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[bookmark: _Toc227803564]1. Life cycle inventory
[bookmark: _Toc227803565]1.1 Aircraft structure 
The hybrid-electric aircraft has a structural architecture similar to conventional turboprop aircraft, comprising wings, fuselage, fairings, vertical and horizontal tails, exterior paint, and the main and nose landing gear. The composition and the absolute and relative mass of each part are primarily based on data provided by the industrial collaborator and is reported in Table S1. The total weight of aircraft structure is approximately 6510 kg. The life cycle inventory (LCI) of each component is reported in Table S1-5. 
The wing generates lift and serves as a primary structural element. The aircraft includes a wing-integrated fuel tank and nacelles mounted to the wings that house both electric motors and conventional turboprop engines. Aluminium is the most common wing material. The LCI of aluminium is presented in Table S2. The fuselage is a hollow body that contains the cockpit, cabin, and cargo compartments, and is commonly made of aluminium, while carbon fiber offers light-weight benefits for selected structural parts. Fairings are external, non-load-bearing structures that improve aerodynamic flow. On the aircraft, there are the wing-fuselage fairing, belly fairing, sponson, strut-to-wing fairing, and the main and nose landing gear doors and landing gear fairings. Both the vertical tail (vertical stabilizer) and the horizontal tail are part of the empennage. The vertical tail carries the rudder, which controls yaw. The horizontal tail includes the elevators, which control pitch. These components are often made primarily of composite materials, which reduce weight and provide high stiffness and tensile strength. Data on the composition and material quantities for the vertical and horizontal tails were collected from Lopes (2010) and modified based on inputs from our collaborator company’s experts. Non-metallic honeycomb core material (NOMEX HC) is used as the composite material in the model, and it is made of aramid fiber paper. The material composition of NOMEX HC was modeled based on the inventory presented in Campos (2021) (Table S4). The aircraft painting provides corrosion protection and contributes to aerodynamic smoothness in addition to aesthetics. The quantity required is substantial and is therefore included in the assessment. According to industrial information and Arvidsson et al. (2024), polyurethane is the most commonly used aircraft painting and is therefore used in this study (Table S5). The main landing gear (MLG), located near the fuselage center, is the first to contact the ground during landing, while the nose landing gear (NLG) beneath the cockpit supports landing and provides steering during taxi. The landing gear comprises a metallic structure and wheels with rubber tires. Both MLG and NLG are critical safety components subjected to considerable loads and are therefore typically manufactured from steel for its high strength. The composition of the MLG and NLG were collected from Lopes (2010). The material quantities for the tire and wheel components were taken from Arvidsson et al. (2024), with modification based on inputs from the collaborator company’s expert.
Table S1. Composition of aircraft structure. 
	Components
	Materials
	Weight (kg)
	Share (%)
	LCI data source 

	Wings
	
	2599
	100%
	

	
	Aluminum
	2061
	79%
	Table S2

	
	Carbon fiber reinforced plastic
	338
	13%
	Ecoinvent activity: market for carbon fibre reinforced plastic, injection moulded (GLO)

	
	Titanium
	131
	5%
	Ecoinvent activity: market for titanium, triple-melt (GLO)

	
	Steel
	69
	3%
	Table S3

	Fuselage
	
	2057
	100%
	

	
	Aluminum
	1714
	83%
	Table S2

	
	Carbon fiber reinforced plastic
	107
	5%
	Ecoinvent activity: market for carbon fibre reinforced plastic, injection moulded (GLO)

	
	Titanium
	64
	3%
	Ecoinvent activity: market for titanium, triple-melt (GLO)

	
	Stretched acrylic 
	64
	3%
	Ecoinvent activity: market for polymethyl methacrylate, sheet (GLO)

	
	Cast acrylic
	64
	3%
	Ecoinvent activity: market for polymethyl methacrylate, sheet (GLO)

	
	Glass fiber reinforced plastic
	21
	1%
	Ecoinvent activity: market for glass fibre reinforced plastic, polyamide, injection moulded (GLO)

	
	Steel
	21
	1%
	Table S3

	Main landing gear
	
	660
	100%
	

	
	Steel
	417
	63%
	Table S3

	
	Aluminum
	88
	13%
	Table S2

	
	Rubber
	87
	13%
	Ecoinvent activity: market for synthetic rubber (GLO)

	
	Glass fiber reinforced plastic
	34
	5%
	Ecoinvent activity: market for glass fibre reinforced plastic, polyamide, injection moulded (GLO)

	
	Titanium
	23
	3%
	Ecoinvent activity: market for titanium, triple-melt (GLO)

	
	Lubricating oil
	11
	2%
	Ecoinvent activity: market for lubricating oil (GLO)

	Main fairings
	
	420
	100%
	

	
	Aluminum
	176
	42%
	Table S2

	
	Carbon fiber reinforced plastic
	147
	35%
	Ecoinvent activity: market for carbon fibre reinforced plastic, injection moulded (GLO)

	
	Glass fiber reinforced plastic
	50
	12%
	Ecoinvent activity: market for glass fibre reinforced plastic, polyamide, injection moulded (GLO)

	
	Steel
	29
	7%
	Table S3

	
	Composite (Nomex HC)
	17
	4%
	Table S4

	Vertical tail
	
	295
	100%
	

	
	Carbon fiber reinforced plastic
	162
	55%
	Ecoinvent activity: market for carbon fibre reinforced plastic, injection moulded (GLO)

	
	Glass fiber reinforced plastic
	123
	42%
	Ecoinvent activity: market for glass fibre reinforced plastic, polyamide, injection moulded (GLO)

	
	Aluminum
	10
	3%
	Table S2

	Horizontal tail
	
	282
	100%
	

	
	Carbon fiber reinforced plastic
	259
	92%
	Ecoinvent activity: market for carbon fibre reinforced plastic, injection moulded (GLO)

	
	Glass fiber reinforced plastic
	8
	3%
	Ecoinvent activity: market for glass fibre reinforced plastic, polyamide, injection moulded (GLO)

	
	Aluminum
	14
	5%
	Table S2

	Nose landing gear
	
	117
	100%
	

	
	Steel
	68
	58%
	Table S3

	
	Aluminum
	18
	16%
	Table S2

	
	Rubber
	19
	17%
	Ecoinvent activity: market for synthetic rubber (GLO)

	
	Carbon fiber reinforced plastic
	5
	5%
	Ecoinvent activity: market for carbon fibre reinforced plastic, injection moulded (GLO)

	
	Titanium
	4
	3%
	Ecoinvent activity: market for titanium, triple-melt (GLO)

	
	Lubricating oil
	2
	2%
	Ecoinvent activity: market for lubricating oil (GLO)

	Painting
	
	80
	100%
	

	
	Polyurethane adhesive
	80
	100%
	Table S5



Table S2. Life cycle inventory of Aluminum
	Flows
	Amount 
	Unit 

	Inputs 
	
	

	Aluminium, wrought alloy (GLO)
	1
	kg

	metal working, average for aluminium product manufacturing (GLO)
	1
	kg

	sheet rolling, aluminium (GLO)
	1
	kg

	Outputs 
	
	

	Aluminium
	1
	kg



Table S3. Life cycle inventory of steel
	Flows
	Amount 
	Unit 

	Inputs 
	
	

	metal working, average for chromium steel product manufacturing (GLO)
	1
	kg

	steel, chromium steel 18/8 (GLO)
	1
	kg

	sheet rolling, chromium steel (GLO)
	1
	kg

	Outputs 
	
	

	Steel
	1
	kg



Table S4. The composition of the non-metallic honeycomb core material (NOMEX HC) (Campos, 2021). 
	Flows
	Amount 
	Unit 

	Inputs 
	
	

	nylon 6-6 (RER)
	0.84615
	kg

	phenolic resin (RER)
	0.15385
	kg

	Outputs 
	
	

	Nomex HC (RER)
	1
	kg




Table S5. Life cycle inventory of polyurethane adhesive painting 
	Flows
	Amount 
	Unit 

	Inputs 
	
	

	Polyurethane adhesive (GLO)
	1
	kg

	Outputs 
	
	

	Applying polyurethane adhesive painting 
	1
	kg

	VOC, volatile organic compounds (emission to air) 
	0.92
	kg


[bookmark: _Toc227803566]1.2 Power train composition
The hybrid-electric aircraft’s power system’s composition, and the absolute and relative mass of each part, are reported in Table S6. The total weight of power train composition is approximately 7007.2 kg. Component weights were provided directly by or estimated from collaborating aircraft development company’ inputs. Where detailed component composition and production process data were not available from industry, they were taken from the best available sources as described below.
To extend range on longer missions, the aircraft carries two 1 MW turboprop engines on the outer nacelles. For safety, these engines remain at idle during descent and landing to enable a touch-and-go or a diversion beyond the all-electric range. A touch-and-go refers to events when the aircraft briefly touches the ground and immediately takes off because a landing cannot be completed. The turboprop engine is modelled using the inventory data from Thonemann et al. (2024). The gearbox mass is estimated from the shaft-horsepower to gearbox-weight ratio reported by Brown et al. (2005). Therefore, in this model, for a maximum requirement of 1600 shp, the gearbox mass is 68 kg.
Propellers provide thrust for the aircraft. The propellers driven by the electric motors are slightly larger than those on the turboshaft engines, reflecting the different specifications of the two propulsion units. Propellers are made of carbon fiber reinforced plastic. 
Power inverters convert the DC from the batteries into AC to drive the electric motors and control the frequency of the current supplied to the motors. Each electric motor requires six 250 kW power inverters (12 in total). Material requirements were estimated using the scalable model of Nordelöf et al. (2019), which is developed for inverters in the range 20-200 kW and 250-700 V DC. For the hybrid-electric aircraft, the model was set to its maximum range and then further extrapolated to the requirement. This approach is verified with the industry expert. The total required inverter mass is 187.2 kg, with 15.6 kg per inverter. 
Two 1.5 MW electric motors are mounted in the inner nacelles, providing thrust for all-electric taxi, take-off, climb, cruise, descent, and landing. Each motor provides 900 Nm of continuous torque. The motor composition and production processes were scaled from the inventory of Nordelöf et al. (2018), which offers a scalable model for motors with 20-200 kW power and 48-477 Nm torque. The final inventory was obtained by extrapolating the model from 477 Nm to the required 900 Nm, yielding a motor mass of 164 kg including housing and end bells. This weight was verified by collaborating company’s experts. A reduction gearbox between the turboshaft engine/electric motor and the propeller converts the high-speed, low-torque shaft output into low-speed, high-torque rotation appropriate for the propeller.
A nacelle is a streamlined enclosure that covers the turboshaft engines, electric motors, and their connected components. It also serves as protection against impacts from objects such as birds or hail during flight. In the hybrid-electric aircraft, an identical nacelle design is used for both the electric motors and the turboshaft engines. The nacelle weight was provided by our collaborating aircraft development company, and the specific material composition was obtained from Thonemann et al. (2024).

