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Abstract

:

This paper proposes a conceptual analysis of the limitations related to the development (and integration) of hybrid–electric propulsion on regional transport aircraft, with the aim to identify a feasibility space for this innovative aircraft concept. Hybrid–electric aircraft have attracted the interest of aeronautical research as these have the potential to reduce fuel consumption and, thus, the related greenhouse gas emissions. Nevertheless, considering the development of such an aircraft configuration while keeping the constraints deriving from technological and/or operating aspects loose could lead to the analysis of concepts that are unlikely to be realised. In this paper, specifically to outline the boundaries constraining the actual development of such aircraft, the influence on overall aircraft design and performance of the main technological, operating, and design factors characterising the development of such a configuration is analysed and discussed at a conceptual level. Specifically, the current achievable gravimetric battery energy density (BED) is identified as the main limiting factor for the development of regional hybrid–electric aircraft, and a sensitivity analysis shows the correlation of this important technological parameter with aircraft performance in terms of both fuel consumption and energy efficiency. In this context, minimum technological development thresholds are therefore identified to enable the effective development of this type of aircraft; namely, a minimum of BED = 500 Wh/kg at battery pack level is identified as necessary to provide tangible benefits. From an operating point of view, flight distance is the most limiting design requirement, and a proper assessment of the design range is necessary if a hybrid–electric aircraft is to be designed to achieve lower emissions than the state of the art; flight ranges equal to or lower than 600 nm are to be considered for this type of aircraft. As a bridging of both of the previous constraints, a change in the design paradigm with respect to established practices for state-of-the-art aircraft is necessary. More specifically, penalisations in maximum take-off weight and overall aircraft energy efficiency may be necessary if the aim is to reduce direct in-flight consumption by means of integration of hybrid–electric powertrains.
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1. Introduction


A key challenge in the context of aviation research is to find effective solutions to reduce emissions [1,2,3,4,5,6]. To date, one of the most promising technologies in this regard involves the integration of electric power systems onto transport aircraft [7,8,9,10,11,12] because electric propulsion can provide high efficiencies and eliminate emissions directly related to the flight. However, there are major technical limitations to the practical application of this technology, arising from the low energy density of batteries even considering the more optimistic forecasts of their technological development, as such important components introduce blocking restrictions in terms of weight and limit the application of electric propulsion to small aircraft only [13]. Currently, more realistically feasible solutions, especially for regional aircraft [14,15,16], relate to the combination of electric and thermal propulsion in architectures referred to as hybrid–electric [17,18,19,20]. The uncertainty on the actual degree of technological maturity that batteries may reach in the next years makes it tricky to predict what the actual range of use of hybrid–electric aircraft will be in the near future and what return in terms of performance gains can be reasonably achieved.



The aim of this paper is to present a feasibility study and a critical analysis of the performance of a regional hybrid–electric aircraft equipped with parallel powertrain [21,22,23]. In particular, this work highlights the crucial impact that the level of batteries’ technology maturity may have on the expected development of regional hybrid–electric aircraft and analyses their performance, bearing in mind that the main purpose of hybrid–electric aircraft development is to reduce greenhouse emissions. In the latter context, the results may differ (even substantially) from the canonical ones associated with conventional aircraft, which implies the choice of different design strategies. Furthermore, the impact of the proper selection of the design range is widely discussed, highlighting the relevance of the selection of the design requirements together with the operating limitations imposed by the battery weight. The purpose of this paper, therefore, is to illustrate both what the actual design space for future hybrid–electric regional aircraft is, subject to the technological development of electrical energy storage systems, and what is the most appropriate novel design path to develop actual low-emission aircraft.



Specifically, the paper is organized as follows: Section 2 illustrates the design and performance analysis methodology adopted in this work, and Section 3 provides the results and the discussion about the overall aircraft design. In particular, the focus is given to the effect of varying both the battery technology level and the design range. Finally, Section 4 summarizes the conclusions of this research.




