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A B S T R A C T

Non-flammable next-generation batteries with high power and energy density are essential to meet the high 
demands of aircraft applications. These cells require electrolytes that not only are stable but that also ensure 
reliable battery performance under dynamic load conditions. This study employs a physicochemical model to 
evaluate and compare the electrochemical performance of cells using different cathodic electrolytes: hybrid solid 
electrolytes, highly concentrated liquid electrolytes, and ionic liquids (ILs). To isolate the intrinsic behavior of 
each electrolyte under ideal conditions, the evaluation deliberately excludes side reactions, interfacial stability, 
and contact limitations, focusing solely on gravimetric energy, power output, and mission performance theo
retically achievable with such cells. Cells with LiFSI as salt, IL-hydrofluoroether (HFE) as cathode electrolyte or 
with LiFSA as salt and sulfolane-HFE show superior performance and require less battery mass for aircraft use. To 
meet the mission requirements of a regional aircraft configuration and when assuming ideal conditions, cathode 
thicknesses of 70 μm, 60 μm, and 40 μm for sulfolane-HFE, IL-HFE, and hybrid solid electrolytes, respectively, 
were determined. This approach helps to identify promising electrolyte candidates, exclude stable candidates 
that cannot fulfil the dynamic power demand, reduce unnecessary experimental efforts, and support the 
development of efficient and safe battery systems for aviation.

1. Introduction

Hybrid-electric propulsion systems using Li-based batteries have the 
potential to reduce CO2 emissions in airplanes [1]. The main barrier to 
progress for this kind of aircraft is the low specific energy of batteries. 
Additionally, to fulfil the requirements of high specific energy and 
power, as well as reliable operation under extreme environmental con
ditions, battery chemistry and design need to be optimized [2,3]. This 
brings additional challenges for the battery community. Liquid elec
trolytes, which are currently used in many lithium-ion batteries, exhibit 
high ionic conductivities and enable fast charge transfer. However, 
because of their high flammability, liquid electrolytes pose a safety issue 
[4]; liquid electrolyte and their decomposition products decompose at 
the negative electrode under heat release, causing thermal events [5]. 
Non-flammable liquid electrolytes allow minimising the risk of battery 
fire and explosion. Yet they still need to enable high specific energy and 
performance of the battery [6].

The typically non-flammable solid electrolytes (SE) are therefore a 
promising alternative for future aircraft. Nevertheless, all-solid-state 

batteries (ASSB) currently face high charge transfer overpotentials, 
low ionic conductivity, and limited capacity, especially at ambient 
temperatures. They suffer from low specific energy at elevated current 
rates, as noted in our previous study [7]. Using cells with hybrid elec
trolytes, which combine liquid electrolytes with inorganic solid elec
trolyte separators or various SE and polymer electrolytes, is one way to 
improve ASSB performance. However, there is still a safety concern with 
hybrid electrolytes, primarily due to the presence of liquid electrolytes.

One approach to potentially reduce flammability and improve the 
safety of liquid electrolytes is to increase the salt concentration in the 
electrolyte. Therefore, highly concentrated liquid or ionic liquid (IL) 
electrolytes have attracted increasing attention for use in lithium bat
teries [8]. Increasing the salt and thus Li-ion concentration and adding 
Li-ion containing IL can considerably enhance the electrochemical sta
bility window due to the higher oxidation stability of the IL in the highly 
concentrated electrolytes (HCE) [9]. However, due to the high viscosity 
and low ionic conductivity of IL electrolytes in comparison to commonly 
utilized organic carbonate solvents, most lithium batteries using IL 
electrolytes have poor rate capability [4]. To address this, diluent 
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solvents like hydrofluoroether (HFE), which are non-flammable and 
feature low viscosity, can be added to reduce viscosity. HFE could also 
reduce the cost of IL electrolytes while enhancing the ionic conductivity 
of IL electrolytes and their wetting capabilities for the separator surface 
[10]. Therefore, due to these favorable properties, HFE shows strong 
potential for application in aviation batteries.

