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EXECUTIVE SUMMARY 
 

This document summarises the three years activity of KIT of modelling solid-state batteries 

based on data exchange with AIT to investigate emerging all-solid-state battery technology 

appropriate for future aviation propulsion and power systems. 
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Acronym Signification 

ASSB All-solid-state batteries 
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BHL Bauhaus Luftfahrt 

CB Carbon black 

DOD Depth of discharge  

GED Gravimetric energy density 

HFE Hydrofluoroether 

HCB Highly concentrated electrolyte 

IL Ionic Liquid  
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LATP Li1.3Al0.3Ti1.7(PO4)3 

LLZTO Li6.4La3Zr1.4Ta0.6O12 

LiTFSI Lithium bis (fluorosulfonyl)imide 

LIFSA (fluorosulfonyl) lithium amide 
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LIB Lithium-ion battery  

LE Liquid electrolyte  

NASICON Sodium (Na) super ionic conductor 

NMC811 LiNi0.8Mn0.1Co0.1O2 

NMC622 LiNi0.6Mn0.2Co0.2O2 

OCV Open circuit voltage  

P2D Pseudo-two-dimensional 

PEO Poly (ethylene oxide) 

PIL Polymerised ionic liquid 

REG-CON Regional-Conservative 

SE Solid electrolyte 

SIC Single-ion conductor 

SL sulfolane 

SOC State of charge  

SPCE Solid polymer composite electrolytes 

tp Lithium transfer number 

VED Volumetric energy densities  
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 INTRODUCTION 
This document summarises the three-year activity of KIT of modelling solid-state batteries 

based on data exchange with AIT to investigate emerging all-solid-state battery technology 

appropriate for future aviation propulsion and power systems. 

  BATTERIES  

 Model description  

As the aircraft industry becomes more committed to sustainable aviation, hybrid-electric 

propulsion systems containing batteries with higher specific energy attract increasing 

attention to reduce fuel consumption. This approach is investigated in the context of the 

IMOTHEP (Investigation and Maturation of Technologies for Hybrid Electric Propulsion) 

European project, which seeks to identify promising hybrid aircraft configurations and 

study the associated technology bricks [1]. However, the main barrier to future progress 

in this kind of aircraft is the low specific energy of batteries. Additionally, to fulfil the 

requirements of high specific energy and power, capability to operate in a wide range of 

environmental conditions, and low depths of discharge, both the chemistry and package 

design of batteries for aircraft applications should be optimised. This brings additional 

challenges for the battery community [2]. The liquid electrolytes (LE), which are currently 

utilised in many lithium-ion batteries (LIB), exhibit high ionic conductivities and allow for 

faster interface kinetics. However, because of their high flammability, liquid electrolytes 

pose a safety issue [3]. Battery safety is more crucial than ever with the increased specific 

energy of LIB used to power electric vehicles and for long-range applications. This feature 

motivated the battery society to develop next-generation chemistries with non-flammable 

nature and long life, such as all-solid-state batteries (ASSB).  

Solid electrolytes (SE), which are non-flammable in nature, could be a promising option 

for future aircraft. However, the batteries with such electrolytes have substantial reaction 

overpotentials and low capacity, consequently low specific energy at elevated current rates, 

[4]. This is because the kinetic properties of solid electrolytes employed in ASSB are 

constrained by their high interfacial resistance, and low ionic conductivity, especially at 

ambient temperature. Using hybrid battery cells is one way to improve ASSB performance. 

Within IMOTHEP, the oxide-based solid-state batteries are investigated due to their 

relatively high ionic conductivity, ease of handling, and chemical stability in contact with Li 

metal and high cathode voltage materials [5]. The Austrian Institute of Technology (AIT) 

studied such technology at the coin cell level. Then, the experimental data of AIT are fed 

into the physics-based modelling of KIT (Karlsruhe Institute of Technology) to attain a 

deeper understanding of the behaviour of batteries and their integration into the electric 

powertrain.  

As shown in Figure 1, the single cell of the battery is comprised of Li metal as the anode 

side, single ion conductor (SIC) electrolytes or solid polymer composite electrolytes (SPCE) 

as the solid separator, and the cathode, which is composed of NMC811 active material 

(80% of nickel, 10% of cobalt and 10% of manganese (8:1:1)) and solid electrolyte (SE).  

The area of battery modelling is vast, with several available models for selection. These 

models differ in terms of complexity, reliability, and computational cost. The three most 

common battery models are data-driven models, equivalent circuit models, and 

mechanistic models. Mechanistic models are based on chemical and physical knowledge 

and aim to interpret the processes that take place within or between the components, 
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which affect the battery performance. The P2D model is the most common mechanistic 

model for single cells [6]. 

 

Figure 1: Hybrid-electric propulsion with solid-state batteries 

 

KIT implemented a P2D model to simulate the electrochemical performance of Li-ASSB 

with SIC and SPCE electrolytes. This model considers diffusion, lithium-ion accumulation 

as well as electrical charge in the direction of electrode thickness, diffusion, and lithium-

ion accumulation in a radial dimension, and electrochemical reactions at electrodes [7]. 

The block diagram of the P2D model is depicted in Figure 2.  
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Figure 2: Block diagram of P2D electrochemical model 

where ce is Li-ion concentration in electrolyte, εe is the volume fraction of electrolyte, jLi is 

the intercalation current density, tp is Li transfer number, F is Faraday constant, De is 

electrolyte diffusion coefficient, φe is electrolyte potential, σe is electrolyte phase ionic 

conductivity, R is the universal gas constant, T is temperature, cs is the Li concentration in 

the active material, φs is solid phase potential, σs is electronic conductivity of NMC, Ds is Li 

diffusivity in the active material, as is the volume-specific active area, η is the 

electrochemical overpotential, k is the reaction rate constant, α is charge transfer 

coefficient, cmax is the maximal Li concentration in the active material, εs is the volume 

fraction of active material, and R in the equation of the volume-specific active area is 

Particle size. 

In the end, cell voltage, the gravimetric energy density, EG, can be computed by dividing 

the integral of instantaneous power from 0 to time to reach the cut-off voltage (𝑡𝑐𝑢𝑡−𝑜𝑓𝑓) by 

the mass of the cell, Mcell. For estimating the mass of the cell, 𝑀𝑐𝑒𝑙𝑙, the mass of the current 

collectors, anode and cathode electrodes, solid electrolytes, and non-active components, 

i.e., carbon black (CB), and binder are considered. The volumetric energy density, EV, is 

also estimated by dividing cell energy by the volume of the cell, 𝑉𝑐𝑒𝑙𝑙. 