2. Mathematical Preliminaries and Methodology


The study presented in this paper consists of the design of regional hybrid–electric aircraft and a critical analysis of their performance. In order to identify the context of the study, it is clarified that a regional aircraft is an aeroplane designed primarily to cover short-haul air routes and is usually optimised to serve local and regional communities, connecting cities and airports of limited size. In terms of specifications, regional aircraft usually accommodate between 40 and 80 passengers, with a flight range that typically does not exceed 1000 nautical miles. In general, they are designed to operate on shorter runways than long-haul aircraft, thus requiring greater short take-off and landing capability, and are typically equipped with turboprop engines, which are specifically optimised to reduce costs and fuel consumption on short routes. A comprehensive reference that outlines the regional aviation scenario, also posing a focus on its future development, is proposed in [24], whereas insights on current and advanced regional aircraft and regional airport infrastructures are described in [25,26,27,28]. In the proposed research, the top-level aircraft requirements used to steer the design are similar to those of the state-of-the-art benchmark regional aircraft ATR 42, as also proposed in the reference paper [8] and described further along in this section.



The design phase was carried out through the use of the in-house-developed software THEA–CODE, whose detailed description is in [29]. In particular, THEA–CODE performs the multidisciplinary design of a hybrid–electric aircraft, starting from a set of top-level aircraft requirements and taking into account the interdisciplinary links between aerodynamic, structural, propulsive, and aeromechanical features [29]. In this context, the aircraft’s aerodynamic polar curve is evaluated by calculating the induced drag using the Vortex Lattice Method [30]; the parasitic drag of the lifting surfaces is calculated by integrating the profile drag coefficient on the wing surface, computed using the XFOIL code; while that of the nacelles, fuselage, and pylons is assessed using the model proposed in [31]. The wing structural mass is calculated using surrogate models based on FEM simulations taking into account the static loading conditions [32], while the structural mass of the fuselage, undercarriage, and tailplane is evaluated by using the models described in [33]. The wing non-structural masses are calculated by means of the method in [34], while the semi-empirical relationships proposed in [33] are used to evaluate the masses of the on-board systems and operating items. The hybrid–electric propulsion system is sized through the matching chart, which relates aircraft wing loading W/S to the specific power P/W necessary for each flight phase [35]. In this context, the required power is allocated in different proportions between electric and thermal chains according to the hybridisation degree    H P   , which is a design variable defined as:


   H P   =     P i e     P i e     + P   i t     



(1)




where    P i e    and    P i t    are the electrical and thermal power installed on-board, respectively.



For each design iteration, a simulation of the mission is carried out by time integration of aircraft equations of motion in the longitudinal plane, as described in detail in [36]. This specific approach gives the amount of fuel and battery mass required to perform the mission, including diversion and reserves, once the power supplied by thermal engines (or electric motor) is assigned. Accordingly, the fraction of power supplied by thermal engines    Φ k t    is another design variable, defined as:


   Φ k t   =     P t     P i t     



(2)




where    P t    is the power supplied by thermal engine. Note that    Φ k t    is assigned for each k-th mission phase (i.e., climb, cruise, descent, etc.) and allows for the evaluation of also the fraction of electrical supplied power    Φ k e   , as the amount of total requested power to fly is known by the mission simulation [36]. The aircraft sizing procedure ends when convergence on the maximum take-off weight (MTOW) is reached. For the present case study, a number of passengers of 40 and a design range of 600 nm, flown at Mach equal to 0.4 and at a height of 6100 m, have been considered as a reference design mission [8]. Specific power values equal to 13 kW/kg, 19 kW/kg, and 352 kWm/kg and efficiency values equal to 0.96, 0.98, and 0.99 have been considered for electric motors, inverters, and wires, respectively [8].



The performance analysis hereafter discussed, having the aim of defining a feasible space in which to develop the regional hybrid–electric aircraft, takes into account the forecasts of battery technology development up to 2035. In this context, a gravimetric battery energy density (BED) sensitivity analysis was carried out to show the current limits of applicability of this technology and highlight the maximum reachable potential. This sensitivity study is conducted by studying the trends of two different figures of merit (FoM): the fuel consumption for the standard mission (i.e., the block fuel    m  fb    ), and the payload-range efficiency   PREE  , defined as:


   PREE =       m p   g   x   R   E   



(3)




where    m p    is the payload mass; g is the standard gravity; R is the range; and E is the energy, both electrical (stored in the battery) and thermal (stored in the fuel), required to accomplish the mission. Both performance metrics refer to the block mission, i.e., they do not consider the energy and fuel required for diversion and the reserves. The two FoMs, PREE and block fuel    m  fb    , were used as objective functions within two different numerical optimisations, set as follows:


        min   FoM  x               0   <   H   P     <   0   . 7         250   <   W / S   <   325           0   < Φ    cl  t   <   0   . 56           0   < Φ    cr  t   <   0   . 56           0   < Φ    de  t   <   0   . 56         