Numerous studies have been conducted on HCE. Wang et al. [10] 
demonstrated the high safety of IL electrolytes composed of lithium bis 
(fluorosulfonyl) imide (LiFSI) salt in N-methyl-N-propyl-piperidinium 
bis(fluorosulfonyl)imide ([PP13][FSI]): they feature low volatility and 
nonflammability. Using this type of electrolyte in batteries demon
strated cycling stability exceeding 800 cycles [10]. They also examined a 
highly concentrated TFSI-FSI dual-anion electrolyte based on LiTFSI, N- 
ethyl-N-methyl-pyrrolidinium bis(fluorosulfonyl)imide ([C2mpyr] 
[FSI]), and dimethyl carbonate (DMC) [11]. Their results showed long 
cycle life for LiFePO4/Li cells with 80 % capacity retention after 500 
cycles, while Li/ Ni5Co2Mn3O2 cells with TFSI-FSI dual-anion electrolyte 
retained 95 % capacity after 100 cycles. Ren et al. [12] indicated that 
highly concentrated LiFSI-sulfolane (SL) electrolytes could considerably 
reduce electrolyte decomposition when in contact with the Li metal 
anode, enabling stable cycling of Li-ion batteries at a high cathode 
voltage of 4.9 V. In another study, Nakanishi et al. [13] showed that 
adding HFE to SL-based HCE significantly improved diffusion co
efficients and reduced viscosity by nearly two orders of magnitude. 
Additionally, HFE decreased viscosity by nearly two orders of magni
tude. Further, the transport characteristics of HCE consisting of Li salt 
and LiBF4-SL electrolytes were studied by Dokko et al. [9]. They 
attributed the enhanced rate capability of LiBF4/SL (1:2 volume ratio) to 
reduced concentration polarization and higher limiting current. Mat
sumoto et al. [14] exhibited that a battery with a high concentration of 
LiTFSI could operate without degradation. Tong et al. [15] computa
tionally studied the physicochemical characteristics of HCE using two 
organic solvents, DMC and DEC, and four IL solvents ([Cnmim][BF4] 
and [Cnmim][TFSI] (n = 2, 4)). Their simulations revealed that 1-butyl- 
3-methylimidazolium bis(trifluoromethylsulfonyl)imide (C4mim] 
[BF4]) had the highest conductivity tested IL-based electrolytes. A non- 
flammable electrolyte based on IL (0.8Pyr14FSI-0.2LiTFSI) was 
designed by Wu et al. [16]. A full cell with this electrolyte and a Li metal 
anode and NMC cathode could provide a specific energy of more than 
560 Wh/kg at 0.1C.

Although extensive experimental research has been carried out on 
HCE, there is no single experimental or modelling study that demon
strates the capability of such electrolytes in high-power, high-energy 
applications like aeronautics. Battery performance for aviation strongly 
depends on the design of the anode, separator, and cathode; in this work, 
we focus specifically on cathode design.

In our previous work, we conducted a comprehensive analysis of 
various material combinations and separator thicknesses for Li-ASSB 
using NMC811 as the cathode material. The model developed in that 
study was validated against experimental data across different C-rates, 
confirming its reliability for assessing cell-level performance under 
diverse operating conditions [7]. Among the solid electrolytes exam
ined, PEO-LiTFSI/LLZTO (12.7 vol%) delivered the best performance 
and compatibility with Li-metal, and is therefore adopted in this study as 
the solid separator. However, ASSB alone remains insufficient to meet 
the high specific energy demands of aviation, particularly under high 
current densities and thick electrode configurations [7]. Their major 
limitation lies in the low ionic conductivity within thick cathodes, 
especially at elevated C-rates. Therefore, employing two distinct elec
trolytes within the battery is a promising strategy to enhance ASSB 
performance using a stable solid electrolyte at the anode and a highly 
conductive one at the cathode.

In this study, we implement HCE as the cathodic electrolyte to 
enhance energy and power performance. Developing such dual- 
electrolyte cells experimentally would require significant time and re
sources, and testing all HCE-SE combinations would be impractical. To 

overcome this, we use physics-based modelling to quickly assess the 
theoretical potential of various highly concentrated liquid or ionic 
cathodic electrolytes. We purposely omit any potential interface issues 
due to electrolyte reactivity, as these could be mitigated in the future 
through additives or interface engineering. Therefore, this study focuses 
on the electrochemical behavior of candidate cathodic electrolytes 
under idealised conditions. The goal is to identify non-flammable elec
trolytes with good compatibility with high-voltage cathodes like 
NMC811 and sufficient performance for aviation applications. Based on 
the best-identified cathodic electrolyte, we also examine the limiting 
processes in the cell and the battery performance under aircraft power 
demands to give an overview of the feasibility of utilising these elec
trolyte alternatives for future aircraft technology. Finally, some recom
mendations for the battery manufacturing sector are provided.

Although several of the selected electrolytes have been investigated 
previously, this study contributes a unique performance comparison 
under aviation-specific mission profiles, using a physically consistent 
model framework. The focus is on combining non-flammable cathodic 
electrolytes with a hybrid solid electrolyte separator to reduce pack- 
level battery mass while maintaining high power and energy output. 
We restrict our scope to Li-metal/NMC chemistry, as it currently offers 
higher maturity in terms of stability and manufacturability compared to 
alternatives like lithium‑sulfur.