 𝐴𝑎𝑐, 𝐴𝑐𝑐, 𝐴𝑆𝐸, 𝐴𝑎, and 𝐴𝑐 are the geometrical area of the anode and cathode current 

collectors, solid electrolyte, and the anode and cathode electrodes, respectively. δa, δc, δSE, 

δac, and δcc are thicknesses of the anode, cathode, solid separator, anode current collector 

and cathode current collector, respectively. εCB and εBi are the volume fraction of CB and 

binder. It should be noted that for comparative analysis of a wide range of electrolytes, 

KIT exclusively used typical electrolyte parameters from literature, e.g. the thickness, ionic 

conductivity, and tp of a given hybrid electrolyte, as shown in Table 1. 
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Table 1: Li-ion transfer number, ionic conductivity, and thickness of hybrid solid electrolytes 

Parameters Group type tp Ionic conductivity, 
 S cm-1 

Thickness of 
SE layer, µm 

PEO-LiTFSI [8] Polymer  0.15 2.65×10-4 130-150 

PEO-PPC- LiTFSI [9] Polymer 0.177 2.71×10-4 130-150 

PEO-PPC- LiTFSI/LLTO (8 wt%) [9] SPCE based on perovskite 0.227 4.72×10-4 135 

PEO- LiTFSI/LLTO (5 wt%) [8] SPCE based on perovskite 0.195 3.63×10-4 135 

PEO- LiTFSI /LLZTO (5.2 vol%) [10] SPCE based on garnet 0.31 2.31×10-4 40 

PEO- LiTFSI /LLZTO (8.6 vol%) [10] SPCE based on garnet 0.37 3.05×10-4 40 

PEO- LiTFSI /LLZTO (10.5 vol%) [10] SPCE based on garnet 0.42 4.65×10-4 40 

PEO- LiTFSI /LLZTO (12.7 vol%) [10] SPCE based on garnet 0.46 5.63×10-4 40 

PEO- LiTFSI /LLZTO (15.1 vol%) [10] SPCE based on garnet 0.43 5.07×10-4 40 

PEO- LiTFSI /LLZTO (17.9 vol%) [10] SPCE based on garnet 0.39 4.72×10-4 40 

PEO- LiTFSI /LLZTO (21.1 vol%) [10] SPCE based on garnet 0.33 3.68×10-4 40 

PIL-LiTFSI [11] Polymer 0.07 4.84×10-4 200 

PIL-LiTFSI/LATP (10 wt%) [11] SPCE based on NASICON 0.21 5.92×10-4 200 

PIL-LiTFSI/LATP (20 wt%) [11] SPCE based on NASICON 0.15 4.09×10-4 200 

PIL-LiTFSI/LATP (30 wt%) [11] SPCE based on NASICON 0.12 3.5×10-4 200 

PIL-LiTFSI/LATP (40 wt%) [11] SPCE based on NASICON 0.09 3.06×10-4 200 

PEO- LiTFSI/LAGP (20 wt%) [12] SPCE based on NASICON 0.168 2.94×10-4 200 

PEO- LiTFSI/LAGP (40 wt%) [12] SPCE based on NASICON 0.175 5.17×10-4 200 

PEO- LiTFSI/LAGP (60 wt%) [12] SPCE based on NASICON 0.213 5.8×10-4 200 

LLZO [13] SIC based on garnet 1 8.41×10-3 300 

LLZTO [13] SIC based on garnet 1 9.54×10-3 300 

LLTO  [14] SIC based on perovskite 1 5.27×10-3 300 

LATP  [15–17] SIC based on NASICON 1 5×10-3 300 

 

MATLAB 2021b is adopted to implement all simulations for the ASSB model. The finite 

volume method is applied for spatial discretisation of partial differential equations, and the 

ODE15 solver solves the time derivatives. The geometrical features of the battery, along 

with physical and electrochemical properties, are given in Table 2, which is based on 

experimental data from AIT and available literature data.   
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Table 2: Geometry data and physical and electrochemical features of the single cell  

Geometry data 

Parameters  Symbol Ref Value 

Thickness of anode/cathode, µm 𝛿𝑎 𝛿𝑐⁄  Delivered data from AIT 70/55 

Thickness of separator  𝛿𝑆𝐸 [8–18] Table 1 

Thickness of anode/cathode current collector, µm 𝛿𝑎𝑐 𝛿𝑐𝑐⁄  Delivered data from AIT 0/15 

Diameter of anode/cathode/solid electrolyte, cm 𝐷𝑎/𝐷𝑐/𝐷𝑆𝐸 Delivered data from AIT 1.6/1.5/1.9 

 
Geometry of pouch cell  

  
Delivered data from AIT 

    Anode: 10.0cmx7.0cm 
   Cathode: 9.9cmx6.9cm 

Electrolyte: 
10.1cmx7.1cm 

Volume fraction of active material   𝜀𝑠 Delivered data from AIT 0.44 

Particle size, µm 𝑅 Delivered data from AIT NMC622: D10(µm): 5.54 
              D50(µm): 10.10 
              D90(µm):  16.29 
NMC811: D10(µm): 5.46 
              D50(µm): 10.31 
          D90(µm):  17.07 

Physical and electrochemical properties 

Temperature, °C T Delivered data from AIT 60 

Lithium transfer number tp [8–18] Table 1 

Density of NMC811/, kg m-3  𝜌𝑐 Delivered data from AIT 4800 

Density of Li, kg m-3 𝜌𝑎 Delivered data from AIT 534 

Density of Al, kg m-3 𝜌𝑐𝑐 Delivered data from AIT 2700 

Electronic conductivity of NMC, S m-1 𝜎𝑠 [19] 0.17 

Electrolyte phase ionic conductivity, S m-1 𝜎𝑒 [8–18] Table 1 

Li diffusivity in active material, m2 s-1 𝐷𝑠 Delivered data from AIT 4.84E-14 

Electrolyte diffusion coefficient, m2 s-1 𝐷𝑒 Literature Based on Einstein relation 

Maximum solid phase concentration, mol m-3 𝑐𝑠,𝑚𝑎𝑥 [19] 50060 

Initial electrolyte concentration, mol m-3  𝑐𝑒,0 [20] 1200 

Charge transfer coefficient 𝛼 Literature 0.5 

Open circuit voltage, V 𝑈0 Delivered data from AIT Table 1 

Double-layer capacitance at cathode/electrolyte 
interface, Fm-2 

𝐶𝐷𝐿 [21] 0.2 

 

For a starting point for all the simulations, the Open Circuit Voltage (OCV) curve is required 

that is adjusted based on AIT measurement. They made two types of cells for the OCV 

measurement: a rectangular shape for pouch cell application with NMC622 (60% of nickel, 

20% of cobalt and 20% of manganese (6:2:2)) as the cathode, and a circular shape for 

coin cell with NMC811. Based on experimental data that is delivered by AIT, KIT derived 

the OCV equations for these two different cathode materials using curve fitting, as 

described in Table 3. These equations are then implemented into the P2D model for the 

modelling of ASSB. 
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Table 3: OCV equations for the NMC811 and NMC622 based on AIT measurement 

U0 for NMC811 

𝑐̃𝑠 =
𝑐𝑠

𝑐𝑠,𝑚𝑎𝑥
 

𝑎1 = 5.878e+10    𝑏1 = -8.039         𝑐1 =1.634 
𝑎2 = 2.176           𝑏2 = 0.1096        𝑐2 = 0.3259 