Table S6. Composition of aircraft power train system.
	Components
	Weight (kg)
	Share 
	LCI data source

	Turboprop engine (2 item)
	215*2
	6%
	(Thonemann et al., 2024)

	Turboprop gearbox (2 item)
	68*2
	2%
	(Thonemann et al., 2024)

	Turboprop propeller (2 items)
	81.1*2
	2%
	Ecoinvent activity: market for carbon fibre reinforced plastic, injection moulded (GLO)

	Power inverter 
	187.2
	3%
	(Nordelöf et al., 2019)

	Electric motor (2 items)
	164*2
	5%
	(Nordelöf et al., 2018)

	Electric motor gearbox (2 items)
	65.9*2
	2%
	(Thonemann et al., 2024)

	Electric motor propeller (2 items)
	120*2
	3%
	Ecoinvent activity: market for carbon fibre reinforced plastic, injection moulded (GLO)

	Nacelle (4 items)
	98*4
	6%
	(Thonemann et al., 2024)

	Battery energy storage system
	5000
	71%
	(Arvidsson et al., 2024; Zhang et al., 2025)

	Total
	7007.2
	100%
	


The battery energy storage system (BESS) is located beneath the fuselage and supplies power to the electric motors and other onboard electrical systems. The battery system includes battery cell and pack materials, battery management system (BMS), as well as high voltage convertor. The total battery system mass is estimated by our collaborating aircraft development company at around 5 metric tons and is assumed to remain constant through the aircraft lifetime until 2065. The mass ratios of BESS subcomponents within the powertrain are also assumed constant over time. The BMS is assumed to account for 3 wt% of the battery-system mass, and the high-voltage connectors for 0.32 wt%. It is assumed that the battery pack efficiency improves over time, therefore increasing battery pack capacity and extending the all-electric flight range. Following Schäfer et al. (2019), a cell-to-pack ratio of 80% is applied for 2035. Since the current best pack efficiency on the automotive market is about 90%, a value of 90% is assumed for 2045 in the aircraft context (Schäfer et al., 2019; Schöberl et al., 2024). These assumptions are consistent with a previous LCA study (Thonemann et al., 2024). The inventory for pack and module materials, BMS, as well as high voltage converter are obtained from Arvidsson et al. (2024), with scaling to the required amount for this study.
To define a battery configuration suitable for electric aviation in 2035, we first considered the performance requirements of regional aircraft, particularly the need for substantially higher specific energy than current commercial lithium-ion batteries. Pattanayak and Mavris (2025) evaluate potential battery chemistries for electric aviation and project their potential specific energy and cycle life by 2040. The study concludes that lithium-sulfur (Li-S) and solid-state batteries (SSBs) with lithium-metal anodes are the most promising for substantially surpassing current lithium-ion batteries in specific energy. However, given the current Li-S development challenges, particularly cycle-life limitations and the polysulfide shuttle (Grotkopp et al., 2024; Pattanayak & Mavris, 2025), SSBs are more likely to reach high specific energy with sufficient cycle life first. This expectation aligns with market and research outlooks that place SSBs as a next generation technology offering higher energy density, improved safety, and longer life (IEA, 2024; Kristina et al., 2023). It is projected that SSBs could enter the market around 2030, which is consistent with the temporal scope of this study.
Based on discussions with aviation-industry experts and battery researchers, together with a review of the literature, we assume an all-solid-state battery (ASSB) with an NMC811 cathode and a lithium metal anode as the power battery for the aircraft already in 2035. In 2024, semi-solid-state batteries have already entered commercial applications in 2024, particularly in electric vehicles and battery energy storage systems (Volta Foundation, 2025). Meanwhile, all-solid-state batteries have reached advanced technology readiness levels and are progressing toward production scale-up (HONDA, 2024; Yu, 2025). Recently reported performance metrics indicated that the modeled energy density in this study is within the range of emerging industrial targets. For example, Factorial’s “Solstice” all-solid-state battery platform, developed in collaboration with Mercedes-Benz, has reported an energy density of approximately 450 Wh/kg (Johnson, 2026), which is closely aligned with the 446 Wh/kg calculated in our model. Similarly, Blue Solutions’ Gen 4 all-solid-state battery (NMC cathode, Li-metal anode) has reported energy densities more than 450 Wh/kg (BlueSolutions, 2026). 
We implemented a self-developed battery design model to estimate material requirements for each battery component and to calculate the corresponding specific energy. The ASSB is modeled with a bipolar stacking architecture in which multiple identical repeating units are stacked. Each repeating unit comprises a lithium-metal anode layer, a LLZO solid electrolyte layer, and an NMC811 cathode coated on an aluminium current collector. The specific energy is estimated from the amount of cathode active material in the stack, with the battery’s average discharge voltage. Given rapid technology progress, we assume a technology advancement around 2045 and therefore apply a second-generation SSB with higher specific energy from 2045 and onwards. We assumed a constant weight of the battery pack over time, so increased specific energy leads to higher battery capacity, longer all-electric flight distance, and lower fuel consumption in hybrid operation mission distance. Based on input from industrial experts at the collaborating aircraft company, the battery depth of discharge (DoD) is assumed to be 63% for a 100 km mission and 73.5% for missions of 200 km or longer. Given the installed battery capacity, the theoretical maximum all-electric mission distance is estimated to be 289 km for the first-generation pack and 383 km for the second-generation pack. The detailed calculation is described in the Section 1.7 (electricity and fuel consumption part). Because battery lifetime depends on operational use, we assumed lifetimes by mission profile in discussion with industry experts. Detailed compositions and technical parameters for the first generation (pre-2045) and second generation (post-2045) batteries are reported in Tables S7 and S8. At the end of the battery life, the batteries are treated using hydrometallurgical processing, based on the Ecoinvent activity “treatment of used Li-ion battery, hydrometallurgical treatment”.
Table S7. Composition (wt.%) of an all-solid-state battery cell.
	Component 
	Material 
	First generation (pre-2045)
	Second generation (post-2045)

	Anode 
	Lithium foil (anode active material)
	2.4%
	2.8%

	Cathode
	NMC811 (cathode active material)
	50.3% 
	57.5% 

	
	Super C65 (conductive material)
	1.05%
	1.2%

	
	PVDF (binder)
	1.05%
	1.2%

	Current collector 
	Aluminium foil 
	6.5%
	7.4%

	Electrolyte 
	LLZO
	37.0%
	28.2%

	Cell container 
	PET/Al/PP
	1.6%
	1.7%

	Total weight 
	-
	305.7 g
	288.5 g


[bookmark: _Ref173486881]

Table S8. Technical details of the first and second generation of the all-solid-state battery. 
	Battery parameter 
	1st generation 
(pre-2045)
	2nd generation
(post-2045)

	Cell capacity (Wh)
	136.4
	147

	Specific energy (cell level, Wh/kg)
	446
	509.7

	Cell-to-pack efficiency
	80%
	90%

	Specific energy (pack level, Wh/kg)
	356.8
	458.1

	Battery capacity (pack level, kWh)
	1784.0
	2290.5

	Lifetime with 100km mission distance 
	4000
	4000

	Lifetime with 200km mission distance 
	3500
	3500

	Lifetime with 260km mission distance 
	2500
	3000

	Lifetime with 289km mission distance 
	2500
	3000

	Lifetime with 300km mission distance 
	2500
	3000

	Lifetime with mission distance >=383km
	2500
	2500



[bookmark: _Toc227803567]1.3 Operational system 
The operational systems within the hybrid-electric aircraft are critical to safe operation. According to our collaborating aircraft development company, no major difference in material composition is expected relative to conventional aircraft. These systems include the electrical wiring interconnection system (EWIS), the flight-control system (FCS), and other electrical components. The total weight of operational system is approximately 1835 kg. Table S9-11 reports the composition of these systems, as well as their LCI.
Table S9. Composition of aircraft operational system. 
	Components
	Materials 
	Weight (kg)
	Share (%)
	LCI data source 

	Avionics
	
	81
	100%
	Table S10

	
	Mobile phone equivalents
	42
	52%
	

	
	Aluminium
	33
	41%
	

	
	Carbon fibre reinforced plastic
	6
	7%
	

	Environmental control system
	
	504
	100%
	

	
	Climate control system
	165
	33%
	Table S11

	
	Ice protection system
	117
	23%
	Table S12

	
	Oxygen
	14
	3%
	Table S13

	
	Fire extinguishing system
	80
	16%
	Table S14

	
	Thermal management system
	128
	25%
	Table S15-16

	Flight control systems
	
	212
	100%
	Table S17

	
	Polyethylene terephthalate
	14
	6%
	

	
	Electronics production, for control units 
	42
	20%
	

	
	Reinforcing steel
	156
	74%
	

	Electrical wiring interconnection system
	
	730
	100%
	

	
	Copper
	730
	100%
	Ecoinvent activity: cable, unspecified (GLO)

	Other electrical systems
	
	308
	100%
	

	
	Low voltage inverters
	60.37
	19.6%
	The same as LCI of power inverter, sourced from Nordelöf et al. (2019)

	
	Low voltage converters
	62.26
	20.2%
	Ecoinvent activity: market for converter, for electric passenger car (GLO)

	
	Junction box
	171.53
	55.6%
	(Arvidsson et al., 2024)

	
	Electronic control units 
	14.151
	4.6%
	(Arvidsson et al., 2024)



The avionics comprise a small share of the aircraft’s mass but are essential for safe navigation and operation. The system includes all required electronic equipment, such as antennas, weather radar, radios, computing hardware, cockpit displays, flight recorders, processing units, and the aircraft’s “black box”, as well as an avionics rack that provide structural supports (Table S10). Active components are approximated using the “consumer electronics, mobile device, smartphone” dataset in Ecoinvent 3.10, assuming the components are comparable to a mobile phone device. Given their very small mass share, there is lack of data for detailed modelling. The avionics rack is modelled as aluminium and carbon fiber reinforced plastic, using the North American market process for aluminium (primary ingot) with metal working (average for aluminium product manufacturing) and carbon fiber reinforced plastic (injection moulded). The modelling follows inventory data reported by Arvidsson et al. (2024). 

Table S10. Life cycle inventory of avionics
	Flows
	Amount 
	Unit 

	Inputs 
	
	

	aluminium, primary, ingot (IAI Area, North America)
	33
	kg

	metal working, average for aluminium product manufacturing (GLO)
	33
	kg

	carbon fibre reinforced plastic, injection moulded (GLO)
	6
	kg

	consumer electronics, mobile device, smartphone	 (GLO)
	256
	unit

	Outputs 
	
	

	avionics
	1
	Item 



The environmental control system (ECS) regulates the internal environment and protects the aircraft from external conditions. It comprises the air conditioning and distribution system (Table S11), ice protection system (Table S12), emergency oxygen system (Table S13), fire protection system (Table S14), and thermal management system (Table S15). Except for ice protection, these subsystems are assumed to be comparable to those in conventional aircraft. Many conventional aircraft use engines bleed air heat for de-icing, while in the hybrid-electric aircraft, ice protection is provided by an electro-mechanical system that removes ice during flight. The ECS is modelled generically due to limited data availability. Material quantities and compositions were estimated in collaboration with collaborating company’s engineers, and values are reported in Table S11-16. The inventory is based on Ecoinvent processes, including “market for air compressor, screw-type compressor, 4 kW” for the climate-control system and “market for aluminium, cast alloy” for the oxygen tanks.