2. Methodology

To assess battery performance in aviation, a conservative concept for 
a hybrid-electric regional aircraft is evaluated [1]. A parallel-hybrid 
architecture is employed, which is described in detail in [17]. For pro
pulsion, each turbo engine is assisted by two electrical motors, as 
illustrated in Fig. 1. The electric motors powered by batteries, assist the 
turbo engine during take-off, climb, and cruise phases of the mission. 
Here, we applied the mission profile of this regional aircraft configura
tion, with battery power requirements at various flight stages shown in 
Fig. S1 [17]. In this mission profile, a fully electric operation is used 
during the taxi-out and taxi-in phases, while the battery load decreases 
throughout the descent to provide power for taxi-in. Additionally, bat
teries provide electric power for the aircraft's non-propulsive subsystems 
in most flight phases.

The power profile of the hybrid-electric regional aircraft is imple

Fig. 1. Hybrid-electric propulsion with Li metal anode and hybrid electrolyte 
separator, highly concentrated electrolyte as the cathodic electrolyte, and 
NMC811 cathode materials.
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mented in the Pseudo-Two-Dimensional (P2D) model to evaluate the 
performance of a single battery cell. In reality, due to battery manage
ment systems, contacting technology, sensors, and other factors, it is 
impossible to maintain the same specific energy at the cell and system 
levels. As a result, specific energy decreases from the cell level to the 
system level. This reduction occurs because the battery system includes 
additional components such as housing, thermal management, wiring, 
and battery management systems, which add mass without contributing 
directly to energy storage. For example, while a single cell might deliver 
approximately 250–270 Wh/kg, the system-level specific energy typi
cally drops to 150–180 Wh/kg due to these overheads [18,19]. To 
quantify this, the efficiency rate can be defined as follows: 

Efficiency rate =
Specific energy at pack
Specific energy at cell

(1) 

The efficiency rate of the battery from cell level to pack level is 
considered equal to 0.74 [18]. Using this value and knowing the total 
charge delivered by the battery from the mission profile, we can esti
mate the total battery mass required for the mission. As mentioned 
earlier, due to the main barriers of ASSB, i.e., the limited ionic con
ductivity of the electrolyte on the cathode side, they cannot operate 
efficiently at high C-rates. One approach to improve cell performance in 
hybrid-electric propulsion systems is the use of composite cathodic 
electrolytes combining inorganic solid electrolytes with highly concen
trated liquid or ionic electrolytes. We here use a hybrid solid electrolyte 
(PEO-LiTFSI/LLZTO (12.7 vol%)) as the reference cathodic electrolyte 
and then compare its performance with HCE containing either highly 
concentrated Li-ion containing liquid or ionic electrolytes in the cath
ode. All these electrolytes contain Li-ions of high mobility. In our model, 
the electrolyte is treated as a single, lumped phase with effective ionic 
transport properties that represent the combined behavior of all elec
trolyte components. This simplification is appropriate within the P2D 
modelling framework, which focuses on cell-scale performance and 
typically assumes homogeneous electrolyte properties to reduce 
computational complexity.

The aim of this work is to identify promising cathodic electrolytes 
that could improve battery performance in regional hybrid-electric 
aircraft. We use the same separator layer (PEO-LiTFSI/LLZTO), Li 
metal anode, and NMC811 cathode active material for all simulations. 
The reason for the choice of an oxide-based solid electrolyte in the 
separator is that such electrolytes effectively inhibit lithium dendrite 
growth and protect the cell from internal short circuits when in contact 
with the Li metal anode [20]. Furthermore, in Ref [7], we showed that 
this electrolyte has the highest specific energy in the medium power 
application, given the current manufacturing limitations of ASSB 
compared to other hybrid electrolytes including polymer and oxide- 
based solid electrolytes.

2.1. Physicochemical model of hybrid electrolytes and non-flammable 
highly concentrated electrolytes

The P2D model is a common approach in battery modelling, allowing 
for a more detailed representation of the electrochemical processes 
within the battery. This approach, described in detail in our previous 
work, was used to model Li-ASSB with hybrid electrolytes [7]. The 
electrode microstructure is crucial for mass transport through the elec
trolyte phase and the solid-phase electrical conductivity [21,22]. 
Therefore, the classical P2D model, which assumes ideal particles and a 
homogeneous electrode, is extended by microstructure surrogate 
models, which incorporate the influence of microstructure on effective 
surface area and transport parameters into the homogeneous P2D 
framework. We concluded from our previous research that premixing 
conductive additives and active materials (AM) into the cathode struc
ture results in a higher capacity than when carbon black is evenly 
distributed throughout the electrolyte [23,24]. The electrodes produced 
by premixing additives with AM and the corresponding surrogate model 

[24], as detailed in Table S1, are used in this study. Furthermore, our 
prior work identified that a cathode composition with a low CB/AM 
volume ratio of 5 % performs best by balancing ionic and electronic 
conductivities for ASSB. Hence, we adopt the same cathode composition 
in the present study.