𝑎3 = 3.195         𝑏3 = 0.6032         𝑐3 = 0.433 

𝑎4 = 0.9865        𝑏4 = 0.8959         𝑐4 = 0.2024 
𝑎5 = 0.5468        𝑏5 = 0.9607         𝑐5 = 0.1073 
𝑎6 = 0.3946        𝑏6 = 0.997          𝑐6 = 0.05753 

𝑈 = 𝑎1𝑒𝑥𝑝 (− (
𝑐̃𝑠 − 𝑏1

𝑐1
)

2

) + 𝑎2𝑒𝑥𝑝 (− (
𝑐̃𝑠 − 𝑏2

𝑐2
)

2

) + 𝑎3𝑒𝑥𝑝 (− (
𝑐̃𝑠 − 𝑏3

𝑐3
)

2

) + 𝑎4𝑒𝑥𝑝 (− (
𝑐̃𝑠 − 𝑏4

𝑐4
)

2

) + 𝑎5𝑒𝑥𝑝 (− (
𝑐̃𝑠 − 𝑏5

𝑐5
)

2

)

+ 𝑎6 𝑒𝑥𝑝 (− (
𝑐̃𝑠 − 𝑏6

𝑐6
)

2

) 

U0 for NMC622 

𝑎1 = 7.066    𝑏1 = -1.479     𝑐1 =1.871       𝑎2 =1.725     𝑏2 = 0.877      𝑐2 = 0.6847    𝑎3 = 0.1751    𝑏3 = 0.9245         𝑐3 = 0.1443 

𝑈 = 𝑎1𝑒𝑥𝑝 (− (
𝑐̃𝑠 − 𝑏1

𝑐1
)

2

) + 𝑎2𝑒𝑥𝑝 (− (
𝑐̃𝑠 − 𝑏2

𝑐2
)

2

) + 𝑎3𝑒𝑥𝑝 (− (
𝑐̃𝑠 − 𝑏3

𝑐3
)

2

) 

 

 Verification of battery model based on AIT 

measurement 

KIT implemented experimental data of AIT into the numerical model for the validation of 

the simulation. Identical operating and geometrical conditions are performed for 

comparison. The considered pouch cell consists of NMC as the cathode, and a mix of 

NASICON electrolyte (LATP) and PEO with LiTFSI as the electrolyte. They simulated the 

discharge voltage of the cell against the specific capacity at different current rates and 

compared the results with experimental data from AIT. As shown in Figure 3, the numerical 

results are in good agreement with the experimental measurements for various current 

rates.  

 

Figure 3: Verification of battery model based on AIT measurement [4] 
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 A COMPARATIVE STUDY OF VARIOUS SIC AND 

HYBRID ELECTROLYTES OF OXIDE AND POLYMER  

In this section, the performance of several types of SPCE electrolytes with different 

percentages of inorganic oxides-based electrolytes is first examined. As not every 

electrolyte can presently be manufactured in thin layers, experimentally reported 

thicknesses of solid electrolytes for each group of electrolytes are considered, as detailed 

in Table 1. The best-performing electrolytes among various groups of oxide electrolytes, 

i.e., perovskite, garnet, and NASICON, and hybrid electrolytes are then identified. 

Furthermore, compatibility with Li and the high-voltage cathode should be taken into 

account when choosing the best electrolyte type; the selected electrolyte should be stable 

up to 4.5 V because the operating window of NMC811 is up to 4.5 V [22].  

Figure 5-a and Figure 5-b show a performance comparison of oxide-based SPCE 

electrolytes in terms of Gravimetric Energy Density (GED) at two discharge rates. It is 

assumed that all cells have the same anode and cathode electrodes. The only difference 

between cells is the electrolyte type, separator thickness (which has been empirically 

demonstrated in the literature due to production restrictions), ionic conductivity, density, 

and tp (as described in Figure 4 and tp of a given hybrid electrolyte, as shown in Table 1). 

All these simulations show that, at low discharge rates, density is the most critical factor 

affecting GED. However, at an elevated discharge rate, besides density also transport 

relevant parameters, i.e. ionic conductivity, and tp play a significant role for the GED. Since 

we aim to find the optimal design of the electrode for high-energy applications as well as 

for high power and high energy application simultaneously, the best hybrid electrolyte 

should not have mass transfer limitations at elevated discharge rates. For this reason, we 

selected the best electrolyte for each group, marked in red based on the results of Figure 

5-b. 

 

 

 

Figure 4: Lithium transfer number (tp) and density of SPCE electrolytes [4] 
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Figure 5: Impact of various compositions of SPCE electrolytes at 60 °C on the GED for a cell with Li 
metal as the anode, and NMC811 as cathode at a) 0.1C, b) 1C [4] 

We then compared SIC electrolytes, polymer electrolytes, and the identified best hybrid 

electrolyte, to select the most suitable solid electrolyte in terms of gravimetric and 

volumetric energy densities. In the first comparison, we consider the reported thickness of 

solid electrolytes, which is based on the current technology of solid-state batteries, as 

mentioned in Table 1. In the second comparison, the modelling is performed with the same 

thickness of 40 µm for all solid electrolytes to answer the following question: Which kind 

of solid electrolyte is the most promising for the energy demand in the aviation context if 

the thickness can be reduced in the manufacturing step to the current thickness of garnet-

based hybrid electrolytes? 

Figure 6-a shows the model-predicted gravimetric and volumetric energy densities (VED) 

of the cells with various solid electrolyte types and their reported thickness. As shown in 

the figure, there is no considerable discrepancy in the GED of SIC based on LLZO, LLTO, 

and LLZTO at a low and elevated discharge rate. LLZTO has the highest ion conductivity 

among the chosen SIC electrolytes. Owing to its high density, LLZTO does not have the 

highest GED. The highest gravimetric energy density among SIC electrolytes is observed 

for LATP ones at 0.1C. However, it shows low gravimetric and volumetric energy densities 

due to its large separation layer. Due to the Li dendrite growth issue in these types of 

batteries and the necessity to avoid internal short circuits, a thick separator layer of ca. 

300 µm should be employed in the construction of Li-ASSB-based on SIC electrolyte. With 

such high thicknesses and densities, it is impossible to attain attractive GED with SIC 

electrolytes. A hybrid electrolyte of oxide and polymer could be a promising solution to 

enhance the gravimetric and volumetric energy densities of Li-based ASSB [8–12].  

The SPCE with 12.7 vol% of LLZTO has the maximum GED in comparison with other 

hybrids, SIC, and polymer electrolytes. The explanation for this is that SPCE with LLZTO 

can be manufactured much thinner so that less ionic overpotential is expected. They are 

additionally advantageous because they are more stable in contact with a lithium metal 

anode, and the electrochemical window of PEO-LiTFSI/LLZTO (12.7 vol%) is more than 4.7 

V. Hence, PEO-LiTFSI/LLZTO (12.7 vol%) could be an appropriate option to achieve a 

higher GED in coupling with Li and high voltage cathode materials. However, the amount 

of its gravimetric and volumetric energy densities is not high enough for aviation 

applications.  