Table S11. Life cycle inventory of climate control system
	Flows
	Amount 
	Unit 

	Inputs 
	
	

	air compressor, screw-type compressor, 4kW (GLO)
	0.47
	unit

	air filter, decentralized unit, 180-250 m3/h (GLO)
	56
	unit

	aluminium, cast alloy (GLO)
	24.8
	kg

	Electronic control units
	0.32
	kg

	glass fibre reinforced plastic, polyamide, injection moulded (GLO)
	35.4
	kg

	metal working, average for chromium steel product manufacturing (GLO)
	19.16
	kg

	Polycarbonate (RER)
	2.8
	kg

	steel, chromium steel 18/8 (GLO)
	19.16
	kg

	Outputs 
	
	

	Climate control system
	1
	Item 



Table S12. Life cycle inventory of ice protection system
	Flows
	Amount 
	Unit 

	Inputs 
	
	

	aluminium, cast alloy (GLO) 
	46.8
	kg

	metal working, average for chromium steel product manufacturing (GLO)
	46.8
	kg

	Polycarbonate (RER)
	12
	kg

	steel, chromium steel 18/8 (GLO)
	46.8
	kg

	synthetic rubber (GLO)
	12
	kg

	Outputs 
	
	

	Ice protection system
	1
	Item 



Table S13. life cycle inventory of oxygen system
	Flows
	Amount 
	Unit 

	Inputs 
	
	

	aluminium, cast alloy (GLO) 
	11.4
	kg

	extrusion, plastic pipes (GLO)
	0.8
	kg

	metal working, average for chromium steel product manufacturing (GLO)
	0.5
	kg

	Polycarbonate (GLO)
	1.209
	kg

	steel, chromium steel 18/8 (GLO)
	0.5
	kg

	Outputs 
	
	

	coolant pump
	1
	Item 



Table S14. Life cycle inventory of fire extinguishing system
	Flows
	Amount 
	Unit 

	Inputs 
	
	

	aluminium, cast alloy (GLO) 
	32.65
	kg

	monoammonium phosphate (RER)
	44.35
	kg

	Polycarbonate (RER)
	3
	kg

	Outputs 
	
	

	Ice protection system
	1
	Item 



Table S15. Life cycle inventory of thermal management system 
	Flows
	Amount 
	Unit 

	Inputs 
	
	

	aluminium, cast alloy (GLO) 
	52.39
	kg

	ethylene glycol (RER)
	58.88
	kg

	Coolant pump
	25
	Item

	Outputs 
	
	

	thermal management system
	1
	Item 



Table S16. Life cycle inventory of coolant pump (Arvidsson et al., 2024). 
	Flows
	Amount 
	Unit 

	Inputs 
	
	

	casting, steel, lost-wax (GLO) 
	0.47
	kg

	injection moulding (GLO)
	0.2
	kg

	polypropylene, granulate (GLO)
	0.2
	kg

	steel, chromium steel 18/8 (GLO)
	0.47
	kg

	Outputs 
	
	

	coolant pump
	1
	Item 



The electrical wiring interconnection system (EWIS) comprises all wiring required for the aircraft’s onboard electrical systems, for both high- and low-voltage applications. Its primary functions are to transmit current and to carry data between subsystems. The EWIS is assumed to consist of copper conductors with polyethylene insulation. Its total mass is modelled using the market process for “cable production, unspecified” in Ecoinvent database.
The flight control system (FCS) is the primary system for maneuvering the aircraft in flight and on the ground. It comprises control units for engines and motors and actuators that move the rudder, elevators, flaps, and ailerons. Therefore, the FCS includes both electrical and mechanical components. In the model, the actuators are modelled according to Lopes (2010), and are represented with reinforcing steel as the sole input material. Given the high loads on actuators, steel is considered an appropriate material. The control units are modeled following Arvidsson et al. (2024) using a modified Ecoinvent process (“electronics production, for control units”), in which the casing is changed from steel to aluminium and the electronics are specified as lead-free. The sidesticks, which represent a small share of the total system mass, are modelled using the Ecoinvent process “polyethylene terephthalate, granulate, amorphous”. Polyethylene terephthalate is selected for its strength and rigidity given the extensive use of the sidestick over its life cycle.

Table S17. Life cycle inventory of flight control system
	Flows
	Amount 
	Unit 

	Inputs 
	
	

	casting, steel, lost-wax (GLO) 
	156
	kg

	electronic control units 
	42
	kg

	injection moulding (GLO)
	14
	kg

	polyethylene terephthalate, granulate, amorphous (GLO)
	14
	kg

	reinforcing steel (GLO)
	156
	kg

	Outputs 
	
	

	flight control system
	1
	Item 



The remaining electrical systems comprise electronics that do not directly affect navigation or maneuvering. This includes the charge control unit (CCU), which manages battery charging, and the charge distribution unit (CDU), which allocates charge to the batteries. Additional components are the junction box with safety fuses, low-voltage inverters, and low-voltage converters. The inverters convert DC to AC. The converters adjust voltage to the levels required by specific components. The junction box is modelled using the LCI data in Arvidsson et al. (2024). That source represents a 0.66 kg junction box for a two-seat electric aircraft, which is smaller than required here, so the unit is scaled up to the correct mass. The CCU and CDU are modelled in the same way as the control units described above. The low-voltage inverters have a unit mass similar to the propulsion power inverters described earlier, so they are scaled to the required weights and modelled using the same method. The high-to-low voltage converters are modelled with the Ecoinvent process “converter production, for electric passenger car,”.
[bookmark: _Toc227803568]1.4 Interior
The primary function of the interior is to provide pilots and passengers with a comfortable flight experience. Interior components are modelled using the material compositions reported by Orson (2022). These compositions, originally derived from an Airbus A320, are scaled to meet the estimated weights of the modelled aircraft. The total weight of interior is approximately 528.56 kg. Table S18 lists all interior components, and detailed descriptions are provided below.
Table S18. Composition of aircraft interior. 
	Components
	Materials 
	Weight (kg)
	Share (%)
	LCI data source 

	Avionics Rack
	
	22.2
	100%
	

	
	Aluminium
	22.2
	100%
	Ecoinvent activity: market for aluminium, cast alloy (GLO)

	Cockpit instrument panel
	
	50.1
	100%
	Table S19 

	
	Carbon fibre reinforced plastic
	14.7
	29%
	

	
	Copper, cathode
	25.9
	52%
	

	
	Ethylene-tetrafluoroethylene
	6
	12%
	

	
	Polyethylene terephthalate
	3.5
	7%
	

	Flooring
	
	54.6
	100%
	

	
	Nylon 6
	11.7
	21%
	Ecoinvent activity: market for nylon 6 (RER)

	
	Polyethylene terephthalate film
	4.7
	9%
	Ecoinvent activity: market for packaging film, low density polyethylene (GLO)

	
	Cotton
	2.3
	4%
	Ecoinvent activity: market for textile, woven cotton (GLO)

	
	Latex
	8.6
	9%
	Ecoinvent activity: market for latex (RER)

	
	Aluminium
	56.7
	57%
	Ecoinvent activity: market for aluminium, cast alloy (GLO)

	
	Epoxy adhesive
	0.2
	<1%
	Ecoinvent activity: market for epoxy resin, liquid (RoW)

	Cargo net
	
	15.66
	100%
	

	
	Polyester
	15.66
	100%
	Ecoinvent activity: market for textile, nonwoven polyester (GLO)

	Cabin insulation blanket
	
	58
	100%
	

	
	Glass fibre reinforced plastic
	56.74
	98%
	Ecoinvent activity: market for glass fibre reinforced plastic, polyester resin, hand lay-up (GLO)

	
	Polyethylene terephthalate film
	1.28
	2%
	Ecoinvent activity: market for packaging film, low density polyethylene (GLO)

	Bulkheads
	
	37
	100%
	

	
	Carbon fibre reinforced plastic
	37
	100%
	Ecoinvent activity: market for carbon fibre reinforced plastic, injection moulded (GLO)

	Seats
	
	61
	100%
	

	
	Aluminium
	21.98
	36%
	Ecoinvent activity: market for aluminium, cast alloy (GLO)

	
	Polycarbonate
	8.93
	15%
	Ecoinvent activity: market for polycarbonate (GLO)

	
	Polyurethane foam
	8.14
	13%
	Ecoinvent activity: market for polyurethane, flexible foam, flame retardant (GLO)

	
	Polyvinyl chloride film
	0.09
	< 1 %
	Ecoinvent activity: market for polyvinylchloride, bulk polymerised (GLO)

	
	Stainless steel
	6.01
	10 %
	market for casting, steel, lost-wax

	
	Brass
	0.73
	1 %
	market for brass (RoW)

	
	Polyethylene terephthalate film
	1.38
	2 %
	Ecoinvent activity: market for packaging film, low density polyethylene (GLO)

	
	Polyurethane adhesive
	0.02
	< 1 %
	Ecoinvent activity: market for polyurethane, flexible foam, flame retardant (GLO)

	
	Silicone rubber
	0.03
	< 1 %
	Ecoinvent activity: market for silicone product (RER)

	
	Carbon fibre reinforced plastic
	6.81
	11 %

	market for carbon fibre reinforced plastic, injection moulded (GLO)

	
	Synthetic leather
	5.31
	9 %
	Cotton Upholstery production from Arvidsson et al. (2024)

	
	Polyamide
	1.55
	3 %
	Ecoinvent activity: market for nylon 6 (RoW)

	Sidewall panel

	
	230
	100%
	

	
	Glass fibre reinforced plastic
	182
	79 %
	Ecoinvent activity: market for carbon fibre reinforced plastic, injection moulded (GLO)

	
	Polyvinyl chloride film
	23
	10 %

	Ecoinvent activity: market for polyvinylchloride, bulk polymerised (GLO)

	
	carbon fibre reinforced plastic
	25
	11 %
	Ecoinvent activity: market for carbon fibre reinforced plastic, injection moulded (GLO)



The cockpit instrument panel is the structural framing that supports the instruments and electronics (e.g., avionics and the flight-control system) in the cockpit. The production processes of the panel are modelled following Arvidsson et al. (2024) (Table S19).