The governing equations of the P2D model are provided in Table S1. 
The concentrated solution theory is employed to describe Li-ion trans
port in the electrolyte phase [25]. To predict the electrolyte diffusion 
coefficient of the hybrid electrolyte, we used the Einstein relation; 
however, this relation is only valid for dilute solutions. Therefore, to 
estimate the diffusion coefficient of the highly concentrated electrolyte, 
we utilized experimentally derived diffusion coefficients from the 
literature, as listed in Table S2. The initial lithium concentration is a 
critical parameter in battery modelling as it influences the electro
chemical behavior and overall performance. For the hybrid electrolyte, 
the initial lithium concentration is set to 1200 Mol/m3, while the initial 
concentrations for highly concentrated electrolytes are given in 
Table S2, e.g., 2100 Mol/m3 for LiFSI in IL-HFE and 2000 Mol/m3 for 
LiFSA in sulfolane-HFE. These values are based on reported experi
mental formulations. Additionally, concentrated electrolytes can affect 
the electrode-electrolyte interface properties, influencing parameters 
such as double-layer capacitance and charge transfer kinetics. It is 
important to note that these effects are complex and depend on multiple 
factors, including electrolyte composition, electrode materials, and 
operating conditions. Experimental studies and detailed modelling are 
typically required to fully understand battery behavior with such elec
trolytes. For simplicity and to elucidate intrinsic limitations of cath
olytes due to electrochemical performance during a mission, this study 
omits material-specific interfacial effects.

To estimate the specific energy, EG, and energy density, EV of a single 
battery cell, Eqs. (2) and (4) are used [7]. Vcell and Mcell denote the cell 
volume and mass of the cell, respectively, accounting for the mass and 
volume of components including cathode and anode electrodes (c, a), 
solid separator (s), solid electrolyte (SE), and current collectors (cc: 
cathode, ac: anode). 

EG =

∫ tcutoff
0 UcellI dt

Mcell
(2) 

Mcell = (δacρacAac + δSEρSEASE + δcρcεsAc + δcρeεeAc + δaρaAa + δccρccAcc)

(3) 

EV =

∫ tcutoff
0 UcellI dt

Vcell
(4) 

Vcell = (δacAac + δSEASE + δcεsAc + δcεeAc + δaAa + δccAcc) (5) 

where ρ is the density, δ the thickness, ε is the volume fraction and A is 
the geometric area of the various battery components and can be 
computed using the parameters listed in Table S2. The electrode is dis
cretised into 10 equidistant parts along the length scale; further, each 
particle is also discretised in 10 layers along the radial-direction from 
the particle surface to the particle center. The P2D modelling of the Li- 
battery with various cathodic electrolytes is executed in MATLAB 2022b 
[26]. All physical, electrochemical, and geometrical parameters used in 
the P2D model, as well as parameters linked to the empirical polynomial 
equations for effective surface area and transport properties, are pro
vided in Table S2.

3. Results and discussion

This section first evaluates the performance of various highly 
concentrated electrolytes and hybrid solid electrolytes to identify those 
with promising gravimetric energy and power density suitable for 
aviation applications. Next, we use the aircraft power demand during a 
mission for a regional hybrid aircraft and couple it with the P2D model 
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to evaluate how these electrolyte types influence battery performance in 
realistic aviation scenarios.