Figure 6-b shows which electrolyte is the most promising in terms of high energy-density 

batteries if the thickness of all electrolytes is reduced to the same level as garnet-based 

hybrid electrolytes (40 µm). According to the conducted simulations, the maximum GED 

of 525 Wh kg-1 at 0.1C is observed for SPCE with 10 wt% of LATP. Thus, this type of solid 

electrolyte could be a promising choice for future aircraft.  
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Figure 6: Comparison of SIC electrolyte and SPCE in terms of gravimetric and volumetric energy 

densities for a cell with Li metal as the anode, and NMC811 as cathode at a) actual SE thickness, b) 
SE thickness of 40 µm for different discharge rates  

In reality, due to battery management systems, contacting technology, sensors, and other 

factors, it is impossible to obtain the same energy density at the cell and system levels. As 

a result, energy density decreases from cell levels to higher levels. For this purpose, the 

efficiency rate can be defined as below: 

Efficiency rate =
𝐸𝑛𝑒𝑟𝑔𝑦 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 ℎ𝑖𝑔ℎ𝑒𝑟 𝑙𝑒𝑣𝑒𝑙 (𝑒𝑥𝑝. ∶ 𝑠𝑦𝑠𝑡𝑒𝑚)

𝐸𝑛𝑒𝑟𝑔𝑦 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑙𝑜𝑤𝑒𝑟 𝑙𝑒𝑣𝑒𝑙 (𝑒𝑥𝑝. ∶ 𝑐𝑒𝑙𝑙)
 

 (1) 
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The efficiency rate of the battery from cell level to pack level is considered equal to 0.742, 

which is used for the prismatic and pouch cells [23]. In Table 4, we summarised the GED 

for the best solid electrolytes based on the current technology and promising ones for the 

future.  

Table 4: GED of identified best hybrid electrolyte-based current technology of SE and the most 
promising ones for the future at 0.1C and 1C 

0.1C 

 
Anode Cathode GED (cell level) 

Based current technology 

Li 

NMC811 & LLZTO-HSE 411 

Promising SE for future NMC811 & LATP-HSE 525 

1C 

 
Anode Cathode GED (cell level) 

Based current technology 

Li 

NMC811 & LLZTO-HSE 342 

Promising SE for future NMC811 & LATP-HSE 324 

 

As shown in Table 4,  based on the current technology of the solid electrolyte, the GED of 

the ASSB is still low, particularly at elevated discharge rates. One way to improve the GED 

of the ASSB is to optimise the design parameters of the battery. Because we aim to 

optimise the cell using components that are already manufacturable, a hybrid electrolyte 

with 12.7 vol% LLZTO, which can already now be produced in thin layers, is employed as 

the solid electrolyte. Therefore, in the next part, we will first perform the sensitivity analysis 

on the battery cell to determine which battery parameters drive the GED and then select 

decision variables for the optimisation of ASSB. 

 

 SENSITIVITY ANALYSIS  

In order to estimate the sensitivity indices, KIT applied the variance-based global 

sensitivity approach, also known as the Sobol approach, which already proved suitable for 

analysing Li-ion batteries [20]. This approach is based on the decomposition of the variance 

of the model output into the summand of variance of individual or interaction of input 

parameters. The Sobol sensitivity indices estimate how much each input factor contributes 

to the variation of the model output. When a parameter has a low sensitivity index, this 

results in small changes in the final model output. If a parameter has a high sensitivity 

index, changing it causes the model output to change drastically [24].  

𝑉(𝑌) = ∑ 𝑉𝑖

𝑛

𝑖=1

+ ∑ 𝑉𝑖𝑗

𝑛

𝑖≤𝑗≤𝑛

+ ⋯ + 𝑉𝑖,…,𝑛 

 

 (2) 

The first-order Sobol index, which represents the influence of a single input parameter on 

the model output, can be determined as the ratio of partial variance to the total variance. 

In contrast, the higher order of the Sobol index indicates the impact of input parameter 

interaction on the output results.  

  𝑆𝑖 =  
𝑉𝑖

𝑉
           First-order Sobol index (3) 
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𝑆𝑖𝑗 =  
𝑉𝑖𝑗

𝑉
         Second-order Sobol index (4) 

                                     

The total sensitivity index or total effect of each input parameter can be defined as a sum 

of all orders of sensitivity index as follow [25]:  

𝑆𝑇 = 𝑆𝑖 + ∑ 𝑆𝑖𝑗

𝑖≠𝑗

+ ⋯ 
(5) 

 

As listed in Table 5, the chosen input parameters of the sensitivity analysis are Li transfer 

number, the thickness of cathode and electrolyte, particle size of cathode material, volume 

fraction of cathode material, the electric conductivity of solid phase, and tortuosity. 

Table 5: List of input parameters for the sensitivity analysis of ASSB  

Battery variables         

Variable name Minimum maximum     Distribution type  

Lithium transfer number, tp 0.15 0.46     Uniform  

Cathode thickness, δC (µm) 40 80     Uniform  

Solid electrolyte thickness, δSE (µm) 40 100     Uniform  

Cathode particle radius, RC (µm) 3 13     Uniform  

Volume fraction of active material, εC 0.4 0.65     Uniform  

Electric conductivity, σs (Sm-1) 0.01 1     Uniform  

 Expected value Standard deviation     Distribution type  

Bruggeman factor, β 1.5 10%     Gaussian   

 

As demonstrated in Figure 7, the GED exhibits high sensitivities for the cathode and solid 

electrolyte thicknesses and the volume fraction of active materials in both discharge rates. 

Particle size and electrical conductivity are not sensitive, especially at a low discharge rate. 

tp and tortuosity, have a considerable influence on the battery performance at elevated 

discharge rates, due to transport limitations. Since the last two parameters are material-

dependent or hard to control, and the aim was to optimise the cell without modifying 

material characteristics, they are not considered as decision variables for the optimisation 

model. 

 

  

Figure 7: Comparison of the Sobol index of simulation with parameter variations for a cell with 12.7 
vol% LLZTO, Li metal as the anode, and NMC811 as cathode at a) C-rate of 0.1, b) C-rate of 1 [4] 
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 OPTIMISATION  

Various mathematical methodologies have been used to deal with optimisation problems, 

such as classical methods and evolutionary algorithms. A classical approach like gradient-

based methods is known to generate outstanding results in a short time, but they are prone 

to be stuck in a local optimum point. The classical approach does not function well over a 

wide diversity of problem domains, and they are inefficient when the search space is too 

broad [26]. To avoid the probability of being stuck at a local optimum point, here we 

applied the global optimisation algorithm for finding the optimum electrode design of the 

ASSB.  