Table S19. life cycle inventory of instrument panel 
	Flows
	Amount 
	Unit 

	Inputs 
	
	

	Ethylen-tetrafluorethylen (GLO) 
	5.9
	kg

	carbon fibre reinforced plastic, injection moulded (GLO)
	14.3
	kg

	copper, cathode (GLO)
	25.3
	kg

	injection moulding (GLO)
	9.3
	kg

	metal working, average for copper product manufacturing (RoW)
	25.3
	kg

	polyethylene terephthalate, granulate, amorphous (GLO)
	3.4
	kg

	Outputs 
	
	

	instrument panel
	1
	Item 


The flooring comprises a flame-retardant carpet and a supporting structure that extends through the cabin and continues into the cockpit and cargo compartment. In Orson (2022), the Airbus A320 flooring includes a substantial aluminium structure for the belly freight compartment, which the modelled aircraft does not have. However, the total aluminium mass assigned to flooring is considered reasonable for the present model, and any potential excess is assumed to offset underestimation in other interior subsystems such as the lavatory and storage units. Overhead bins in the cabin provide storage for passengers’ carry-on luggage and for equipment used by the cabin attendant. The hybrid-electric aircraft includes passenger overhead bins. They consist primarily of an aluminium support structure with composite walls and hatches, and are modelled based on data from Orson (2022). The aircraft has 30 passenger seats with 10 single and 10 double seat units. It also includes two pilot seats, one cockpit observer seat, and one cabin-attendant seat. Seats are modelled using the inventory in Orson (2022), with modification with inputs from collaborating company’s engineers. The same approach is used for the pilot, observer, and cabin-attendant seats, with additional adjustments to account for their different designs. Sidewall panels cover the inside of the cabin, which improves comfort and protect the insulation. Insulation blankets sit between the panels and the fuselage and provide thermal and acoustic insulation. The panels are modeled using the material composition from Orson (2022) and are mainly composites. Based on the hybrid-electric aircraft’s design, the required areas are about 61 m2 of sidewall panels and 26 m2 of insulation. In addition to the subsystems described above, several components are included and modelled generically, including wardrobes, lavatory, emergency life jackets, cargo net, cabin pressure bulkheads, and the avionics rack. Pressure bulkheads are modelled as carbon fibre-reinforced polymer (CFRP), the cargo net as polyester, and the avionics rack as cast aluminium. Due to limited data for the lavatory and wardrobes, these are approximated using the same material composition as the overhead bins, given their similar function and structure.
[bookmark: _Toc227803569]1.5 Assembly process
Aircraft assembly comprises the integration of all structural, powertrain, and interior components into the airframe. The required buildings for the 30-seats aircraft assembly have not yet been constructed, but preliminary plans specify the total floor area. The facility will consist of several hangar-type structures comparable to the Ecoinvent process “building construction, hall, steel construction”. All assembly buildings are therefore modelled using this process, with a 50-year lifetime. The environmental burden of constructing the assembly plant is allocated across all aircraft expected to be produced over this 50-year period.
According to collaborating company’s engineers, assembly will primarily rely on hand tools and cranes for lifting larger components. Given their relatively small contribution to total impacts, these tools are excluded from the model. Electricity requirements were estimated by the collaborating company’s engineer. is estimated using average industrial energy-use intensities from the Swedish Energy Agency (Energistatistik för lokaler 2021, 2021), scaled to the planned facility area. 
Water use is primarily associated with cleaning components and completed aircraft. The engineers from our collaborating company estimate 400 L of water per aircraft. In addition, kerosene is required for turboprop engine testing during aircraft commissioning. The required kerosene amount is based on the fuel use of four typical 260-km regional flights, consistent with the electricity testing assumptions.
Table S20. Life cycle inventory of 1 aircraft assembly 
	
	Product 
	Amount
	Unit 

	Inputs 
	
	
	

	
	Kerosene production and consumption
	317.72
	kg

	
	tap water (Europe without Switzerland)
	400
	kg

	
	Building, hall, steel construction (GLO)
	6.78
	square meter

	
	heat, district or industrial, other than natural gas (SE)
	148188
	MJ

	
	electricity, medium voltage (SE)
	4542.56
	kWh

	Outputs 
	
	
	

	
	Aircraft Assembly
	1
	Item


 
[bookmark: _Toc227803570]1.6 Aviation fuel
Conventional aviation primarily relies on fossil-based jet fuel. To mitigate greenhouse gas (GHG) emissions, many countries and regions are now promoting the use of alternative aviation fuels (AAF). AAFs can be produced through multiple technological pathways from diverse feedstocks, leading to substantial variation in their life cycle impacts (de Jong et al., 2017; ICAO, 2024). The International Civil Aviation Organization (ICAO) models future AAF production and composition using a market-diffusion approach, which has been widely applied for assessing emerging energy technologies (ICAO, 2022). In this study, the “Mid Traffic Forecast” scenario from ICAO (2022) is adopted, representing the medium range of potential greenhouse gas reductions from alternative fuels. This scenario assumes fuel production technologies with moderate technological readiness and attainability. It includes fossil-based aviation fuel (kerosene and low-carbon aviation fuel, LCAF) blended with alternative aviation fuels (AAF). The composition of the blended AAF is extracted from Figure 4.7 in ICAO (2022), and provided in Table S21. 
Table S21. Fuel composition in 2035-2065. 
	Fuel type
	2035-2045
	2045-2055
	2055-2065

	Fossil-based aviation fuel (Kerosene + LCAF)
	76%
	43%
	25%

	AAF- biomass, liquid and solid waste 
	13%
	40%
	57%

	AAF- waste CO2
	11%
	17%
	18%


LCAF refers to petroleum-based jet fuel produced with mitigation measures implemented in the refining and upstream processes. According to the ICAO model, LCAF production results in approximately 1.3 g CO2/MJ lower emissions compared to conventional jet fuel. This reduction is comparable to that observed for kerosene production in the prospective LCA (pLCA) database (about 20.5 g CO2/MJ in 2030, 20.0 g CO2/MJ in 2040, and 19.6 g CO2/MJ in 2050) compared with its production in Ecoinvent 3.10 (about 21.63 g CO2/MJ). These reductions result from decarbonization measures in the upstream kerosene production. Accordingly, kerosene production processes in the pLCA database are used to represent LCAF in this model. The waste-CO2-based AAF fraction was modeled as a Power-to-Liquid fuel produced through Fischer-Tropsch route using waste CO2 captured from industrial sources. The inventory for fuel production is based on the process described in Flow scheme 1 and Table 7 of Treyer Karin et al. (2022), which was originally from van der Giesen et al. (2014). Based on this inventory, producing 1kg of AAF requires 3.23 kg of industrial biobased waste CO2, 0.44 kg of H2, 0.86 kWh of electricity and 1.3 kg of water. The CO2 capture process was modeled using data from Bell et al. (2025), in which the capture of 1 kg of CO2 requires 3.82 MJ of heat, 0.48 MJ of electricity, and 1.3g of monoethanolamine. It should be noted that the CO2 source was assumed to be biogenic because the life-cycle greenhouse gas emissions of fossil-based AAF are too high (5.6 kg CO2-eq per kg fuel used, at 2030), much more than those of kerosene (around 4 kg CO2-eq per kg fuel used, at 2030) and therefore not be able to meet the required emission-reduction target. Hydrogen production was modeled using a PEM electrolysis process, based on the premise-generated prospective LCA database process “hydrogen production, gaseous, 30 bar, from PEM electrolysis, from grid electricity, RER”, with original data from Gerloff (2021). As mentioned above, multiple technological pathways and feedstocks can be used for producing AAF-biomass, liquid and solid waste. In this study, AAF produced using biomass, liquid and solid waste is modeled as a market-share weighted average of pathways consistent with ICAO (2022), as summarized in Table S22.
Table S22. AAF-biomass, liquid and solid waste composition.  
	Feedstock 
	Production method 
	Share 

	Waste and by-product (modeled in this study as used cooking oil)
	Hydro-processed esters and fatty acids (HEFA)
	33%

	Vegetable oil energy crop
	HEFA
	20% (1/3 soybean oil, 1/3 rapeseed oil, 1/3 palm oil)

	Sugary energy crops
	Alcohol-to-jet pathway
	18%

	Lignocellulosic energy crops
	Alcohol-to-jet pathway
	10%

	Municipal solid waste
	Fischer Tropsch 
	10%

	Forestry and crop residues
	Alcohol-to-jet pathway
	9%


Given the uncertainty in the future market composition of AAF, a sensitivity analysis was conducted using an alternative AAF market mix based on IATA (2025) (chart 11), which projects future AAF production potential from 2030 to 2050. The reported production volumes were converted into relative shares for the time points 2035, 2045, and 2050, as presented in Table S23. To improve consistency with the categories used in IATA (2025), the baseline AAF categories “Waste and by-product (modeled in this study as used cooking oil)” and “Vegetable oil energy crop” (Table S22) were combined into a single category of “oil-based biomass feedstocks”.  The results of the sensitivity analysis are presented in Table S47-48. 

Table S23. AAF compositions used in the sensitivity analysis, derived from IATA (2025) (Chart 11).
	Fuel type
	feedstock
	2035
	2045
	2055 (approximated using 2050 data)

	Fossil-based aviation fuel (Kerosene + LCAF)
	Crude oil
	76.2%
	43.2%
	25.1%

	AAF- biomass, liquid and solid waste

	oil-based biomass as feedstock; ¼ used cooking oil, ¼ soybean oil, ¼ rapeseed oil, and ¼ palm oil/
	9.5%
	12.1%
	11.5%

	
	Sugary energy crops as feedstock
	2.2%
	5.2%
	6.5%

	
	Municipal solid waste as feedstock
	1.4%
	4.1%
	5.3%

	
	AAF- biomass, liquid and solid waste
Forestry and crop residues as feedstock
	5.3%
	15.3%
	19.6%

	
	AAF- waste CO2
	5.3%
	20.1%
	32%


For lignocellulosic and sugar-based energy crops, it was assumed that the feedstocks are converted to jet fuel by the alcohol-to-jet (ATJ) pathway. In this process, the biomass is first converted into alcohols such as ethanol or isobutanol, which are subsequently upgraded to jet fuel. The LCI for ethanol production was obtained from the Ecoinvent activity “market for ethanol, without water, in 99.7% solution state, from fermentation, vehicle grade”. The inventory data for AAF is sourced from de Jong et al. (2017) and are summarized in Table S24. The LCIs for other production path and feedstock are summarized in Table S25-31. Environmental burdens were allocated among co-products based on their energy content.
Table S24. Unit process for AAF produced based on alcohol-to-jet pathway with lignocellulosic or sugary energy crops as feedstock.
	Flow
	Amount 
	Unit 

	Inputs
	
	

	Ethanol, without water, in 99.7% solution state, from fermentation (GLO)
	47.182
	g 

	hydrogen, gaseous, low pressure (RER)
	0.667
	g

	electricity, medium voltage (GLO)
	0.03
	MJ

	Outputs
	
	