(4)







The FoM is maximized (or minimised) when it coincides with the PREE (or the    m  fb    ). The design variables selected are    H P   , W/S, and    Φ k t    for the climb (cl), cruise (cr), and descent (de) of the standard mission; taxiing is accomplished with only electrical power, take-off is performed by supplying total available power, and diversion is conducted with thermal power only to avoid the need of a large amount of unused battery for standard operations. As taxiing and take-off involve the supply of electrical power, the value of    H P    is bound to be larger than zero; hence, the optimiser cannot find full-thermal solutions. The power supply strategy adopted in this work is schematically sketched in Figure 1.



The optimisation is performed by coupling a multi-start procedure with local gradient-based algorithms [37].




3. Simulation Results and Discussion


This section presents a discussion of the numerical results obtained from the application of the methodology outlined in Section 2. The analysis of the results focuses primarily on the influence of the battery technology level, expressed in terms of BED, on the feasibility of regional hybrid–electric aircraft design and their performance. In particular, the performance analysis is critically discussed, highlighting the influence of the selection of different figures of merit on the results. Afterwards, a discussion on the effect of varying the route length on regional hybrid–electric aircraft design is carried out based on the results obtained for ranges smaller than the reference design range, i.e., 400 nm, or larger, i.e., 800 nm, highlighting the significative dependence of the performance of such aircraft configurations on the range value. Overall, this section outlines a general overview, at a conceptual level, of the development potential of regional hybrid–electric aircraft in the next future, depending on the state of the technological development of the main electric components, the requirements for mission range, and the selection of merit figures driving the design.



3.1. Battery Technology Impact on Hybrid–Electric Regional Aircraft Design


3.1.1. Reference Design Range: 600 nm


The impact of battery technology maturity on overall hybrid–electric aircraft feasibility has been assessed by means of a BED sensitivity analysis, varied in the (200, 500) Wh/kg interval [38], considering the complete battery pack. Note that in this range, the lower value is close to the state of the art [39,40,41], whereas the upper value represents a consolidated forecast for 2035 [42,43]. The reference full–thermal regional aircraft, designed with the same procedure and by enforcing the condition    H P     = 0, exhibits MTOW = 15,780 kg,    m  fb      = 1103 kg, and PREE = 0.869, while Table 1 shows the data for    m  fb    -optimised configurations as a function of the BED value in the selected range.



These numerical results highlight two key aspects: (i) Given the state of the art of batteries (but also for incremental technology steps up to 100% with respect to the current achievable value of the BED), no significant benefits can be expected from the utilisation of electric power as the weight increases related to the batteries are overwhelming, so the optimal solutions show low in-flight electric power supply; (ii) With an entry-into-service horizon of 2035, the use of hybrid–electric powertrains can contribute to substantial reductions in    m  fb    , but sharp increases in MTOW must be taken into account. Indeed, for the reference BED = 500 Wh/kg, the advantage in the implementation and utilisation of electrical power, which can be observed from the values of    H P    and     Φ k e   , respectively (see Table 1), results in reductions in    m  fb      but at the expense of a significant increase in MTOW. On the other hand, for lower values of the BED, the search for power electrification does not introduce a tangible benefit. To better highlight these trends, the optimisations previously described have been carried out by introducing the constraint MTOW =       W   c   , with    W c    varied in the (15, 50)  ×  103 kgf interval. In this context, Figure 2 shows the trend of the optimal    m  fb     obtained as a function of the value of    W c   .



From a technical standpoint, increasing the value of    W c    allows for an increase of the amount of the on-board battery power, hence allowing for the growth of the in-flight electrical power utilisation. The simulations results show a worsening trend in terms of    m  fb     as    W c     increases for values of the BED equal to 200 and 300 Wh/kg, bringing to light the fact that with these levels of battery technology, the penalties resulting from the weight increases due to the batteries are definitely greater than the benefits of using a share of electrical power to satisfy the energy required for the flight. For a value of the BED equal to 400 Wh/kg, the beneficial and detrimental effects seem to offset each other, resulting in no noticeable benefit in terms of    m  fb      as the possible number of batteries on board increases. The trend is inverted for a BED of 500 Wh/kg because the larger the number of batteries on board (hence the possibility of supplying electrical energy in flight), the higher the benefit in terms of    m  fb     reduction.