3.1. Comparative performance study of electrolytes

We here present a comprehensive study on the impact of different 
highly concentrated electrolytes to identify the most suitable ones for 
aircraft application. This comparison uses the same materials for the 
anode, i.e., lithium metal, NMC811 as cathode active materials with 
PEO- LiTFSI/LLZTO (12.7 vol%) electrolyte used in the separator layer. 
The only difference between cells is the cathodic electrolyte composi
tion. It should be noted that the mass fraction of active material is kept at 
0.42, as our earlier work demonstrated that this ratio provides optimal 
ionic conduction networks for medium power applications [7]. We 
applied electrolyte parameters for the modelling, such as the lithium 
transference number, ionic conductivity, electrolyte diffusion coeffi
cient, and initial electrolyte concentration based on experimental values 
reported in the literature, as listed in Table S2. Since hybrid SE performs 
well at a temperature of 60 ◦C [7], the Arrhenius relation is used to 
account for the temperature dependence of electrolyte properties when 
those properties are not available at the target temperature [27]. The 
highly concentrated electrolytes listed in Table S2 are selected based on 
existing experimental data from the literature. The goal of this com
parison is to evaluate their performance under ideal conditions and 
identify on this basis electrolytes are promising options for aviation 
applications. By examining these electrolytes, we aim to provide valu
able insights for future experimental investigations, which will be 
necessary to evaluate their practical applicability under real-world 
operating conditions. This information is crucial for guiding future 
research efforts, preventing unnecessary investment of time and re
sources into electrolytes that are unlikely to perform well under the 
demanding conditions of aviation applications.

Fig. 2 illustrates the performance of the various cathodic electrolytes 
at different current rates. As discussed in the introduction, 2 M LiFSA in 
sulfolane/HFE and 2.1 M LiFSI in IL/HFE ((IL = [PP13][FSI])) are the 
most promising cathodic electrolytes on their electrochemical charac
teristics. These electrolytes exhibit high ionic conductivity and notably 
high electrolyte diffusivity, which together facilitate efficient lithium- 
ion transport within the cathode. The addition of HFE increases both 
ionic conductivity and electrolyte diffusivity, leading to more efficient 
lithium-ion transport and improved electrochemical performance of the 
cathodic electrolyte [9,10,13]. Moreover, LiFSI-based ionic liquids like 
[PP13][FSI] demonstrate excellent safety characteristics, including low 
volatility and nonflammability, along with cycling stability exceeding 

800 cycles. In addition, their superior electrochemical and thermal 
stability compared to conventional carbonate-based electrolytes ensures 
reliable performance under the demanding conditions of high-power 
aviation systems [10]. In the simulated Ragone plot, both electrolytes 
outperform the others, delivering relatively high specific energy even at 
elevated C-rates. This makes them strong candidates for high-power 
aviation applications. Their superior performance is attributed to the 
presence of HFE, which enhances ionic conductivity and diffusion [10].

Among these, the highly concentrated LiFSA-sulfolane/HFE elec
trolyte shows the best performance. However, its lower experimentally 
reported cycling stability compared to LiFSI-IL-HFE is an open challenge 
[9]. This is due to the presence of LiFSI salt in the electrolyte solution, 
which shows higher cycling performance compared to LiFSA [28].

The second best-performing electrolyte, the highly concentrated 
LiFSI-IL-HFE electrolyte has an experimentally reported high electro
chemical stability in contact with high cathode voltage materials like 
NMC811: it currently features a relatively high cycling number of 800 
[10]. Therefore, due to its outstanding properties, we selected this 
electrolyte as a promising candidate for detailed evaluation and com
parison against the baseline electrolyte.

The areal capacity of a single cell with the three selected cathodic 
electrolytes at different C-rates is depicted in Fig. 3. As shown in this 
figure, at low discharge rates, the differences in cell performance be
tween the various cathodic electrolytes are insignificant. This is because 
kinetic and mass transport limitations are less pronounced under low 
current conditions. At high discharge rates, PEO-LiTFSI/LLZTO per
forms significantly worse than the other electrolytes. The high ionic 
transport overpotential of the hybrid electrolyte increases the slope of 
the discharge curve, resulting in a low and fast-degrading voltage, and 
consequently, a reduced discharge capacity. Replacing the hybrid solid 
electrolyte with a highly concentrated electrolyte improves ionic con
ductivity and the Li-ion diffusion coefficient, thereby mitigating diffu
sion limitations at elevated discharge rates. To gain deeper insight into 
these differences, we also examine the Li-ion and solid concentration 
profiles at the end of discharge for the best- and worst-performing 
cathodic electrolytes.

As shown in Fig. 4-a, there is a lithium deficiency at the end of 
discharge for the PEO-LiTFSI/LLZTO electrolyte, even at medium cur
rent ranges of 1C. In contrast, cells with 2 M LiFSA in sulfolane/HFE and 
2.1 M LiFSI in IL/HFE do not exhibit signs of Li-ion depletion on the 
cathode side, even at a high discharge rate. A low Li concentration in the 
active material is observed for the hybrid electrolyte, Fig. 4-b, which is 
attributed to the limited lithium content in the electrolyte and insuffi
cient Li-ion transport toward the end of the electrode. This results in low 

Fig. 2. Specific power vs. specific energy for various cathodic electrolytes at different C-rates. Operation at a temperature of 60 ◦C with Li and NMC811 electrodes. 
All cathodes feature a thickness of 75 μm and an active materials volume fraction of 42 %.
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Fig. 3. Voltage vs. areal capacity for cells with 1.2 M LiTFSI in PEO/LLZTO, 2 M LiFSA in sulfolane/HFE, and 2.1 M LiFSI in IL/HFE as cathodic electrolyte at various 
C-rates. The cell contains Li metal as the anode, PEO-LiTFSI/LLZTO as the solid separator, and NMC811 as the cathode with a thickness of 75 μm.