	Jet fuel (Product)
	1
	MJ

	Diesel (co-product)
	0.12
	MJ

	Naphtha (co-product)
	0.21
	MJ

	Waste heat  (emission to air)
	0.03
	MJ



Table S25. Unit process for AAF produced based on the Fischer Tropsch method with municipal solid waste feedstock (ICAO, 2024; Lee et al., 2023). 
	Flow
	Amount 
	Unit 

	Inputs 
	
	

	Municipal solid waste
	1
	kg

	Olivine (RER) 
	0.0014
	kg

	electricity, medium voltage (GLO)
	0.02614
	kWh

	Outputs 
	
	

	Carbon dioxide, fossil (emission to air)
	0.42
	kg

	Water (emission to air)
	6.48e-06
	cubic meter

	Jet fuel (product)
	257.727
	g

	Scrap aluminum (Europe without Switzerland)
	14.1
	g

	Scrap steel (Europe without Switzerland)
	3.6
	g

	Waste glass (RER)
	32.9
	g



Table S26. Unit process for AAF produced based on the HEFA method with soybean oil as feedstock, modified based on (ICAO, 2024). 
	Flow
	Amount 
	Unit 

	Inputs
	
	

	soybean oil, crude (RER)
	0.556
	kg

	hydrogen, gaseous, medium pressure, merchant (RER)
	0.00236
	kg

	heat, district or industrial, natural gas (GLO)
	4.0293
	MJ

	electricity, medium voltage (GLO)
	0.00993511
	kWh

	Outputs 
	
	

	Jet fuel  (Product)
	0.45359237
	kg

	Naphtha (co-product)
	0.05554
	kWh




Table S27. Unit process for AAF produced based on the HEFA method with rapeseed oil as feedstock (ICAO, 2024).
	Flow
	Amount 
	Unit 

	Inputs
	
	

	rape oil, crude (CH)
	0.556
	kg

	hydrogen, gaseous, medium pressure, merchant (RER)
	0.00236 
	kg

	heat, district or industrial, natural gas (GLO)
	3.872
	MJ

	electricity, medium voltage (GLO)
	0.04278
	kWh

	Outputs 
	
	

	Jet fuel  (Product)
	0.45359237
	kg

	Naphtha (co-product)
	0.05554
	kWh



Table S28. Unit process for SAF produced based on the HEFA method with palm oil as feedstock (ICAO, 2024).
	Flow
	Amount 
	Unit 

	Inputs
	
	

	palm oil, crude (GLO)
	0.0276716216
	kg

	heat, district or industrial, natural gas (GLO)
	0.08576
	MJ

	phosphoric acid, industrial grade, without water, in 85% solution state (GLO)
	1.68778E-05
	kg

	sodium hydroxide, without water, in 50% solution state (RER)
	2.70028E-05
	kg

	nitrogen, liquid (RER)
	4.91944E-06
	kg

	electricity, medium voltage (GLO)
	0.001906
	kWh

	hydrogen, gaseous, low pressure (RER)
	0.14
	g

	Outputs 
	
	

	Jet fuel (product)
	0.02273 
	kg

	Steam
	0.004712
	MJ




Table S29. Unit process for AAF produced based on the AtJ method with forest residue as feedstock (ICAO, 2024).
	Flow
	Amount 
	Unit 

	Inputs 
	
	

	heat, district or industrial, natural gas (Europe without Switzerland)
	0.08
	MJ

	Forest residues (burden free)
	0.16
	kg

	Diesel (GLO) (for collecting forest residue)
	0.02476635
	kg

	Sulfuric acid (RER)
	0.00369
	kg

	ammonia, anhydrous, liquid (RER)
	0.00223
	kg

	sodium hydroxide, without water, in 50% solution state (RER)
	0.00406
	kg

	quicklime, milled, packed (RER)
	0.00164
	kg

	Diammonium phosphate (RER)
	0.00025
	kg

	hydrogen, gaseous, low pressure (RER)
	0.0002
	kg

	Enzymes (GLO)
	0.00084
	kg

	ethanol fermentation plant (GLO)
	4e-10
	unit

	Outputs 
	
	

	Jet fuel (product)
	0.02273 
	kg

	Naphtha (co-product)
	0.22
	MJ



Table S30. Unit process for AAF produced based on the HEFA method with used cooking oil as feedstock (Jenny et al., 2022)
	Flow
	Amount 
	Unit 

	Inputs 
	
	

	Pretreated vegetable oil
	1000
	kg

	heat, from steam, in chemical industry (RER)
	4445
	MJ

	transport, freight, sea, tanker for petroleum (GLO)
	21123
	tkm

	transport, freight, sea, ferry(GLO)
	1724
	tkm

	transport, freight, lorry, unspecified (GLO)
	46.5
	tkm

	transport, freight, sea, ferry (GLO)
	50
	tkm

	hydrogen, gaseous, low pressure (RER)
	44
	kg

	electricity, medium voltage (BE)
	46.5
	kwh 

	Outputs 
	
	

	Pretreated vegetable oil
	980
	kg


Table S31. Unit process for pretreating used vegetable oil (Jenny et al., 2022). 
	Flow
	Amount 
	Unit 

	Inputs 
	
	

	Used vegetable oil (GLO)
	1000
	kg

	phosphoric acid, industrial grade, without water, in 85% solution state (GLO)
	7.8
	kg

	heat, from steam, in chemical industry (RoW)
	464
	MJ

	Bentonite (GLO)
	1
	kg

	electricity, medium voltage (CN)
	9.8
	kWh 

	Outputs 
	
	

	Pretreated vegetable oil
	980
	kg


[bookmark: _Toc227803571]1.7 Aircraft use phase and end-of-life
Fuel use and combustion 
Emissions from kerosene combustion are modeled based on emission factors reported by Lopes (2010), except that nitrogen oxides (NOx) emissions were based on Neumann et al. (2025), as presented in Table S32. The NOx emission factor was revised because previous studies have noted that turboprop engines tend to produce less NOX than turbofan engines, as NOx formation is strongly influenced by combustion temperature and pressure (Neumann et al., 2025).
In this study, phase-specific fuel consumption for the hybrid-electric aircraft is not available, therefore, the exact emission height of fuel combustion cannot be specified. This uncertainty mainly affects the PM results, because the characterization factors for relevant substances depend on the emission height. Following the guidance in the Ecoinvent report (Sonderegger, 2025), “non-urban air or from high stacks” was selected as the default sub-compartment for fuel-combustion emissions in this study. This sub-compartment was defined in the report as “Emission in areas with a population density below 400 persons per km2 or from stacks higher than 100 m.”
Table S32. Life cycle inventory of kerosene combustion  
	Flow
	Amount 
	Unit 

	Inputs 
	
	

	kerosene (Europe without Switzerland)
	1
	kg

	Outputs
	
	

	Carbon dioxide, fossil (emission to air)
	3.16
	kg

	Carbon monoxide, fossil (emission to air)
	3
	g

	Hydrocarbons, unspecified (emission to air - non-urban air or from high stacks)
	0.4
	g

	Nitrogen oxides (emission to 'air', 'non-urban air or from high stacks')
	7.3
	g

	Particulate Matter, < 2.5 um (emission to 'air', 'non-urban air or from high stacks')
	2.5E-05
	kg

	Sulfur dioxide (emission to 'air', 'non-urban air or from high stacks')
	0.8
	g

	Water (emission to air)
	1240
	g


Neumann et al. (2025) was selected as the primary source for the NOx emission index because it provides more recent, primary in-flight measurements for a turboprop aircraft operating at relatively low cruise altitude, which is more representative of the hybrid-electric aircraft assessed in this study. Based on Neumann et al. (2025), a NOx emission factor of 7.3 g per kg of fuel burned during the cruise phase at flight level 250 (approximately 7.6 km) was used. This value is lower than the 14 g/kg reported by Lopes (2010). It is also lower than, but in the same general range as, the NOx emission indices reported by G. Fleming and Ziegler (2016) and Barrett et al. (2010), at 15.14 and 14.12 g/kg fuel, respectively. The climate impacts of NOx are complex and require further study. Here, we report the amount of NOx emitted per pkm for each flight mission (Table S33), calculated based on value reported in Neumann et al. (2025). 
Table S33. NOx emissions per pkm
	
	NOx emission (g/pkm) 

	100km 
	0

	200km 
	0

	260km
	0

	289km
	4.70

	300km 
	9.12

	383km
	29.88

	400km 
	36.97

	500km 
	77.86

	600km 
	102.26

	700km 
	120.91


The SO2 emission index used in this study is within the broader range reported for aviation fuels. The applied value of 0.8 g/kg fuel corresponds to an implied sulfur content of about 400 ppm by mass. This falls within the range of practical sulfur contents reported for jet fuel: 300-800 ppm (Faber et al., 2022; Miller M et al., 2010). 
As for the PM emissions, Neumann et al. (2025) report values in terms of particle number (16.21014 particles per kg of fuel burned) during the cruise phase at flight level 250 (approximately 7.6 km). To convert particle number to mass, we assume that primary particles are near-spherical with an effective density , which is constant across the mode. The mass of an individual particle with diameter  can therefore be calculated as density multiplied by volume:

 =   

Units: D in m,  in kg/m3
 
Neumann et al. (2025) reports the particle number emission index  with a lognormal probability density over :  ,  , where , . Because  refers to probability density in  with unit area, it integrates to 1, giving 

 and  

The mass emission index  (kg PM per kg fuel) is then

 = 

We therefore substitute the lognormal form , to recognize the third moment of the size distribution: 

 = 

For a lognormal with lnD , the k-th moment is  
With k = 3, , and , we obtain:   = 

Based on the values reported in Neumann et al. (2025) at flight level of 250,  is 1.241015 particles kg-1 fuel for non-volatile PM and 1.621015 particles kg-1 fuel for total PM. The geometric mean diameter D is assumed to be 27.5 nm (with uncertainties  2nm), and the geometric standard deviation is assumed to be 1.8 (Kittelson et al., 2021). The effective density  ranges from 300-1800 kg m-3  (Crayford et al., 2012; Durdina et al., 2014; Durdina et al., 2024). The estimated total PM emissions ranges from 2.51 to 1510-5 kg per kg of fuel burned, while non-volatile PM ranges from 1.92 to 11.510-5 kg per kg of fuel burned. These estimates indicate a very large degree of uncertainty. By contrast, the EMEP/EEA aviation guidebook reports PM emission factors for aircraft A300, B737, and DC10, of approximately 110-5 kg/kg fuel, with values of 6.7 10-6 kg /kg fuel for cruise and 0.01 g/kg fuel for climb and descent. The value used in Lopes (2010) (2.5 105 kg) falls within the lower part of the estimated PM range and is of the same order of magnitude as other reported aviation PM mass emission factors. Therefore, given the large uncertainty associated with the converted PM emission estimates from Neumann et al. (2025), the emission factor reported by Lopes (2010) was used in the model. 
As for the combustion of AAF, previous studies reported a reduction of particulate matter emission by 50-97% (Durdina et al., 2021; Moore et al., 2017; Tran et al., 2020; Voigt et al., 2021). Accordingly, based on the kerosene combustion inventory listed in the Table S32 with the original inventory from Lopes (2010) and Neumann et al. (2025), this study applies a 73.5% average PM-emission reduction for AAF combustion. Other emissions from AAF combustion were assumed to be the same as those of kerosene, with the CO2 and CO considered biogenic (Table S34).
Table S34. Life cycle inventory of AAF combustion  
	Flow
	Amount 
	Unit 