As demonstrated earlier, the hybrid electrolyte with 12.7 vol% of LLZTO has the best 

discharge battery performance, when taking into account present manufacturing 

constraints. Hence, we performed optimisation on the reference cell with this electrolyte 

including its typical thickness, ionic conductivity, tp, which are based on the experiments 

extracted from literature, to identify those cathode parameter values, i.e., cathode 

thickness and volume fraction of active material, which lead to the highest GED for a given 

C-rate. Since we aim to find the optimal design of the electrode for high-energy applications 

as well as for high-power and high-energy applications simultaneously, we did optimisation 

for two different discharge rates. We also performed simulations for the optimal design of 

cells for 0.1C and 1C at discharge rates of 1C and 0.1C, respectively to elucidate whether 

the optimal proposed design for a particular application at the respective C-rate is better 

than the reference. 

As shown in Table 6, the cell with the optimal design for 0.1C shows the highest 

performance in terms of GED in comparison to the reference cell and optimised cell for 1C, 

discharged at 0.1C. The cell with the optimal design for 0.1C has a significantly thicker 

NMC electrode and a higher volume fraction of active material (63%) than the reference 

cell and the optimised cell for 1C. The optimised cell for 1C, discharged at 0.1C, performs 

worse than the reference cell at 0.1C, since the cathode thickness is thinner, resulting in 

lower theoretical capacity. Furthermore, this cell has a GED of 74 Wh kg-1, which is 

significantly smaller than the optimised cell for 1C (351 Wh kg-1) and thus cannot be used 

for high-power, high-energy applications. 

Table 6: Comparison of reference and optimum solid-state battery design for a cell with 12.7 vol% 
LLZTO, Li metal as the anode, and NMC811 as cathode at two discharge rates 

 
δc (µm) εs 

 
VED, Wh L-1 GED, Wh kg-1 

Reference design, 0.1C  55 0.44 813 411 

Optimal design for 0.1C 77 0.63 1251 618 

Optimised cell for 0.1C, 
discharge at 1C 

77 0.63 149 74 

 
δcat (µm) εs 

 
VED, Wh L-1 GED, Wh kg-1 

Reference design 1C 55 0.44 677 342 

Optimal design for 1C 43 0.48 722 351 

Optimised cell for 1C, 
discharge at 0.1C 

43 0.48 812 395 

0.1C → High energy application  
1C    → Energy-power-balanced application  

 

In summary, the optimal designs strongly depend on the concrete objective, i.e., the 

optimal proposed design for a particular application does not perform well for all 
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applications. Furthermore, the GED at a relatively high C-rate of 1C is still not high enough. 

Therefore, in the following part, we look at potential solutions to improve the battery 

performance at elevated discharge rates.  

 

 POTENTIAL SOLUTIONS TO IMPROVE 

THE PERFORMANCE OF ASSB  

 USING HIGHLY CONCENTRATED LIQUID OR IONIC 

ELECTROLYTE IN THE CATHODE (CATHODIC 

ELECTROLYTE) 

As mentioned earlier, the optimal energy-power-balanced cell shows a maximal GED of 

351 Wh kg-1 at the cell level and 260 Wh kg-1 at the pack level considering an efficiency 

rate of 0.742 from cell level to pack level, which is not high enough for aviation application. 

The low GED could be due to the low ionic conductivity of SE, since the kinetic properties 

of solid-state electrolytes employed in all-solid-state lithium metal batteries are 

constrained by their high interfacial resistance, and low ionic conductivity, especially at 

ambient temperature. One solution to improve the SSB performance is to use hybrid 

battery cells combining liquid electrolytes with inorganic Solid Electrolyte (SE) separators 

or different SEs and polymer electrolytes, respectively. 

The liquid electrolytes (LEs), which are currently utilised in many lithium-ion batteries, 

exhibit high ionic conductivities and allow for faster interface kinetics. However, because 

of their high flammability, LEs pose a safety issue. Battery safety is more crucial than ever 

with the increased energy density of lithium-ion batteries used to power electric vehicles 

and for long-range applications. This feature motivated the battery community to develop 

a non-flammable liquid electrolyte that eliminates the risk of battery fire and explosion, 

which is urgently required [27].  

Due to the higher safety of highly concentrated LEs or ionic liquid electrolytes (ILs), they 

have been drawing increasing attention for use as the solvent in lithium batteries. Due to 

the higher oxidation stability of the ILs and the significantly reduced amount of free 

carbonate solvent in the highly concentrated electrolytes, increasing the salt concentration 

and adding the IL can significantly enhance the electrochemical stability window [28]. 

However, due to the high viscosity and low ionic conductivity of ILs in comparison to 

commonly utilised organic carbonate solvents, most lithium batteries using ILs have poor 

rate capability [3]. Introduction of diluent solvents into ILs like hydrofluoroether (HFE), 

which is a suitable diluent for high-concentration electrolytes because of its low viscosity 

and nonflammability, could reduce the viscosity of the pure ILs. HFE could also reduce the 

cost of ILs while also enhancing the ionic conductivity of ILs and their wetting capabilities 

for the separator surface [29]. 

For this project, we did a comprehensive literature study on different highly concentrated 

liquid or ionic electrolytes to identify the most suitable ones for energy-power-balanced 

applications. We applied electrolyte characteristics for the modelling, such as the lithium 

transfer number, ionic conductivity, and electrolyte diffusion coefficient based on available 

experimental data in the literature. Since hybrid SE performs well at a temperature of 60˚C 

as we noted in ref. [4], we used the Arrhenius relation to take into account the dependence 

of electrolyte properties on temperature for those parameters which are not given at this 

temperature [30]. The electrochemical features of various cathodic electrolytes are given 

in Table 7. 
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Table 7: Electrochemical features of various cathodic electrolytes   

Geometry data 

Parameters  Symbol Value 

Li-ion transfer number of LiFSI/IL-HFE [31] tp 0.495 

Diffusion coefficient Li-ion in the LiFSI/IL-HFE, m2 s-1 [31] 𝐷𝑒 4.9×10-11 

Ionic conductivity of LiFSI/IL-HFE, S cm-1[31]  𝜎𝑒 8.1×10-3 

Li-ion transfer number of LiTFSI-([C4mim] [BF4] [32] 𝑡𝑝 0.444 

Diffusion coefficient Li-ion in the LiTFSI-([C4mim] [BF4], m2 s-1[32] 𝐷𝑒 1.99×10-11 

Ionic conductivity of LiTFSI-([C4mim] [BF4], S cm-1 [32] 𝜎𝑒 0.143 

Li-ion transfer number of LiTFSI-([C4mim] [TFSI] [32] 𝑡𝑝 0.445 

Diffusion coefficient Li-ion in the LiTFSI-([C4mim] [TFSI], m2 s-1[32] 𝐷𝑒 1.8×10-11 

Ionic conductivity of LiTFSI-([C4mim] [TFSI], S cm-1 [32] 𝜎𝑒 0.141 

Li-ion transfer number of LiBF4-sulfolane (SL) [33] 𝑡𝑝 0.534 

Diffusion coefficient Li-ion in the LiBF4-sulfolane (SL), m2 s-1 [33] 𝐷𝑒 2.9×10-11 