In other terms, the level of technological maturity of batteries defines the actual feasibility of regional hybrid–electric aircraft, if benefits in terms of    m  fb     are the performance index. In fact, as shown in Figure 3, although increasing    W c    allows for similar on-board battery mass increases for all the values of BED considered, only the technological value predicted for 2035 provides significant fuel consumption reductions.



The trend between    m  fb     and MTOW thus points to an observation regarding the energy efficiency of the hybrid–electric aircraft. In fact, for these optimised configurations, increases in MTOW correspond to reductions in PREE for all the BED values up to the forecasted reference for the 2035, as shown in Figure 4.



To discuss this contrast between metrics related to emissions (   m  fb    ) and those related to aircraft operating efficiency (PREE), a second set of optimisations in which the FoM to be maximized was set equal to the PREE was performed. In this context, Table 2 shows the obtained results.



Even for the PREE, if we consider the state of the art of the BED, the optimal results tend towards configuration with a low in-flight electric power supply, and a similar trend is found for a value of the BED equal to 300 Wh/kg. For these configurations, in fact, maximizing the lift-to-drag ratio (hence maximizing the W/S) and minimizing the take-off weight coincides with minimizing the energy required for flight E and, therefore, since the payload and range are fixed, with maximizing the PREE. The situation slightly varies for BED = 500 Wh/kg, for which the PREE-optimal configuration substantially differs from the    m  fb    -optimal one. In fact, while exhibiting a non-negligible share of electrical power utilisation, the PREE optimum is far from that relevant to    m  fb     and settles around much lower MTOW values. Once again, it is evident that for hybrid–electric aircraft, conflicts occur that differentiate sizing in the case of seeking solutions oriented towards reducing the fuel consumption (environmental benefits) or increasing the energy-efficiency metrics (operational benefits). To validate this hypothesis, also for the PREE optimisations, several runs were performed with the MTOW =     W c    constraint, whose results are shown in Figure 5. In particular, for a value of the BED up to 300 Wh/kg, increasing    W c     leads to penalisations in PREE, as the main contribution in increasing MTOW results in higher energy required to perform the mission. A slightly different trend is evident for BED values equal to 400 and 500 Wh/kg, where the maximum is obtained at    W c     larger than the minimum values.



This occurs because there is a trade-off between the two different contributions to the energy required for flight because increasing    W c    results in a larger energy demand to trim the aircraft in flight, while on the other hand, it allows for an increase in the on-board battery mass and thus in a higher share of electric power supply. This aspect, for a parallel hybrid–electric powertrain, increases the total propulsive efficiency    η p    defined as


   η p   =       1 – λ     η t     + λ η   e     η g   



(5)




where 𝜆 is the ratio between the power supplied by the battery and the total supplied power [44]; while    η t   ,    η e   , and    η g    are the efficiencies of the thermal engine, electric motor, and gearbox, respectively. In particular, as discussed in [8], increases in 𝜆 (associated with increases in MTOW) imply increments of    η p   , as shown in Figure 6 on the left. This propulsive efficiency effect is, however, of minor significance on the overall requested flight energy for a value of the BED up to 300 Wh/kg, while it has a beneficial prevalence with respect to the increase in aircraft weight up to 22,000 kgf for the case with a value of the BED of 500 Wh/kg, where (slight) reductions of E can be observed (see the right part of Figure 6).



Figure 7 shows the results in terms of    m  fb     for the PREE-optimised configurations, in which a similar trend (with respect to MTOW) to that obtained for the    m  fb    -optimised configurations (see Figure 2) is observed.