	Inputs 
	
	

	AAF (Europe without Switzerland)
	1
	kg

	Outputs
	
	kg

	Carbon dioxide, non-fossil (emission to air)
	3.16
	kg

	Carbon monoxide, non-fossil (emission to air) 
	3
	g

	Hydrocarbons, unspecified (emission to air - non-urban air or from high stacks)
	0.4
	g

	Nitrogen oxides (emission to 'air', 'non-urban air or from high stacks')
	7.3
	g

	Particulate Matter, < 2.5 um (emission to 'air', 'non-urban air or from high stacks')
	6.625E-06
	kg

	Sulfur dioxide (emission to 'air', 'non-urban air or from high stacks')
	0.8
	g

	Water (emission to air)
	1240
	g



Flight mission
The hybrid-electric aircraft in this study can be used for different flight distances. In this study, we consider a flight distance of 100-700 km. It was assumed that the days of flight per year are 350 days. Based on the data provided by the collaborating company, the flight utilization profile is provided in Table S35.
Table S35. Flight operation frequency. 
	Flight distance (km)
	Flights per day
	Flights per year

	0-100
	12
	4200

	100-200
	7
	2450

	200-300
	5
	1750

	300-400
	4
	1400

	400-500
	3
	1050

	500-600
	2
	700

	600-700
	2
	700

	700-800
	2
	700


Several aircraft components require replacement during the use phase. This study considers the replacement of the MLG and NLG, as well as the battery pack. Landing-gear replacement is related to aircraft usage. According to maintenance input from our collaborating company, the MLG and NLG are replaced every 350 and 250 landings, respectively. It is assumed that the second-generation battery becomes available after 2045, and that all battery replacements from 2045 onward use the second-generation design. Because battery lifetime (Table S8) varies with mission profile, the number of battery packs required over the aircraft’s lifetime is calculated for each mission distance, as shown in Table S36. A conservative operational assumption was applied: the battery was recharged after every flight, such that each flight corresponded to one charging cycle. This assumption was also used for short missions, although the battery could in principle support more than one flight per charge. The total cycle demand over the modeled period (first-generation battery in 2035-2045 and second-generation battery in 2045-2065) was therefore equal to the total number of flights. Dividing this demand by the battery cycle life yielded the total number of batteries required, with values rounded up to the nearest integer. Any unused lifetime in the final battery was quantified and carried forward to the subsequent period.
Table S36. The amount of component required during use phase. 
	Flight missions (km)
	1st generation battery required in 2035-2045
	2nd generation battery required in 2045-2065
	Yearly MLG required 
	Yearly NLG required 

	100
	11
	21
	12
	16.8

	200
	7
	14
	7
	9.8

	260
	7
	12
	5
	7

	289
	7
	12
	5
	7

	300
	7
	12
	5
	7

	383
	6
	11
	4
	5.6

	400
	6
	11
	4
	5.6

	500
	5
	8
	3
	4.2

	600
	3
	6
	2
	2.8

	700
	3
	6
	2
	2.8



Electricity and fuel consumption
Flight simulations performed by our collaborating aircraft company indicate electricity requirements of 555.34 kWh for a 100 km mission and 954.68 kWh for a 200 km mission. The mission profile includes several phases (taxi-out, take-off, climb, cruise, descent, landing, and texi-in), and specific electricity consumption varies across these phases rather than linear. For example, take off and climbing requires higher power than cruise. Because phase-specific electricity consumption cannot be identified from the aggregate mission totals, we approximate the relationship between mission distance and electricity demand using a linear formulation.
The total mission electricity demand  is approximated as , where D is the mission distance (km), b is the marginal electricity consumption per additional of mission distance, and a represents a mission-fixed electricity. The slop b is estimated from the difference between the simulated missions: , and this value is expected to be dominated by the extension of the cruise phase.  can be obtained from the 100km and 200km mission: . Thus, the linear approximation of mission electricity consumption can be written as: E Since  can approximately represent the energy consumption per km during the cruise phase,  (156kWh) can then approximately represent the electricity consumed during the rest phase, including taxi-out, take-off, climb, descent, landing and taxi-in. 
Based on European Environment Agency (2023)’s landing take off (LTO) cycle data for regional aircraft such as the fokker 100, the typical engine thrust settings during different operational phases are approximately 7% for taxi-out, 100% for take-off, 85% for climb, 30% for descent and landing, and 7% for taxi-in of the maximum engine thrust. Due to lack of data, these thrust fractions are used as a proxy for the relative power demand across flight phases. The supplementary materials from the same report also provides representative time durations for these phases of 1140 s (taxi-out), 42s (take-off), 132s (climb), 240s (descent and landing), and 420s (taxi-in) (European Environment Agency, 2023). Based on data mentioned above, the relative energy demand before and after the cruise phase can be approximated as: 


Therefore   .
Using this ratio, the mission fixed electricity demand 156 kWh obtained above can be allocated between the flight phases occurring before cruise (taxi-out, take-off, and climb) and those occurring after cruise (descent and landing, and taxi-in). Accordingly, approximately  electricity can be allocated to the phases before cruise, while approximately 47.2 kWh electricity is allocated to the phases after cruise. 
The maximum electricity powered flight distance is restricted by the installed battery capacity. For the first-generation ASSB, the usable battery capacity is 1311.24 kWh (battery capacity 1784 kWh  DoD 73.5%), the theoretical maximum mission distance supported by the battery can therefore be estimated as 100 + . Applying the same calculation approach to the second-generation ASSB yields a theoretical maximum mission distances of approximately 383 km. Using this linear approximation of mission electricity demand, the electricity consumption for mission distances under fully electric operation was estimated and is reported in Table S37. 
For missions exceeding the all-electric range, fuel is used to supply the remaining flight distance. Information provided by the industrial partner indicates that when the battery capacity is just sufficient to complete the mission distance, a small amount of fuel (16.75 kg) is still consumed to maintain the turboprop engines in idle mode during and after descent and landing phase as a safety measure. Industrial data also indicate the additional fuel required when the mission exceeds the all-electric limit: 72.42985 kg for extra 60 km, 217.351 kg for extra 200 km, and 405.205 kg for extra 400 km.
Assuming a linear relationship between fuel-powered travel distance and fuel consumption, we estimated this relationship using ordinary least squares regression, using the following equations:
 , 
 
The fitted line is:  Fuel consumption (kg) = 0.956868  fuel powered distance (km) + 23.484281.
Overall, the usable battery capacity, together with the previously estimated electricity consumption for mission-fixed phases, the marginal electricity consumption per kilometer (mainly representing the cruise phase), and the fuel consumption, was used to estimate the total energy demand for the flight mission profiles considered in this study (Table S37). 
In theory, when the mission distance exceeds the all-electric limit, the electricity previously allocated to the post-cruise phases (descent, landing, and taxi-in) could instead be used to extend the cruise phase. Based on the estimated electricity consumption of these phases (approximately 47.2 kWh) and the marginal electricity consumption of 3.9934 kWh/km, this corresponds to a potential additional cruise distance of approximately: . This implies that although the theoretical maximum fully electric mission distance supported by the first-generation battery is approximately 289 km, the battery could theoretically support cruise over a mission distance of up to approximately 301 km. However, fuel consumption in this study is modeled as a function of fuel-powered distance rather than individual flight phases. For mission distance between 289 km and 301km, fuel would be required only for the pose-cruise phases (descent, landing, and taxi-in), but these phases cannot be represented as a defined fuel-powered distance in the fitted fuel consumption model, their fuel use cannot be estimated consistently. To avoid introducing additional uncertainty, this theoretical extension (11.82 km) was not applied when estimating fuel consumption for the 300 km mission but was only considered for longer mission distances (400 - 700 km).

Table S37. Electricity and fuel consumption per mission profile per single flight based on 1st (pre-2045) and 2nd generation ASSB (post-2045). 
	Flight missions (km)
	Electric consumption (kWh), 1st generation ASSB
	Fuel consumption (kg), with 1st generation ASSB powered aircraft 
	Electric consumption (kWh), 2nd generation ASSB
	Fuel consumption (kg), with 2nd generation powered ASSB aircraft

	100
	555.34
	0
	555.34
	0

	200
	954.68
	0
	954.68
	0

	260
	1194.28
	0
	1194.28
	0

	289
	1311.24
	16.75
	1311.24
	0

	300
	1311.24
	33.73
	1354.02
	0

	383
	1311.24
	101.38
	1683.52
	16.75

	400
	1311.24
	118.11
	1683.52
	28.9

	500
	1311.24
	213.80
	1683.52
	124.60

	600
	1311.24
	309.48
	1683.52
	220.28

	700
	1311.24
	405.17
	1683.52
	315.96



Table S38. Lifetime electricity and fuel consumption per mission profile. 
	Flight missions (km)
	Electric consumption per flight lifetime(kWh)
	Fuel consumption per flight lifetime (kg)
	Electric consumption per passenger kilometer (Wh/pkm)
	Fuel consumption per passenger kilometer (g/pkm)

	100
	7.14E7
	0
	188.89
	0

	200
	7.16E7
	0
	162.36
	0

	260
	6.40E7
	0
	156.24
	0

	289
	7.02E7
	2.93E5
	154.17
	0.64346

	300
	7.18E7
	5.90E5
	151.90
	1.24943

	383
	6.65E7
	1.97E6
	137.88
	4.09365

	400
	6.65E7
	2.55E6
	131.85
	5.06391

	500
	4.94E7
	5.04E6
	104.48
	10.66623

	600
	3.32E7
	5.29E6
	87.90
	14.00781

	700
	3.32E7
	7.30E6
	75.34
	16.56321


Schäfer et al. (2019) estimated that a 180 seats all-electric aircraft on a 741 km mission would consume 180 Wh per revenue passenger-kilometer (rpk). This consumption is of the same order of magnitude as the electricity use for pure-electric missions in this study.
In this study, it is assumed that the aircraft is dismantled, its materials are sorted into the corresponding market processes for waste or scrap handling and then exit the technical system.
Table S39. Life cycle inventory of aircraft end-of-life  
	Flow
	Amount 
	Unit 

	Inputs 
	
	

	scrap aluminium (Europe without Switzerland)
	-3963.56
	kg

	scrap steel (Europe without Switzerland)
	-1255.83
	kg

	shredder fraction after manual dismantling of used electronic product (GLO)
	-2267.436
	kg

	waste mineral oil (Europe without Switzerland)
	-15.54
	kg

	waste plastic, mixture (Europe without Switzerland)
	-2063.26
	kg

	waste rubber, unspecified (Europe without Switzerland)
	-0.717
	kg

	waste textile, soiled (RoW)
	-57.19
	kg

	Outputs
	
	kg

	Waste aircraft treatment 
	1
	Item 


[bookmark: _Toc227803572]2. Results 
Figure S1-4 shows the cradle-to-grave environmental impacts of the hybrid-electric aircraft per passenger kilometer. Each subplot from each figure represents a specific mission distance. Within each subplot, stacked bars show contributions from production, use phase (electricity, kerosene, AAF, battery replacement, wheels and tires replacement, as well as others), and end-of-life (EoL) for the periods. Table S40-43 shows the environmental impacts of hybrid aircraft over its lifetime. 
The aircraft production processes appear only in 2035, and are calculated with the pLCA database in 2035. The EoL only appears in 2065 and is calculated with the pLCA database in 2065. Use-phase bars are ten-year cumulative totals that use the background database from the middle year of each period. Specifically, the bar labelled 2045 is the impacts caused by 2035-2045 using the 2040 background database; the bar labelled 2055 is the impacts caused by 2045-2055 using the 2050 background database; the bar labelled 2065 is the impacts caused by 2055-2065 using the 2060 background database. 

