel saving per 

unit distance (range) is maximum when the aircraft flies at low 

altitudes (~4 km) and the corresponding duty cycle is less than 

0.5, it is ~ 0.47 and hence the engine will be switched off for a 

longer time than the switching on time. It is also noted, 

although the weight of ES is high and it is equal to ~ 800 kg 

(note that the aircraft weight is 2500 kg), it is still possible to 

reduce fuel consumption.  On the other hand, the maximum 

fuel saving per unit time (endurance) occurs at higher altitude 

~ 5.5km and the duty cycle is higher ~ 0.55 and the weight of 

the ES is less - around ~ 620 kg. 
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Fig. 8 The weight and operating duty cycle of the ES versus altitude, (PL = 
0 kW). 

The design of the battery ES and the calculations of the fuel 
saving are repeated with considering the aircraft on-board load 
power to be supplied by the engine when it is switched on or 
by the battery when the engine is switched off. The on-board 
load power PL is assumed constant and equal to 35kW. Similar 
design results to that shown in Fig. 8 are shown in Fig. 9 for 
the case considering PL = 35 kW. It is noted that the operating 
points for maximum fuel saving are moved to lower attitudes 
and the % of fuel saving is less in comparison to the results 
obtained for the case of PL = 0 kW (shown in Fig. 8). 

 

Fig. 9 The weight and operating duty cycle of the ES versus altitude, (PL = 35 
kW) 

 

 

IV. CONCLUSIONS 

 The paper has presented a conceptual design approach of 

battery energy storage for an aircraft hybrid propulsion system. 

The design is based on simple and generic models of the 

aircraft aerodynamics and specific fuel consumption but 

believed to be sufficient to identify tendencies of possible 

situations to reduce fuel consumption. A simple power 

management cycle is proposed where the engine is to be 

switched on and operated at its maximum output power in 

order to provide the required power for propulsion as well as 

charging the battery until it is fully charged and then the engine 

is switched off and the battery ES starts to provide the aircraft 

propulsion power.  The battery ES design optimization criteria 

is set to be either to achieve longer endurance or extended 

flight range. The results of the design for maximum flight 

range has shown that a maximum % of fuel saving of ~22% 

can be achieved when the aircraft optimal flying altitude is ~4 

km. On the other hand, the design for maximum endurance has 

shown less % of fuel saving ~ 11%, but at higher altitude of 

~5.5 km. In general, the design study has clearly shown the 

possibility to significantly reduce fuel consumption by 

adopting the proposed hybrid propulsion concept presented in 

this paper. This would encourage using detailed and practical 

models of the system components in future research work in 

order to improve the accuracy of the proposed design approach.  
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