Setting PREE as FoM, hence, may lead to a better utilisation of on-board power sources, providing energy-efficient aircraft operations. However, this conduces to solutions that are close to the thermal-powered aircraft if the current technology for batteries is considered and to a slightly lower-power hybridisation if the technology for 2035 is considered. This aspect does not lead to actual savings in terms of fuel consumption and hence is not an effective strategy to cut greenhouse gas emissions from regional aircraft operations. Indeed, the results here discussed highlight that a paradigm change in conceiving and developing regional hybrid–electric aircraft is necessary to reach the environmental targets for which this technology is under investigation. In fact, with current technology forecasts for 2035, it seems that accepting having a much higher MTOW (and hence energy consumption) than that of the state-of-the-art full-thermal aircraft turns out to be a necessary price to pay if actual emissions benefits are to be achieved. That conclusion is true if we consider only flight-related emissions. Indeed, even in the 2035 technological scenario, the higher energy quota necessary to cut fuel consumption, compatibly replaced by electric energy stored in the batteries, should come from renewable sources if an overall environmental benefit is to be attained.




3.1.2. Effect of Varying Design Range


This section describes the effect that design range variations have on the design and performance of regional hybrid–electric aircraft. First, the optimisations described in the previous section were replicated by reducing the design range to 400 nm. That value is representative of many typical missions in the regional market, as documented in [24]. We first present the results for the optimisations in which the FoM is set equal to the block fuel; then, different sets of optimisations were carried out again to vary the MTOW =       W   c    constraint. In Table 3, the results related to the optima–   m  fb     configurations with a design range of 400 nm are reported.



The comparison with the corresponding results obtained for the reference range (namely, 600 nm, see Table 1 and Figure 2) reveals some substantial differences. First, since the energy demand to perform a shorter mission is lower, it is trivial to obtain general reductions in fuel consumption, which is obviously also true for full-thermal configuration. Note that for the full-thermal benchmark, MTOW = 15210 kgf,    m  fb      = 734 kg, and PREE = 0.871 are obtained. The differences are thus mainly to be found in the effect of the BED and MTOW variations. In fact, it can be observed that as MTOW increases, even substantial reductions in    m  fb     can be obtained for BED = 400 Wh/kg (see the left part of Figure 8), a circumstance that did not occur at a range of 600 nm; slight reductions as MTOW changes are also visible for BED = 300 Wh/kg, which are in any case slight, but considerably better than the results relating to the state of the art in battery technology.



In particular, as MTOW increases, sharp reductions in    m  fb     are obtained, both for BED 400 and 500 Wh/kg so that, with respect to the thermal benchmark, reductions of 88% (with an increase in MTOW of 210%) are obtained for BED = 400 Wh/kg, and even reductions of 97% (with an increase in MTOW of 146%) are achieved for the BED = 500 Wh/kg case. In this scenario, there is a    m  fb      = 10 kg, i.e., only the take-off share, while the standard airborne mission is fully accomplished with only electrical power. Regarding the values of PREE obtained for the    m  fb    -optimised configurations (see the right part of Figure 8), the numerical results show that in case of BED = 500 Wh/kg, the value of the PREE increases until it reaches a maximum of 1.3 for an MTOW near 32,000 kgf, then the trend is reversed and PREE decreases. In this case, a more beneficial trade-off between the two FoMs can be selected, as a very low    m  fb     corresponds with the maximum PREE. In the case of BED = 400 Wh/kg, PREE is almost constant for the investigated interval of MTOW, and for lower values of BED, a decreasing trend is still observed, as for the case of 600 nm.



Interesting considerations can also be made by evaluating the results for the case where FoM is set equal to PREE for the 400 nm design range. The results for the PREE optima are reported in Table 4, and the trend for the optimisation sets with the constraint MTOW =       W   c    is reported in Figure 9. In particular, with respect to the reference case with a design range of 600 nm, in this scenario, increasing the MTOW resulted in combined improvements in both the PREE and    m  fb     for BED = 500 Wh/kg; for the PREE optimum, a    m  fb      = 52 kg and a PREE = 1.335 with a MTOW = 32,686 kgf are obtained; the trend of PREE with respect to MTOW (see the right part of Figure 9) increases up to this maximum, then it starts to rapidly decrease. In the reference case (i.e., 600 nm), on the other hand, increasing the MTOW resulted in a very slight, almost imperceptible, peak with a similar trend to that seen for the case at BED = 300 Wh/kg for the reduced range.