Ionic conductivity of LiBF4-sulfolane (SL), S cm-1[33]  𝜎𝑒 3.1×10-3 

Li-ion transfer number of LiFSA-sulfolane (SL) [33] 𝑡𝑝 0.545 

Diffusion coefficient Li-ion in the LiFSA-sulfolane (SL), m2 s-1 [33] 𝐷𝑒 4.65×10-11 

Ionic conductivity of LiFSA-sulfolane (SL), S cm-1 [33] 𝜎𝑒 6.95×10-3 

Li-ion transfer number of LiTFSI + Pyr1,3FSI + H2 [34] 𝑡𝑝 0.426 

Diffusion coefficient Li-ion in the LiTFSI + Pyr1,3FSI + H2, m2 s-1 [34] 𝐷𝑒 2.6×10-11 

Ionic conductivity of LiTFSI + Pyr1,3FSI + H2, S cm-1 [34] 𝜎𝑒 3.3×10-3 

Li-ion transfer number of PEC+LiFSI+Tio2 [35] 𝑡𝑝 0.76 

Diffusion coefficient Li-ion in the PEC+LiFSI+Tio2, m2 s-1 [35] 𝐷𝑒 1.4×10-11 

Ionic conductivity of PEC+LiFSI+Tio2, S cm-1 [35] 𝜎𝑒 3.9×10-4 

 

 

As shown in Figure 8, two prospective highly concentrated electrolytes (HCE), LiFSA-

sulfolane (SL) and LiFSI-IL-HFE, exhibit superior performance to the others. They provide 

relatively high specific energy even at a high C-rate, making them a suitable candidate for 

use in applications requiring an energy-power balance. The non-flammable highly 

concentrated electrolyte of LiFSA- SL, which is stable in contact with high cathode voltage 

materials, shows better performance than other highly concentrated electrolytes. 

Therefore, it could be one of the potential cathodic electrolyte choices; nonetheless, its 

cycling number is less than that of the other ones, i.e, LiFSI-IL-HFE as a cathodic 

electrolyte. Additionally, the highly concentrated electrolyte of LiFSI-IL-HFE is non-

flammable and has high electrochemical stability in contact with high cathode voltage 

materials like NMC811 and a relatively high cycling number of 800. This electrolyte, in 

second place after LiFSI-IL-HFE, shows a good performance than other cathodic 

electrolytes. Therefore, due to its outstanding properties, this type of electrolyte was 

selected as a promising-identified electrolyte inside the cathode to improve the 

performance of ASSB, as stated in Table 8. 
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Figure 8. Power density vs specific energy with different cathodic electrolytes for various C-rates 
for a cell with Li metal as the anode, hybrid SE based on LLZTO as the solid separator, and 
NMC811 as cathode materials at cathode thickness of 55 µm and solid separator of 40 µm  

 LiFSI/IL-HFE ((2.1 mLiFSI–[PP13][FSI])) [29] 

 Addition of HFE to the pure ILs (2.1 mLiFSI–[PP13] [FSI]) decreases the 

viscosity of the electrolytes and enhances the ionic conductivity and its ability 

to wet the separator surface 

 Excellent electrochemical performance in lithium metal batteries up to 5.4 V 

 Cycling lifespan up to 800 

 Introducing HFE decreases the cost of the pure ionic liquid electrolyte 

 Non-Flammable 

 

 LiFSA-sulfolane (SL) [33]  

 Sulfones have high oxidative stability 

 Such electrolytes are expected to be suitable for the development of high-

voltage and high-energy-density batteries 

 Li-metal cycling Coulombic efficiency is increased to 98.2% and remains 

stable for over 150 cycles 

 Effectively suppressing the concentration polarization in a lithium battery 

 

 
Table 8: Chemistry of the based cell with SE cathodic electrolyte and  best and promising HCE as 

cathodic electrolyte 

 
Anode Separator  Cathode 

Base electrolyte 

Li 
hybrid SE based 
on LLZTO 

NMC811 & hybrid SE based on LLZTO 

Best HCE NMC811 & LiFSA-sulfolane (SL)  

Promising HCE NMC811 & LiFSI-IL-HFE 

 

The performance of the battery with the base cathodic electrolyte, the best-identified 

cathodic electrolyte, and the most promising one is compared in the following. This 

comparison uses the same materials for the anode, i.e., lithium metal, NMC811 as active 
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materials, and electrolyte in the separator layer, namely hybrid SE based on LLZTO (PEO- 

LiTFSI/LLZTO (12.7 vol%)). The only difference among them is the applied electrolyte in 

the cathode electrode. We applied electrolyte characteristics for the modelling, such as the 

lithium transfer number, ionic conductivity, and electrolyte diffusion coefficient based on 

available experimental data in the literature. Since hybrid SE performs well at a 

temperature of 60˚C as we noted in ref [4], we used the Arrhenius relation to take into 

account the dependence of electrolyte properties on temperature for those parameters 

which aren't given at this temperature. 

In order to determine how the battery would behave if the cathodic electrolyte of the hybrid 

solid electrolyte was replaced with one of the two highly concentrated electrolytes 

identified, a comparative analysis of three cells with different current rates is performed. 

As shown in Figure 9, the cell with hybrid SE in the cathode performs worst among the 

other cathodic electrolyte, especially at high C-rates, which lowers the areal capacity. This 

is a result of the poor transport properties of hybrid SE, which raise overpotentials, change 

the slope of the discharge curve, and drastically cause the voltage drop. However, using a 

highly concentrated electrolyte as a cathodic electrolyte instead of a hybrid SE based on 

LLZTO improves the kinetics of electrode reaction at the electrolyte/electrode interfaces 

due to greater ionic conductivity and higher Li-ion diffusion coefficient, which causes less 

polarization.  

The areal capacity of the battery can improve by around 106% and 328%, when the battery 

operates at 2C and 3C, respectively, employing HCE as a cathodic electrolyte rather than 

a hybrid solid electrolyte. Such high discharge rates expect in high power phases for hybrid 

electric regional aircraft, in which composite cathodic electrolyte containing HCE could 

perform well in these C-rate ranges. This emphasises the need for composite cathodic 

electrolytes including highly concentrated or ionic liquids to meet mission demand 

requirements, a strategy that is also used in current industry developments, to achieve 

energy-dense and power-capable cells. 