Fig. 4. a) Li-ion concentration profile within the electrolyte, b) Li concentration in the active materials for cells with 1.2 M LiTFSI in PEO/LLZTO or 2 M LiFSA in 
sulfolane/HFE as cathodic electrolyte at the end of discharge at various C-rates for a cell with Li metal as the anode, hybrid SE based on LLZTO as the solid separator, 
and NMC811 as the cathode with a thickness of 75 μm.

Fig. 5. Specific energy vs. cathode thicknesses for cells with 1.2 M LiTFSI in PEO/LLZTO, 2 M LiFSA in sulfolane/HFE, and 2.1 M LiFSI in IL/HFE as cathodic 
electrolyte at constant current operation with Li metal as the anode, PEO-LiTFSA/LLZTO as the solid separator, and NMC811 as the cathode.
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active material utilisation. In addition, we examine the Li-ion and solid 
concentration profiles at the end of discharge for IL-based HCE, i.e. 2.1 
M LiFSI in IL/HFE; unlike the hybrid electrolyte, no Li shortage is 
observed at 1C, as seen in Fig. S2. However, at higher C-rates, a minor 
lithium depletion appears near the current collector, whereas for the 
hybrid electrolyte, such depletion is more severe and occurs at the 
beginning of the cathode.

Increasing electrode thickness can enhance the proportion of active 
material and, consequently, the specific energy. However, as discussed, 
the excessive thickness may result in underutilisation of active material, 
especially at high C-rates. Thus, we analyse how cathode thickness af
fects performance across various current rates and cathodic electrolytes.

As illustrated in Fig. 5, the specific energy of the cell with LiFSA- 
sulfolane-HFE and LiFSI/IL-HFE increases with increasing electrode 
thickness, reaching 70 μm and 60 μm for 2C, and 55 μm and 50 μm for 3C 
operation. Beyond this critical thickness, the specific energy decreases 
significantly. A similar trend is observed for the hybrid solid electrolyte: 
the optimum cathode thickness for 2C is around 40 μm. For 3C opera
tion, however, there is a continuous decline in specific energy with 
increasing thickness. This decline is attributed to mass transfer limita
tions caused by longer diffusion paths in thicker electrodes (see Fig. 4). 
Moreover, it is evident that cells employing highly concentrated elec
trolytes achieve significantly higher specific energy compared to those 
using hybrid solid electrolytes.

So far, we have examined the cell-level performance of HCE and 
hybrid solid electrolyte cells. To analyse battery performance at the pack 
level under the mission requirements, it is necessary incorporate the 
efficiency factor, as discussed in the methodology section. To do this, we 
first estimate the specific energy at the cell level and then compute the 
specific energy at the pack level using an efficiency factor of 0.742. Next, 
the total battery capacity required to meet the mission energy demand is 
calculated based on the power profile of the REG-CON aircraft. Finally, 
the battery mass corresponding to different cathodic electrolytes at their 
optimal cathode thicknesses is determined, as summarized in Table 1 for 
2C and 3C operation.

For PEO-LiTFSI/LLZTO, the theoretically optimized cathode thick
nesses under ideal conditions are 40 μm at 2C and 30 μm at 3C, which 
require a larger number of cells to meet the power profile. Similarly, to 
ensure sufficient energy for the flight mission, the ideal cathode thick
nesses for IL-based and sulfolane-based cells are 60 μm and 50 μm, and 
70 μm and 55 μm at 2C and 3C, respectively. Compared to a battery pack 
with the hybrid solid electrolyte in the cathode, a 2C-optimized battery 
pack employing LiFSA-Sulfolane/HFE and LiTFSI in IL/HFE electrolytes 
results in a 44 % and 41 % lower battery mass, respectively. At 3C, the 
weight savings are even more pronounced—only half the mass is 
required for battery packs using sulfolane- and IL-based electrolytes. 
These findings clearly demonstrate the substantial mass advantage 

offered by HCE electrolytes.