Reducing the range to 400 nm, therefore, would enable an effective implementation of hybrid–electric propulsion with BED values reasonably achievable in the next decade. Configurations with potentially low-to-zero fuel consumption in the operating mission can be achieved by considering reduced values for the design range, which in any case would cover the largest share of the regional market [24]. Furthermore, as demonstrated in [36], design range extensions can easily be obtained for hybrid–electric aircraft with parallel powertrain architecture, at the expense of a slight oversizing of the thermal propulsion unit and/or a higher    m  fb     in these extended-range conditions, considered as off-design routes.



Increasing the design range with respect to the reference case, on the other hand, leads to opposite observations. This is evident from the trends in Figure 10 and the results in Table 5, obtained by applying the optimisation procedure described in Section 2, using FoM equal to    m  fb     for a design range of 800 nm. In addition to the obvious increase in    m  fb     due to the higher energy demand of the route, there are substantial differences compared to the 600 nm and 400 nm cases. Specifically, increasing the MTOW does not introduce any significative benefit in terms of    m  fb     for any BED value (not even for the most optimistic forecast), as shown in the left part of Figure 10. In fact, the opposite effect is obtained, with deteriorations in fuel consumption for all BED values except for BED = 500 W/kg, where an almost indifferent trend is obtained. In general, even in this latter case, increasing MTOW does not bring any benefit, as there is also an associated penalty in terms of the PREE (see the right part of Figure 10). With respect to the thermal benchmark, which exhibits an MTOW = 16,404 kgf, an    m  fb      = 1487 kg, and a PREE = 0.859, reductions in    m  fb     of 6.7% (with an increase in MTOW of 77%) are obtained for BED = 500 Wh/kg, hence not introducing significant overall benefits in this regard, nor are there any benefits in terms of PREE (see the right part of Figure 10).



To summarize, Table 6 reports a concise comparison of the main performance of the    m  fb    -optimised configurations varying BED and design range.



From the previous analyses and discussion, it is apparent that there are three distinct and interdependent boundaries that define a confined field for the effective implementation of hybrid–electric propulsion for regional transport aircraft. The first refers to battery technology development and points out that BED values (at battery pack level) of 500 Wh/kg must be achieved if effective and efficient integration of hybrid–electric propulsion on transport aircraft is to be envisaged. This is not sufficient unless the aircraft design requirements are properly tuned. In particular, benefits in terms of fuel consumption begin to be achieved if design ranges up to 600 nm are considered. Reducing the range to 400 nm leads to marked improvements in fuel consumption on the standard mission, at the expense of reductions in the aircraft operating capabilities. However, even with these reduced design range values (i.e., 400 nm), most of the typical routes in the current regional sector would be covered. Increasing the design range above 600 nm, on the other hand, would compromise the effectiveness of the integration of hybrid–electric propulsion, as there are no advantages to be gained in terms of fuel consumption and, therefore, no benefit from the reduction of greenhouse gas emissions viewpoint, which is indeed the driver for the development of this technology. The third element required for an effective implementation of hybrid–electric propulsion relates to the selection of figures of merit steering the design process. Specifically, it is highlighted that the technological and weight limitations of batteries need to be overcome through a paradigm shift in design development, in which increases in aircraft weight and reductions in energy efficiency must be taken into account if fuel consumption and related direct greenhouse emissions are to be minimised.






4. Conclusions


The aim of this paper was to identify the feasibility boundaries of regional hybrid–electric aircraft at a conceptual stage. Battery performance, in terms of gravimetric energy density, represents a bottleneck for the effective application of hybrid–electric propulsion in transport aviation. In this paper, a sensitivity analysis in this regard was conducted by considering the design of regional hybrid–electric aircraft equipped with a parallel powertrain. There are two main conclusions that can be summarized from this sensitivity analysis of the results presented in this paper. On the one hand, a clear limitation of the design space is identified, forced by the technological maturity of the batteries, which does not allow for significant reductions in fuel consumption to be achieved unless the BED value of 500 Wh/kg, at pack level, is reached. On the other hand, it emerges that there is a need to change the design paradigm of such aircraft if benefits in terms of reducing greenhouse emissions are to be effectively reached. Specifically, penalties in terms of take-off weight and overall aircraft energy efficiency should be allowed for if real benefits in terms of reducing flight-related emissions are to be achieved. Furthermore, reducing the design range, and hence the operating capability of the regional aircraft, may lead to a substantial reduction in fuel consumption and direct greenhouse gas emissions. That trade-off is crucial and needs to be deeply addressed during the initial phases of the design process of such an innovative aircraft concept.
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Abbreviations