   

 

Figure 9. Voltage vs areal capacity with different cathodic electrolytes at different C-rates for a cell 
with Li metal as the anode, hybrid SE based on LLZTO as the solid separator, and NMC811 as 

cathode materials  
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 OPTIMIZATION OF CATHODE THICKNESS FOR THE 

CELL WITH HIGHLY CONCENTRATED ELECTROLYTES 

AS CATHODIC ELECTROLYTE  

So far, it has been shown that using highly concentrated ionic liquid electrolytes in the 

cathode electrode has a significant influence on the capacity and, consequently, specific 

energy of the battery cell. Since batteries with thick electrodes could increase the 

proportion of active materials and therefore specific energy, here we evaluate the effect of 

the thick electrode on the specific energy to identify the optimum electrode thickness to 

achieve higher specific energy, particularly at elevated current rates, as illustrated in Figure 

10. At 1C, the specific energy increases with increasing electrode thickness up to a critical 

threshold, as indicated in the figure, but beyond this critical thickness, the specific energy 

will decrease. This is due to a limitation of mass transfer imposed by a longer diffusion 

path at a thicker cathode. Additionally, the best cathodic electrolyte has a specific energy 

of 479 Wh kg-1 and 428 Wh kg-1 at C-rates of 2C and 3C, respectively. These values are 

roughly 62% and 190% better than for the cell with hybrid SE based on LLZTO as the 

cathodic electrolyte. As shown in the figure, when the base electrolyte operates at a higher 

C-rate, a maximum power density at the cell level can be reached, but with very limited 

specific energy due to its poor ionic conductivity and tortuosity factor, which results in 

lower transport properties. Therefore, to address the balance of the battery power and 

energy density required for aircraft use, it is preferable to use HCE cathodic electrolytes 

rather than hybrid solid electrolytes, as mentioned before. 

 

Figure 10. Power density vs specific energy  for the various cathodic electrolyte at different 

electrode thicknesses for a cell with Li metal as the anode, hybrid SE based on LLZTO as the solid 
separator, and NMC811 as the cathode 

 

In summary using highly concentrated liquid-ionic electrolytes results in: 

 Power capability: GED at higher C-rates largely improved: 

 @ 2C: +62% 

 @ 3C: 190% 

 

 High GED & power capability achievable: 
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 613 Wh kg-1 @ 0.1 

 560 Wh kg-1 @ 1C 

 479 Wh kg-1 @ 2C 

 428 Wh kg-1 @ 3C 

 

As described in Table 9, employing highly concentrated electrolytes leads to improving GED 

of the battery, especially at a higher C-rate. This makes it possible to achieve high energy 

and power capacities and is one of the possible options for energy-power-balanced 

applications. 

 
Table 9: GED of highly concentrated electrolytes as cathodic electrolytes at different C-rates 

0.1C 

 
Anode Cathode GED (cell level) 

Best HCE 

Li 

NMC811 & LiFSA-sulfolane (SL) 613 

Promising HCE NMC811 & LiFSI-IL-HFE 601 

1C 

 
Anode Cathode GED (cell level) 

Best HCE 

Li 

NMC811 & LiFSA-sulfolane (SL) 560 

Promising HCE NMC811 & LiFSI-IL-HFE 540 

2C 

 
Anode Cathode GED (cell level) 

Best HCE 

Li 

NMC811 & LiFSA-sulfolane (SL) 479 

Promising HCE NMC811 & LiFSI-IL-HFE 455 

3C 

 
Anode Cathode GED (cell level) 

Best HCE 

Li 

NMC811 & LiFSA-sulfolane (SL) 428 

Promising HCE NMC811 & LiFSI-IL-HFE 395 

 

 

 MODELLING BATTERY UNDER 

DYNAMIC LOAD OF AIRCRAFT 

 BATTERY PERFORMANCE UNDER DYNAMIC 

BATTERY POWER DEMAND FOR REG-CON AIRCRAFT 

So far, battery performance for various cathodic electrolytes under a constant current rate 

was assesed. To examine how these types of electrolytes react under dynamic loading, we 

apply the battery current demand during the mission for a regional hybrid aircraft. Here, 
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we used the mission profile of the REG-CON (Regional-Conservative) configuration1 that 

Bauhaus Luftfahrt (BHL) provided to include the necessary battery power at different 

stages of the flight, as shown in Figure 11. In this mission profile, a fully electric operation 

is used during the taxi-out and taxi-in phases, and the batteries’ load is reduced throughout 

the descent phase to give the necessary power for taxi-in. Additionally, batteries provide 

electric power for the aircraft's non-propulsive subsystems in all flight phases. 

 

Figure 11. Power demand of battery at different mission stages for REG-CON aircraft  

Figure 12 shows the battery performance under transient power demand for REG-CON 

hybrid aircraft. As it can be seen, the voltage of ASSB with solid electrolyte within the 

cathode lowers dramatically and cannot fulfil the mission's requirements. This may be 

caused by the poor ionic conductivity of hybrid SE in the cathode, which results in severe 

mass transport limitations at higher C rates. However, the battery with HCE cathodic 

electrolyte performs remarkably better than ASSB. Because HCE has better transport 

properties than the base electrolyte, this leads to shorter effective ion transport paths and 

significantly enhances battery performance. Even though under C-rate changes the battery 

with HCE cathodic electrolyte performs noticeably better than base electrolytes, the 

mission demand in the reserved phase still cannot be satisfied by these two electrolytes. 

  

Figure 12. Battery performance under dynamic battery power demand for REG-CON aircraft with 
various cathodic electrolytes for a battery cell with Li metal as the anode, hybrid SE based on 
LLZTO as the solid separator, and NMC811 as the cathode at, a) DOD of 100%, b) DOD 80% 

 
1 https://www.imothep-project.eu/project-scope-20  

https://www.imothep-project.eu/project-scope-20
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 HEAT GENERATION OF BATTERY UNDER DYNAMIC 

DEMAND 

Even if highly concentrated liquid and ionic electrolytes and solid electrolytes are 

inflammable and thermally stable in contact with Li metal anode, further research is still 

needed to completely understand how energy-dense cathode materials affect cell safety. 

Therefore, it is essential to look into the battery's heat generation, particularly during 

different flight missions. To this end, after modelling the battery under dynamic power 

demand, a simple model to predict heat generation, 𝑄̇𝑡𝑜𝑡, at various flight phases was 

implemented. Reversible heat, 𝑄̇𝑟, and irreversible heat, 𝑄̇𝑖𝑟𝑟, are two types of internal 

heat produced within the battery during its operation, which can be calculated using 

Equation 1. 

𝑄̇𝑡𝑜𝑡 = 𝑄̇𝑖𝑟𝑟 + 𝑄̇𝑟               Total heating (6) 

Joule heating causes the first term of heat generation, and entropy changes, ∆𝑆, cause the 

second term. The ohmic overpotential, and reaction and concentration polarization 

overpotentials, which causes the irreversible heat generation rate, can be calculated using 

the formula shown below [36,37]: 

𝑄̇𝑖𝑟𝑟 = (𝑈0 − 𝑉)𝑖             Joule heating (7) 

𝑄̇𝑟 = −𝑇∆𝑆
𝑖

𝑛𝐹
           Reversible heating during discharge (8) 

where i is current and n is the number of electrons transferred in the electrochemical 

reaction. The discharge reaction for a cathode is represented by the entropy change in a 

full cell, which typically corresponds to a reduction reaction [38]. The structural changes 

of the active materials during operation are connected to the entropy variation ∆𝑆. 