3.2. Battery performance under mission-specific demand in a regional 
hybrid aircraft

Until now, we have assessed the battery performance of various 
cathodic electrolytes under constant current conditions. To examine 
how these electrolytes behave under dynamic and especially 
application-specific load demand, we apply the power demand profile of 
a regional hybrid aircraft. This mission profile includes a high power 
load during take-off, a cruise time, and a long landing phase including 
taxi operations (see Fig. S1).

We use the optimum cathode thickness for each determined under 2C 
operation: 70 μm for LiFSA-Sulfolane/HFE, 60 μm for LiFSI-IL/HFE, and 
40 μm for PEO-LiTFSI/LLZTO. Fig. 6 shows the performance of all three 
battery types under dynamic power demand in REG-CON hybrid 
aircraft. While a thinner cathode layer in the hybrid solid-state elec
trolyte battery allows it to meet mission energy demands, it requires 
substantial oversizing of the battery pack. This results in increased 
system mass due to the low specific energy of such batteries, making 
them unsuitable for aviation applications. In addition to the larger 
battery mass (see Table 1), the hybrid solid-state battery exhibits sig
nificant voltage drops during the mission. This is because of the high 
concentration gradient and poor ionic conductivity, which slow down 
ion transport by creating more barriers to ion movement and ultimately 
leading to an increasing ohmic drop. In contrast, HCE-based cathodic 
electrolyte batteries—with their higher specific energy—impose signif
icantly less mass on the aircraft system while maintaining stable voltage 
output, making them more viable for aviation use.

4. Conclusion

To reduce CO₂ emissions and fuel consumption in aviation, hybrid- 
electric propulsion systems represent a promising solution. However, 
the feasibility of such systems critically depends on battery perfor
mance, where electrical energy storage remains a limiting factor. As a 
precondition, the electrolytes used in batteries for such applications 
should be non-flammable and have a suitable electrochemical stability 
window when in contact with high cathode voltage materials; this ex
cludes typical electrolytes used in Li-ion batteries. Next-generation 
batteries like ASSB technologies have emerged as attractive candidates 
for future aviation applications due to their superior safety and energy 
density characteristics. However, ASSB with hybrid electrolytes that 
allow dual-ion conduction often suffer from Li depletion at the cathode 
side during cycling. To overcome these limitations, this study explores a 

Table 1 
Specific energy and total battery mass with respect to aircraft mission profile for 
PEO-LiTFSA/LLZTO, 1.2 M LiTFSI in IL/HFE, and 2 M LiFSA in sulfolane/HFE as 
cathodic electrolyte at 2C and 3C operation with Li metal as the anode, PEO- 
LiTFSA/LLZTO as the solid separator, and NMC811 as the cathode.

Cathodic 
Electrolyte

Cathode 
thickness, μm

C- 
rate

Specific energy, 
Wh kg− 1

Battery 
mass, kg

2 M LiFSA in 
sulfolane/HFE

70 2 386.87 2222.91

1.2 M LiTFSI in IL/ 
HFE

60 2 370.74 2319.92

PEO-LiTFSI/ 
LLZTO

40 2 215.64 3987.99

2 M LiFSA in 
sulfolane/HFE

55 3 354.46 2426.22

1.2 M LiTFSI in IL/ 
HFE

50 3 334.76 2569.26

PEO-LiTFSI/ 
LLZTO

30 3 175.11 4911.14

Fig. 6. Battery performance under dynamic power demand for REG-CON 
aircraft with various cathodic electrolytes with Li metal as the anode, hybrid 
SE based on LLZTO as the solid separator, and NMC811 as the cathode with a 
thickness of 70 μm for LiFSA-Sulfolane/HFE, 60 μm for LiFSI-IL/HFE and a 
thickness of 40 μm for hybrid solid electrolyte.
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dual-electrolyte concept, using a stable solid-state separator in contact 
with Li-metal and a high-conductivity cathodic electrolyte to enhance 
performance.

We conducted a comparative, model-assisted evaluation of various 
highly concentrated liquid and ionic electrolytes, focusing on mission- 
relevant conditions. By neglecting interfacial and aging issues, the 
study isolates the ideal electrochemical behavior of candidate electro
lytes. Cells incorporating LiFSA–sulfolane–HFE and LiFSI–IL–HFE 
outperform hybrid solid-state cells, showing improved energy and 
power output with reduced diffusion limitations. Under idealised con
ditions, these cells achieved battery mass reductions of 44 % and 41 %, 
respectively, compared to hybrid solid electrolyte systems. These gains 
highlight the potential of highly concentrated cathodic electrolytes for 
aviation applications.