Table S40. Climate impacts of the studied hybrid aircraft over its lifetime, with a functional unit of 1 passenger kilometer (unit: g CO2-eq/ pkm)
	 
	 
	100 km
	200 km
	260 km
	289 km
	300 km
	383 km
	400 km
	500 km
	600 km
	700km

	Production phase
	Structure production 
	0.276
	0.237
	0.255
	0.229
	0.221
	0.216
	0.207
	0.221
	0.276
	0.237

	 
	Power train
	0.165
	0.141
	0.152
	0.137
	0.132
	0.129
	0.124
	0.132
	0.165
	0.141

	 
	Operational system
	0.045
	0.039
	0.042
	0.038
	0.036
	0.036
	0.034
	0.036
	0.045
	0.039

	 
	Interior
	0.028
	0.024
	0.026
	0.023
	0.023
	0.022
	0.021
	0.023
	0.028
	0.024

	 
	Assembly plant, Utilities
	0.010
	0.008
	0.009
	0.008
	0.008
	0.008
	0.007
	0.008
	0.010
	0.008

	 
	Production total
	0.776
	0.665
	0.716
	0.644
	0.621
	0.609
	0.582
	0.621
	0.776
	0.665

	 Use phase
	Fuel consumption: Kerosene
	0
	0
	0
	1.971
	3.826
	10.651
	12.546
	22.763
	28.894
	33.565

	 
	Fuel consumption: AAF
	0
	0
	0
	0.195
	0.378
	1.846
	2.486
	6.416
	8.748
	10.537

	 
	Wheels & Tires replacement
	3.366
	1.683
	1.295
	1.163
	1.122
	0.880
	0.841
	0.673
	0.561
	0.481

	 
	Battery replacement
	5.432
	2.930
	2.861
	2.572
	2.480
	2.130
	2.037
	1.611
	1.246
	1.068

	 
	Electricity consumption
	3.062
	2.632
	2.533
	2.499
	2.457
	2.199
	2.103
	1.667
	1.402
	1.202

	 
	Rest_use phase
	0.505
	0.282
	0.245
	0.220
	0.207
	0.175
	0.167
	0.139
	0.111
	0.101

	EoL_aircraft
	EoL_aircraft
	0.013
	0.011
	0.012
	0.011
	0.011
	0.010
	0.010
	0.011
	0.013
	0.011

	Total emissions
	
	13.154
	8.203
	7.663
	9.275
	11.102
	18.500
	20.773
	33.900
	41.751
	47.630
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Figure S1. Cradle-to-grave climate impacts of the studied hybrid-electric aircraft during 2035-2065 across mission distance 100-700 km, with a functional unit of one hybrid electric aircraft (unit: kg CO2-eq). 

Table S41. Particulate matter potential of the studied hybrid aircraft over its lifetime, with a functional unit of 1 passenger kilometer (unit: disease incidence/pkm)
	 
	 
	100 km
	200 km
	260 km
	289 km
	300 km
	383 km
	400 km
	500 km
	600 km
	700km

	Production phase
	Structure production 
	2.80E-11
	2.40E-11
	2.58E-11
	2.32E-11
	2.24E-11
	2.20E-11
	2.10E-11
	2.24E-11
	2.80E-11
	2.40E-11

	 
	Power train
	1.41E-11
	1.21E-11
	1.30E-11
	1.17E-11
	1.13E-11
	1.11E-11
	1.06E-11
	1.13E-11
	1.41E-11
	1.21E-11

	 
	Operational system
	4.75E-12
	4.07E-12
	4.38E-12
	3.94E-12
	3.80E-12
	3.72E-12
	3.56E-12
	3.80E-12
	4.75E-12
	4.07E-12

	 
	Interior
	2.36E-12
	2.02E-12
	2.18E-12
	1.96E-12
	1.89E-12
	1.85E-12
	1.77E-12
	1.89E-12
	2.36E-12
	2.02E-12

	 
	Assembly plant, Utilities
	1.04E-12
	8.94E-13
	9.63E-13
	8.66E-13
	8.35E-13
	8.18E-13
	7.83E-13
	8.35E-13
	1.04E-12
	8.94E-13

	 
	Production total
	7.03E-11
	6.03E-11
	6.49E-11
	5.83E-11
	5.62E-11
	5.51E-11
	5.27E-11
	5.62E-11
	7.03E-11
	6.03E-11

	 Use phase
	Fuel consumption: Kerosene
	0
	0
	0
	1.72E-11
	3.34E-11
	9.31E-11
	1.10E-10
	2.00E-10
	2.53E-10
	2.94E-10

	 
	Fuel consumption: AAF
	0
	0
	0
	1.90E-11
	3.69E-11
	1.76E-10
	2.36E-10
	6.04E-10
	8.23E-10
	9.91E-10

	 
	Wheels & Tires replacement
	2.19E-10
	1.09E-10
	8.40E-11
	7.55E-11
	7.28E-11
	5.71E-11
	5.46E-11
	4.37E-11
	3.64E-11
	3.12E-11

	 
	Battery replacement
	5.82E-10
	3.16E-10
	3.04E-10
	2.73E-10
	2.63E-10
	2.28E-10
	2.18E-10
	1.70E-10
	1.36E-10
	1.17E-10

	 
	Electricity consumption
	4.10E-10
	3.53E-10
	3.39E-10
	3.35E-10
	3.29E-10
	2.95E-10
	2.82E-10
	2.23E-10
	1.88E-10
	1.61E-10

	 
	Rest_use phase
	4.34E-11
	3.27E-11
	3.31E-11
	2.98E-11
	2.85E-11
	2.51E-11
	2.40E-11
	1.98E-11
	1.65E-11
	8.98E-12

	EoL_aircraft
	EoL_aircraft
	1.65E-13
	1.41E-13
	1.52E-13
	1.37E-13
	1.32E-13
	1.29E-13
	1.24E-13
	1.32E-13
	1.65E-13
	1.41E-13

	Total emissions
	
	1.3E-09
	8.7E-10
	8.3E-10
	8.1E-10
	8.2E-10
	9.3E-10
	9.8E-10
	1.3E-09
	1.5E-09
	1.7E-09
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Figure S2. Cradle-to-grave particulate matter impact of the studied hybrid-electric aircraft during 2035-2065 across mission distance 100-700 km, with a functional unit of one hybrid electric aircraft (unit: disease incidence).
Table S42. Mineral resource depletion (AD) results for the studied hybrid aircraft over its lifetime, with a functional unit of 1 passenger kilometer (unit: kg Sb-eq/pkm)
	 
	 
	100 km
	200 km
	260 km
	289 km
	300 km
	383 km
	400 km
	500 km
	600 km
	700km

	Production phase
	Structure production 
	2.17E-06
	1.86E-06
	2.01E-06
	1.80E-06
	1.74E-06
	1.70E-06
	1.63E-06
	1.74E-06
	2.17E-06
	1.86E-06

	 
	Power train
	5.52E-06
	4.74E-06
	5.10E-06
	4.58E-06
	4.42E-06
	4.33E-06
	4.14E-06
	4.42E-06
	5.52E-06
	4.74E-06

	 
	Operational system
	1.75E-05
	1.50E-05
	1.61E-05
	1.45E-05
	1.40E-05
	1.37E-05
	1.31E-05
	1.40E-05
	1.75E-05
	1.50E-05

	 
	Interior
	8.91E-07
	7.64E-07
	8.23E-07
	7.39E-07
	7.13E-07
	6.99E-07
	6.68E-07
	7.13E-07
	8.91E-07
	7.64E-07

	 
	Assembly plant, Utilities
	1.58E-07
	1.35E-07
	1.46E-07
	1.31E-07
	1.26E-07
	1.24E-07
	1.18E-07
	1.26E-07
	1.58E-07
	1.35E-07

	 
	Production total 
	5.47E-05
	4.69E-05
	5.05E-05
	4.54E-05
	4.38E-05
	4.29E-05
	4.10E-05
	4.38E-05
	5.47E-05
	4.69E-05

	 Use phase
	Fuel consumption: Kerosene
	0
	0
	0
	4.63E-07
	8.99E-07
	2.69E-06
	3.23E-06
	6.30E-06
	8.12E-06
	9.51E-06

	 
	Fuel consumption: AAF
	0
	0
	0
	9.56E-06
	1.86E-05
	7.28E-05
	9.40E-05
	2.21E-04
	2.97E-04
	3.55E-04

	 
	Wheels & Tires replacement
	3.63E-05
	1.81E-05
	1.40E-05
	1.25E-05
	1.21E-05
	9.49E-06
	9.07E-06
	7.26E-06
	6.05E-06
	5.18E-06

	 
	Battery replacement
	9.33E-04
	5.08E-04
	4.87E-04
	4.38E-04
	4.22E-04
	3.66E-04
	3.50E-04
	2.73E-04
	2.19E-04
	1.88E-04

	 
	Electricity consumption
	3.38E-04
	2.91E-04
	2.79E-04
	2.76E-04
	2.72E-04
	2.47E-04
	2.36E-04
	1.87E-04
	1.57E-04
	1.35E-04

	 
	Rest_use phase
	4.48E-06
	3.52E-06
	3.56E-06
	3.20E-06
	3.07E-06
	2.70E-06
	2.59E-06
	2.61E-06
	1.80E-06
	2.22E-06

	EoL_aircraft
	EoL_aircraft
	1.66E-08
	1.42E-08
	1.53E-08
	1.38E-08
	1.33E-08
	1.30E-08
	1.24E-08
	1.33E-08
	1.66E-08
	1.42E-08

	Total emissions 
	
	1.4E-03
	8.7E-04
	8.3E-04
	7.8E-04
	7.7E-04
	7.4E-04
	7.4E-04
	7.4E-04
	7.4E-04
	7.4E-04
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Figure S3. Cradle-to-grave abiotic depletion result of the studied hybrid-electric aircraft during 2035-2065 across mission distance 100-700 km, with a functional unit of one hybrid electric aircraft (unit: kg Sb-eq). 