	List of Symbols
	Description
	Unit



	E
	Energy to accomplish the mission
	J



	g
	Standard gravity
	m/s2



	    H P    
	Degree of hybridisation
	



	L/D
	Lift-to-drag ratio
	



	    m b    
	Battery mass
	kg



	    m  fb     
	Block fuel mass
	kg



	    m p    
	Payload mass
	kg



	P/W
	Specific power
	W/kgf



	    P i e    
	Electric motor installed power
	W



	    P i t    
	Thermal engine installed power
	W



	    P t    
	Supplied thermal power
	W



	  R  
	Range
	nm



	W
	Aircraft weight
	N



	W/S
	Wing loading
	kgf/m2



	    η e    
	Efficiency electric chain
	



	    η g    
	Gearbox efficiency
	



	    η p    
	Propulsion system efficiency
	



	    η t    
	Efficiency thermal chain
	



	  λ  
	Source power ratio
	



	    Φ e    
	Power fraction supplied by the electric motor
	



	    Φ t    
	Power fraction supplied by the thermal engine
	



	List of acronyms
	Description
	Unit



	BED
	Gravimetric battery energy density
	Wh/kg



	FoM
	Figure of merit
	



	MTOW
	Maximum take-off weight
	kgf



	PREE
	Payload-range efficiency
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Figure 1. Conceptual sketch of hybrid–electric aircraft power supply strategy (adapted from [36]). 
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Figure 2.    m  fb       vs. MTOW varying BED, for optimisations with FoM ≜       m    fb     @600 nm. 
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Figure 3.    m b      vs. MTOW varying BED, for optimisations with FoM ≜     m  fb     @600 nm. 
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Figure 4. PREE vs. MTOW varying BED, for optimisations with FoM ≜     m  fb     @600 nm. 
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Figure 5. PREE vs. MTOW varying BED, for optimisations with FoM ≜ PREE @600 nm. 
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Figure 6. Parallel hybrid–electric powertrain η (left), total energy supplied (right) @600 nm. 
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Figure 7.    m  fb     vs. MTOW varying BED, for optimisations with FoM ≜ PREE @600 nm. 
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Figure 8.    m  fb       (left), PREE vs. MTOW (right) varying BED; optimisations with FoM ≜       m    fb    , @400 nm. 
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Figure 9.    m  fb       (left), PREE vs. MTOW (right) varying BED; optimisations with FoM ≜ PREE @400 nm. 
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Figure 10.    m  fb       vs. MTOW (left), PREE vs. MTOW (right) varying BED, for optimisations with FoM ≜     m  fb     @800 nm. 
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Table 1. Main data of    m  fb    -optimised configurations varying BED @600 nm.






Table 1. Main data of    m  fb    -optimised configurations varying BED @600 nm.





	BED (Wh/kg)
	    m  fb      (kg)
	MTOW (kgf)
	     H P     
	    W / S     (kgf/m2)
	     Φ  cl  t     
	     Φ  cl  e     
	     Φ  cr  t     
	     Φ  cr  e     
	     Φ  de  t     
	     Φ  de  e     





	200
	1097
	17,031
	0.139
	325
	0.548
	0.434
	0.466
	0
	0.239
	0.412



	300
	1073
	17,462
	0.209
	325
	0.559
	0.417
	0.471
	0
	0.172
	0.580



	400
	967
	30,116
	0.458
	325
	0.151
	0.908
	0.433
	0.208
	0.148
	0.220



	500
	525
	50,211
	0.459
	325
	0.088
	0.946
	0.131
	0.524
	0.104
	0.195










 





Table 2. Main data of PREE-optimised configurations varying BED @600 nm.






Table 2. Main data of PREE-optimised configurations varying BED @600 nm.