This model-based screening approach helps to efficiently filter out 
less viable materials early in the development process, avoiding un
necessary experimental efforts on systems unlikely to meet aviation 
demands. While the present work focuses on ideal electrochemical 
performance, real-world considerations—such as interfacial stability, 
thermal resilience, long-term degradation, and failure risks—need to be 
addressed in future studies, especially under aviation-relevant condi
tions such as broad temperature ranges and mechanical stress (e.g., vi
bration). In addition, since solid electrolytes often require pre-heating to 
operate efficiently at low temperatures, integrated thermal management 
strategies must be explored. Further steps include testing single cells 
under aviation-specific load profiles, and optimising cathode micro
structure to improve ion transport and mitigate performance limitations.

This work contributes to a better understanding of the performance 
limits and trade-offs in dual-electrolyte ASSBs and offers a pathway for 
designing safer, lighter, and more energy-dense batteries tailored to the 
needs of next-generation aircraft.
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[23] V. Laue, N. Wolff, F. Röder, U. Krewer, Modeling the in fl uence of mixing 
strategies on microstructural properties of all-solid-state electrodes 1801049 
(2020) 1–12, https://doi.org/10.1002/ente.201801049.

[24] S. Toghyani, W. Cistjakov, F. Baakes, U. Krewer, Conceptual design of solid-state 
Li-battery for urban air mobility, J. Electrochem. Soc. 170 (10) (2023) 103510.

[25] J. Chiew, C.S. Chin, W.D. Toh, Z. Gao, J. Jia, C.Z. Zhang, A Pseudo Three- 
dimensional Electrochemical-thermal Model of a Cylindrical LiFePO 4 / Graphite 
Battery, 2019, pp. 1–36.

[26] MATLAB, 9.13.0.2126072 (R2022b). MA MathWorks Inc. https://www.math 
works.com, 2022.

[27] J. Mao, W. Tiedemann, J. Newman, Simulation of temperature rise in Li-ion cells at 
very high currents, J. Power Sources 271 (2014) 444–454.

[28] J.S. Ko, T. Hamann, J. Fortunato, V. Augustyn, Recent advances in electrolytes for 
enabling lithium-ion batteries across a wide temperature range, J. Phys. Chem. C 
128 (8) (2024) 3113–3126.

S. Toghyani et al.                                                                                                                                                                                                                               Journal of Energy Storage 135 (2025) 118213 

8 

http://refhub.elsevier.com/S2352-152X(25)02926-3/rf0085
http://refhub.elsevier.com/S2352-152X(25)02926-3/rf0085
http://refhub.elsevier.com/S2352-152X(25)02926-3/rf0085
https://doi.org/10.3390/wevj11040077
https://doi.org/10.3390/wevj11040077
http://refhub.elsevier.com/S2352-152X(25)02926-3/rf0095
http://refhub.elsevier.com/S2352-152X(25)02926-3/rf0095
http://refhub.elsevier.com/S2352-152X(25)02926-3/rf0100
http://refhub.elsevier.com/S2352-152X(25)02926-3/rf0100
https://doi.org/10.1002/ente.202000989
http://refhub.elsevier.com/S2352-152X(25)02926-3/rf0110
http://refhub.elsevier.com/S2352-152X(25)02926-3/rf0110
http://refhub.elsevier.com/S2352-152X(25)02926-3/rf0110
https://doi.org/10.1002/ente.201801049
http://refhub.elsevier.com/S2352-152X(25)02926-3/rf0120
http://refhub.elsevier.com/S2352-152X(25)02926-3/rf0120
http://refhub.elsevier.com/S2352-152X(25)02926-3/rf0125
http://refhub.elsevier.com/S2352-152X(25)02926-3/rf0125
http://refhub.elsevier.com/S2352-152X(25)02926-3/rf0125
https://www.mathworks.com
https://www.mathworks.com
http://refhub.elsevier.com/S2352-152X(25)02926-3/rf0135
http://refhub.elsevier.com/S2352-152X(25)02926-3/rf0135
http://refhub.elsevier.com/S2352-152X(25)02926-3/rf0140
http://refhub.elsevier.com/S2352-152X(25)02926-3/rf0140
http://refhub.elsevier.com/S2352-152X(25)02926-3/rf0140

	Comparative performance assessment of li batteries with solid and highly concentrated electrolytes for aviation applications
	1 Introduction
	2 Methodology
	2.1 Physicochemical model of hybrid electrolytes and non-flammable highly concentrated electrolytes

	3 Results and discussion
	3.1 Comparative performance study of electrolytes
	3.2 Battery performance under mission-specific demand in a regional hybrid aircraft

	4 Conclusion
	CRediT authorship contribution statement
	Declaration of Generative AI and AI-assisted technologies in the writing process
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	Data availability
	References