Depending on the state of charge (SOC) and the current sign, the corresponding energy 

changes could cause heat generation or heat consumption [39]. Thus, the reversible heat 

is proportional to operating current and entropy changes and it can be generated or 

consumed during reversible intercalation and deintercalation of lithium during charging and 

discharging. According to Zhao’s work [40], we applied the dependency of entropy changes 

for NMC materials versus SOC, as illustrated in Figure 13 to predict the reversible heat. By 

differentiating overvoltages from open circuit voltage, the Joule heating can be estimated, 

as noted above.  

 

 

Figure 13. Entropy change of NMC versus SOC [40]  
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Figure 14 shows the percentage of heat released at different depths of discharge (DOD) 

and various current rates for the cell with different cathodic electrolytes. As shown by the 

equations above, heat production resulting from entropy change and Joule heating is 

proportional to discharge current. An increase in C-rate increases local electrochemical 

reactions in the electrode, which increases the rate of heat generation. The base cell with 

hybrid solid as cathodic electrolyte suffers from severe mass transport constraints at high 

C-rates, which causes a dramatic drop in the cell voltage and heat generation. At 3C, up 

to 25% of electricity is converted to heat, as shown in Figure 14-a. This is because of the 

low ionic conductivity of semi-solid electrolytes in comparison to liquid electrolytes, which 

results in high Joule heating and heat loss. In contrast, utilising HCE results in superior 

mass transportation at high C-rates of 3C, the maximum required current rates of battery 

for regional aircraft in this study, where 12% of power is converted to heat. Further, there 

is no significant difference in terms of heat generation using the best and most promising 

cathodic electrolyte under constant load.  

  

  

Figure 14. Percentage of heat release at different discharge rates and DOD for a battery cell with Li 
metal as the anode, hybrid SE based on LLZTO as the solid separator, and NMC811 as the cathode, 
and a) base cathodic electrolyte, b) best cathodic electrolyte, c) promising cathodic electrolyte, d) 

employing liquid electrolyte as separator and cathodic electrolyte 

Liquid electrolyte was also employed in the separator and as the cathodic electrolyte, and 

then we investigated the heat generation in the battery. As shown in Figure 14-d, 

approximately 4.5% of the power is converted to heat at 3C at different DOD, which is 

within the range measured by AIT for ultra-high-power cells. 
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Table 10: Heat release of a commercial ultra-high power cell measured with the battery cell 

calorimeter at AIT 

AIT UHP cell measurements 283 K 298 K 313 K 

Discharge, 3C Constant current 7.57% 5.09% 4.17% 

Charge, 2C Constant current only 5.15% 3.28% 2.70% 

Charge, 4C Constant current only 7.61% 5.54% 4.66% 

   

Following, the amount of heat generation for the battery cell was examined with the best 

cathodic electrolyte, LiFSI-IL-HFE, under dynamic power load. As illustrated in Figure 15, 

it is clear that the battery current is greater during the take-off phase than during the 

cruise phase. The aircraft has a relatively low power requirement throughout the climb, 

cruise, and descent phases, and the current's magnitude also sharply reduces in these 

phases of the mission. At a higher discharge current, more heat will be generated, and the 

irreversible heat is dominant at these C-rate ranges.  

 

 
 

Figure 15. Heat generation inside battery cell with respect to mission demand for a cell with Li 
metal as the anode, hybrid SE based on LLZTO as the solid separator, and NMC811 & LiFSI-IL-HFE 

as cathodic electrolyte  

The findings of this section help battery engineers and researchers to better understand 

the thermal behaviour of ASSB with HCE as a cathodic electrolyte and to make much more 

precise predictions about the heat generation in the battery. This outcome is also useful 

for optimising cell design and operation, building efficient thermal management systems, 

and offering precise battery management systems for various battery applications. 

However, there is still a need for the development of battery cell technologies for aircraft 

applications that are cost-effective, simultaneously have an appropriate cycle life, and have 

high safety while also having an ultra-high energy density and sufficient power capacity, 

which can operate in an aeronautic environment.  
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 CONCLUSIONS AND PROSPECTS 
In summary, physics-based modelling of the battery was used to predict the optimal design 

parameters of ASSB to attain a higher gravimetric energy density for aerial applications, 

which could help experimental research to improve cell design with more time and cost-

efficiency. The following conclusions can be drawn from the physics-based modelling of the 

battery. 

 

 ASSB based on 12.7 vol% of LLZTO is the best option based on present 

manufacturing constraints. 

 The optimal proposed design for a particular application does not perform well for 

all applications. 

  

 Capacity and GED at higher discharge rates largely improved using highly 

concentrated ILs inside the cathode electrode and as a result, high energy and 

power capabilities are possible using such type of cathodic electrolyte. 

 Employing highly concentrated ILs as cathodic electrolytes causes an improvement 

in GED of battery cells by nearly 62% and 190% compared to the cell using hybrid 

SE based on LLZTO as the cathodic electrolyte at 2C and 3C, respectively. 

 Employing HCE as a cathodic electrolyte-type electrolyte could significantly improve 

battery performance under dynamic mission load. 

 Although the identified electrolyte considerably enhances battery capacity, 

aeronautic battery cells must be optimised to accomplish aviation's aim, which 

includes lowering weight penalties, improving battery safety issues, allowing deeper 

discharge with still high power output, and permitting continuous quick charge and 

discharge to shorten time on the ground. 

 MAIN COLLABORATION AND 

DISSEMINATION ACTIVITIES 
The dissemination activities of WP4.2 are summarised in the following: 

 KIT in cooperation with AIT is under preparation of the following paper: 

 Perspective study of using highly concentrated electrolytes for aeronautic 

battery 

 KIT in cooperation with AIT presented the result of the IMOTHEP project at the 72nd 

Annual Meeting of the International Society of Electrochemistry in Jeju Island, 

Korea, and 242nd ECS Meeting, in Atlanta, GA.  

 The collaborative paper between KIT and AIT based on the IMOTHEP results is 

published in the journal of the Electrochemical Society. 

https://iopscience.iop.org/article/10.1149/1945-7111/ac653b/meta 

 

 In September 2021, Somayeh Toghyani (KIT) visited AIT for one month within a 

research stay funded by the Karlsruhe House of Young Scientists (KHYS) within the 

framework of Connecting Young Scientists (ConYS) (complementary to IMOTHEP) 

to deepen the understanding of the interlink between experimental and modelling 

activities. During this stay, the following activities were conducted: 

https://iopscience.iop.org/article/10.1149/1945-7111/ac653b/meta
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 Design and prepare slurries of NMC811 with different NMC loadings:80wt%, 

85wt%, and 90wt%. 

 Coating and calendaring of NMC811 cathode sheets. 

 Design and preparation of PEO-based hybrid solid electrolyte with LLZO as 

active filler.  

 Assembly of a series of all-solid-state lithium-ion battery coin-cells for 

electrochemical characterization at KIT. 
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