Table S43. Mineral resource depletion (CSI) of the studied hybrid aircraft over its lifetime, with a functional unit of 1 passenger kilometer (unit: kg Si-eq /pkm)
	 
	 
	100 km
	200 km
	260 km
	289 km
	300 km
	383 km
	400 km
	500 km
	600 km
	700km

	Production phase
	Structure production 
	3.21E-02
	2.75E-02
	2.96E-02
	2.66E-02
	2.57E-02
	2.52E-02
	2.41E-02
	2.57E-02
	3.21E-02
	2.75E-02

	 
	Power train
	4.12E-02
	3.53E-02
	3.80E-02
	3.42E-02
	3.30E-02
	3.23E-02
	3.09E-02
	3.30E-02
	4.12E-02
	3.53E-02

	 
	Operational system
	8.24E-02
	7.07E-02
	7.61E-02
	6.84E-02
	6.59E-02
	6.46E-02
	6.18E-02
	6.59E-02
	8.24E-02
	7.07E-02

	 
	Interior
	5.97E-03
	5.12E-03
	5.51E-03
	4.95E-03
	4.78E-03
	4.68E-03
	4.48E-03
	4.78E-03
	5.97E-03
	5.12E-03

	 
	Assembly plant, Utilities
	1.43E-03
	1.23E-03
	1.32E-03
	1.19E-03
	1.15E-03
	1.12E-03
	1.08E-03
	1.15E-03
	1.43E-03
	1.23E-03

	 
	Production total 
	4.06E-01
	3.48E-01
	3.75E-01
	3.37E-01
	3.25E-01
	3.19E-01
	3.05E-01
	3.25E-01
	4.06E-01
	3.48E-01

	Use phase
	Fuel consumption: Kerosene
	0
	0
	0
	0.12
	0.233
	0.655
	0.775
	1.42
	1.81
	2.11

	 
	Fuel consumption: AAF
	0
	0
	0
	0.437
	0.849
	3.31
	4.27
	10
	13.4
	16

	 
	Wheels & Tires replacement
	0.536
	0.268
	0.206
	0.185
	0.179
	0.14
	0.134
	0.107
	8.94E-02
	7.66E-02

	 
	Battery replacement
	7.97
	4.34
	4.16
	3.74
	3.60
	3.13
	2.99
	2.33
	1.87
	1.61

	 
	Electricity consumption
	2.71
	2.33
	2.24
	2.21
	2.18
	2.00
	1.91
	1.51
	1.27
	1.09

	 
	Rest_use phase
	9.33E-02
	7.33E-02
	7.42E-02
	6.67E-02
	6.41E-02
	5.64E-02
	5.39E-02
	4.39E-02
	3.76E-02
	3.03E-02

	EoL_aircraft
	EoL_aircraft
	2.84E-04
	2.43E-04
	2.62E-04
	2.36E-04
	2.27E-04
	2.23E-04
	2.13E-04
	2.27E-04
	2.84E-04
	2.43E-04

	Total emissions
	
	11.72
	7.36
	7.05
	7.09
	7.43
	9.60
	10.43
	15.74
	18.9
	21.28
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Figure S4. Cradle-to-grave crustal scarcity potential of the studied hybrid-electric aircraft during 2035-2065 across mission distance 100-700 km, with a functional unit of one hybrid electric aircraft (unit: kg Si-eq).
[bookmark: _Toc227803573]3. Sensitivity analysis
[bookmark: _Toc227803574]3.1 The impacts of regional electricity mix
Figure S5 and Table S44 show the absolute and relative future environmental impacts of the hybrid-electric aircraft when operated with a United States electricity mix. All other scenario parameters remain unchanged except for the electricity mix used during the operational phase. 
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Figure S5. Cradle-to-grave lifecycle impacts of the studied aircraft over the 2035-2065 period, with a function unit of 1 passenger kilometer (operation located in the United States). 

Table S44. Relative cradle-to-grave life-cycle impacts of the studied aircraft operated in the United States, benchmarked against results for aircraft operated in Europe.
	
	Climate impact
	Particulate matter
	Resource depletion-AD
	Resource depletion-SCP

	100km
	0.95
	0.92
	1.01
	1.03

	200km
	0.93
	0.89
	1.01
	1.05

	260km
	0.92
	0.89
	1.01
	1.05

	289km
	0.94
	0.89
	1.01
	1.05

	300km
	0.95
	0.89
	1.01
	1.04

	383km 
	0.97
	0.92
	1.01
	1.03

	400km
	0.98
	0.92
	1.01
	1.03

	500km
	0.99
	0.95
	1.01
	1.01

	600km
	0.99
	0.97
	1.01
	1.01

	700km
	0.99
	0.97
	1.01
	1.01



Figure S6 and Table S45 show the absolute and relative future environmental impacts of the hybrid-electric aircraft when operated with a Chinese electricity mix. All other parts of the scenario remain unchanged except for the electricity mix used during the operational phase.
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Figure S6. Cradle-to-grave life-cycle impacts of the studied aircraft over the 2035-2065 period, with a function unit of per passenger kilometer (operation located in China). 
Table S45. Relative cradle-to-grave life-cycle impacts of the studied aircraft operated in China, benchmarked against results for aircraft operated in Europe.
	
	Climate impact
	Particulate matter
	Resource depletion-AD
	Resource depletion-CSI 

	100km
	1.94
	1.45
	1.06
	1.05

	200km
	2.30
	1.59
	1.08
	1.07

	260km
	2.34
	1.60
	1.08
	1.07

	289km
	2.09
	1.61
	1.09
	1.06

	300km
	1.88
	1.58
	1.09
	1.06

	383km
	1.42
	1.40
	1.08
	1.03

	400km
	1.36
	1.36
	1.08
	1.03

	500km
	1.18
	1.22
	1.06
	1.01

	600km
	1.12
	1.16
	1.05
	1.01

	700km
	1.09
	1.12
	1.05
	1.01


[bookmark: _Toc227803575]3.2 The impact of high-altitude fuel-combustion emissions on PM impact
Table S46. Relative change in PM-related impacts, compared with the baseline results, across mission distances when high-altitude fuel-combustion emissions are assumed to have no human-health effects.
	Mission distances (km)
	100
	200
	260
	289
	300
	383
	400
	500
	600
	700

	Relative change
	0
	0
	0
	0.19%
	0.36%
	1.05%
	1.23%
	1.92%
	2.18%
	2.36%


[bookmark: _Toc227803576]3.3 The impact of future AAF composition
Table S47. Absolute cradle-to-grave life-cycle impacts of the studied aircraft operated under the alternative AAF composition scenario. 
	
	Climate impact
(unit, g CO2-eq)
	Particulate matter
(unit, disease incidence)
	Resource depletion-AD
(unit, g Sb-eq)
	Resource depletion-CSI (unit, kg Si-eq)

	100km
	13.15
	1.32E-09
	1.37E-03
	11.72

	200km
	8.20
	8.72E-10
	8.67E-04
	7.36

	260km
	7.66
	8.26E-10
	8.34E-04
	7.05

	289km
	9.31
	8.08E-10
	7.80E-04
	6.87

	300km
	11.18
	8.21E-10
	7.64E-04
	7.01

	383km 
	18.47
	9.15E-10
	7.32E-04
	9.10

	400km
	20.65
	9.54E-10
	7.28E-04
	10.12

	500km
	33.12
	1.24E-09
	7.57E-04
	16.86

	600km
	40.57
	1.41E-09
	7.75E-04
	20.90

	700km
	46.15
	1.52E-09
	7.83E-04
	23.94



Table S48. Relative cradle-to-grave life-cycle impacts of the studied aircraft operated under the alternative AAF composition scenario, benchmarked against baseline scenario results.
	
	Climate impact
	Particulate matter
	Resource depletion-AD
	Resource depletion-CSI

	100km
	1.00
	1.00
	1.00
	1.00

	200km
	1.00
	1.00
	1.00
	1.00

	260km
	1.00
	1.00
	1.00
	1.00

	289km
	1.00
	1.00
	0.99
	0.97

	300km
	1.01
	1.00
	0.99
	0.94

	383km 
	1.00
	0.98
	0.98
	0.95

	400km
	0.99
	0.98
	0.99
	0.97

	500km
	0.98
	0.94
	1.02
	1.07

	600km
	0.97
	0.92
	1.04
	1.11

	700km
	0.97
	0.91
	1.06
	1.13



[bookmark: _Toc227803577]3.4 The impact of alternative background scenario
Table S49 and Table S50 show the absolute and relative results obtained after changing the background scenario from SSP2-NDC to SSP2-PkBudg1150. It should be noted that, to simplify the simulation, SSP2-PkBudg1150 for the year 2035 was applied to the entire aircraft life cycle, including production, use, and end-of-life.


Table S49. Absolute cradle-to-grave life-cycle impacts of the studied aircraft operated under the alternative background scenario SSP2-PkBudg1150. 
	
	Climate impact
(unit, g CO2-eq)
	Particulate matter
(unit, disease incidence)
	Resource depletion-AD (unit, g Sb-eq)
	Resource depletion-CSI (unit, kg Si-eq)

	100km
	16.79
	1.43E-09
	1.33E-03
	10.49

	200km
	10.99
	9.61E-10
	8.37E-04
	6.40

	260km
	10.28
	9.09E-10
	8.06E-04
	6.14

	289km
	11.84
	8.91E-10
	7.57E-04
	6.20

	300km
	13.66
	9.04E-10
	7.45E-04
	6.55

	383km 
	21.10
	1.01E-09
	7.18E-04
	8.70

	400km
	23.39
	1.06E-09
	7.12E-04
	9.52

	500km
	36.65
	1.39E-09
	7.20E-04
	14.71

	600km
	44.59
	1.60E-09
	7.24E-04
	17.79

	700km
	50.57
	1.74E-09
	7.23E-04
	20.11



Table S50. Relative cradle-to-grave life-cycle impacts of the studied aircraft operated under the alternative background scenario SSP2-PkBudg1150, benchmarked against baseline scenario results.
	
	Climate impact
	Particulate matter
	Resource depletion-AD
	Resource depletion-CSI

	100km
	1.28
	1.08
	0.97
	0.90

	200km
	1.34
	1.10
	0.97
	0.87

	260km
	1.34
	1.10
	0.97
	0.87

	289km
	1.28
	1.10
	0.97
	0.87

	300km
	1.23
	1.10
	0.97
	0.88

	383km 
	1.14
	1.09
	0.97
	0.91

	400km
	1.13
	1.08
	0.97
	0.91

	500km
	1.08
	1.06
	0.97
	0.93

	600km
	1.07
	1.05
	0.97
	0.94

	700km
	1.06
	1.04
	0.98
	0.95
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