	BED (Wh/kg)
	PREE
	MTOW (kgf)
	     H P     
	    W / S     (kg/m2)
	     Φ  cl  t     
	     Φ  cl  e     
	     Φ  cr  t     
	     Φ  cl  e     
	     Φ  de  t     
	     Φ  de  e     





	200
	0.859
	16,591
	0.084
	325
	0.501
	0.910
	0.415
	0
	0.326
	0.061



	300
	0.882
	16,339
	0.152
	325
	0.557
	0.415
	0.460
	0
	0.293
	0.189



	400
	0.892
	17,393
	0.209
	325
	0.496
	0.659
	0.473
	0
	0.175
	0.572



	500
	0.899
	21,995
	0.403
	325
	0.294
	0.839
	0.471
	0.173
	0.194
	0.249










 





Table 3. Main data of    m  fb    -optimised configurations varying BED @400 nm.






Table 3. Main data of    m  fb    -optimised configurations varying BED @400 nm.





	BED (Wh/kg)
	    m  fb      (kg)
	MTOW (kgf)
	     H P     
	    W / S     (kg/m2)
	     Φ  cl  t     
	     Φ  cl  e     
	     Φ  cr  t     
	     Φ  cl  e     
	     Φ  de  t     
	     Φ  de  e     





	200
	718
	18,607
	0.136
	325
	0.456
	0.525
	0.426
	0.367
	0.153
	0.244



	300
	525
	46,021
	0.408
	325
	0.126
	0.482
	0.197
	0.313
	0.160
	0.149



	400
	89
	47,204
	0.485
	325
	0.118
	0.483
	0.01
	0.314
	0.09
	0.148



	500
	10
	37,488
	0.694
	325
	0
	0.708
	0
	0.467
	0
	0.236










 





Table 4. Main data of PREE-optimised configurations varying BED @400 nm.
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	BED (Wh/kg)
	PREE
	MTOW (kgf)
	     H P     
	    W / S     (kg/m2)
	     Φ  cl  t     
	     Φ  cl  e     
	     Φ  cr  t     
	     Φ  cl  e     
	     Φ  de  t     
	     Φ  de  e     





	200
	0.889
	15,918
	0.08
	322
	0.559
	0.406
	0.429
	0
	0.238
	0



	300
	0.908
	17,651
	0.203
	325
	0.432
	0.913
	0.47
	0
	0.215
	0.399



	400
	1.001
	35,102
	0.375
	325
	0.183
	1
	0.088
	0.714
	0.163
	0.165



	500
	1.335
	32,686
	0.421
	325
	0.126
	1
	0
	1
	0.126
	0.779










 





Table 5. Main data of    m  fb    -optimised configurations varying BED @800 nm.
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	BED (Wh/kg)
	    m  fb      (kg)
	MTOW (kgf)
	     H P     
	    W / S     (kg/m2)
	     Φ  cl  t     
	     Φ  cl  e     
	     Φ  cr  t     
	     Φ  cl  e     
	     Φ  de  t     
	     Φ  de  e     





	200
	1527
	18,277
	0.163
	325
	0.493
	0.693
	0.438
	0
	0.291
	0.122



	300
	1509
	19,578
	0.302
	324
	0.409
	0.794
	0.518
	0
	0.292
	0.131



	400
	1507
	20,040
	0.338
	325
	0.520
	0.516
	0.530
	0.015
	0.088
	0.676



	500
	1378
	28,977
	0.337
	325
	0.242
	1
	0.349
	0.289
	0.135
	0.282










 





Table 6. Summary of the comparison of main results for hybrid–electric    m  fb    -optimised regional configurations, varying BED and range.






Table 6. Summary of the comparison of main results for hybrid–electric    m  fb    -optimised regional configurations, varying BED and range.





	
BED (Wh/kg)

	
MTOW (kgf)

	
    m  fb      (kg)

	
PREE




	
400 nm

	
600 nm

	
800 nm

	
400 nm

	
600 nm

	
800 nm

	
400 nm

	
600 nm

	
800 nm






	
Full-thermal

	
15,210

	
15,783

	
16,404

	
734

	
1103

	
1487

	
0.871

	
0.869

	
0.859




	
200

	
18,607

	
17,031

	
18,277

	
718

	
1097

	
1527

	
0.851

	
0.862

	
0.828




	
300

	
46,021

	
17,462

	
19,578

	
525

	
1073

	
1509

	
0.675

	
0.873

	
0.823




	
400

	
47,204

	
30,116

	
20,040

	
89

	
967

	
1507

	
0.941

	
0.777

	
0.812




	
500

	
37,488

	
50,211

	
28,977

	
10

	
525

	
1378

	
1.188

	
0.729

	
0.764
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