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Abstract—This letter presents a comparative life cycle as-
sessment of two ultralightweight, bidirectional, non-isolated
buck-boost dc-dc converters for hybrid (fuel cell and battery)
powertrains of electric vertical takeoff and landing (eVTOL)
aircraft: A two-level (2L) SiC design and a three-level (3L)
GaN flying-capacitor design. Embodied and use-phase carbon
footprints are evaluated for representative urban and regional
mission profiles. Whereas the specific 3L design shows nearly
twice the gravimetric power density and slightly lower embodied
emissions, its lower conversion efficiency consistently results in
higher overall life cycle carbon footprints compared to the selected
2L design. The results demonstrate that, despite aggressive weight
reduction, efficiency remains the dominant factor governing the
environmental performance of airborne dc-dc converters.

I. Introduction

All-electric vertical takeoff and landing (eVTOL) aircraft
emerge as a promising technology to address urban traffic
congestion and reduce emissions in short- to mid-range
transportation [1]–[3]. To overcome the range limitations of
battery-only systems, many eVTOL concepts adopt hybrid
power supply architectures as illustrated in Fig. 1, which
combine high-voltage (HV) batteries and hydrogen fuel cells
(FCs). This approach leverages the high peak power capability
of batteries during demanding flight phases (takeoff, landing)
and the high gravimetric energy density of hydrogen for long-
distance cruise, during which also the battery is recharged
from the FC. Similar hybrid power architectures are explored
for long-range air transportation [4]. In general, FCs used as
primary energy source must be complemented by a battery
to compensate for the FC’s limited dynamic response and
for powering the FC during startup [5], [6]. The FC output
voltage depends on the load current and the battery voltage
depends on the state of charge. FC and battery must therefore
be connected via a bidirectional dc-dc converter providing
voltage adaption; overlapping FC and battery voltage ranges
(𝑈F ∈ [480 V, 800 V] and 𝑈B ∈ [450 V, 720 V]) as considered
here require buck-boost (BB) functionality.

Minimizing weight is a key design target for all subsystems
installed on airborne platforms. Therefore, previous work [1]
has identified the performance limits (mission-profile efficiency
𝜂, gravimetric power density 𝛾) of suitable bidirectional
non-isolated BB dc-dc converter topologies. The realized
ultralightweight 15 kW demonstrators based on two-level (2L)
SiC and three-level (3L) GaN bridge legs have achieved
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Fig. 1. Hybrid eVTOL power supply architecture combining a hydrogen FC
and a battery with an interfacing bidirectional BB dc-dc converter.

𝛾2L = 44 kW/kg, 𝛾3L = 86 kW/kg, respectively (see Fig. 2),
clearly surpassing the state of the art.

However, with increasing focus on sustainable aviation
[7], [8], greenhouse gas emissions [9], [10], and resource
efficiency, a holistic evaluation of technology solutions (here
specifically power electronic converter systems) must include
additional key performance indicators (KPIs) beyond power
density or weight, i.e., environmental impacts like carbon
footprint across the entire life cycle spanning raw material
extraction, manufacturing, use-phase, and end of life [11]–[13].

Therefore, this letter contributes a comparative life cycle
assessment (LCA) of the two ultralightweight BB dc-dc
converters previously presented in [1]. Section II estimates the
embodied carbon footprints based on the employed components
and Section III analyzes the use phase carbon emissions for
four representative eVTOL usage scenarios, before Section IV
concludes the paper.

II. Embodied Carbon Footprints
Tab. I lists the identical key specifications and some

realization details of the 15 kW 2L and the 3L BB modules
shown in Fig. 2. The 2L BB converter uses a symmetric four-
switch topology (see Fig. 2a). Advantageously, the converter
operates in a quasi single-stage mode: One of the bridge legs is
always clamped to the respective positive dc terminal (high-side
transistor continuously turned on) while the other bridge leg
operates with pulse-width modulation (PWM), realizing either
buck or boost mode with seamless transitions in-between [14].

Given the maximum dc voltage of 800 V, the 2L realization
employs 1200 V SiC power transistors. Alternatively, the second
converter realization uses 3L flying-capacitor bridge legs based
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Fig. 2. Considered non-isolated bidirectional (a) 2L four-switch BB and (b)
3L eight-switch BB dc-dc (i) converter topologies; (ii) ultralightweight 15 kW
hardware demonstrators realized in previous work [1], achieving gravimetric
power densities and mission profile efficiencies of (𝛾2L = 44 kW/kg, 𝜂2L =

98.8%) and (𝛾3L = 86 kW/kg, 𝜂3L = 98.1%), respectively (see also Tab. I).

Table I
Key specifications and main power components.

Specifications

Fuel Cell Volt. 480 V. . . 800 V
Battery Volt. 450 V. . . 720 V
Module Power 15 kW
Realization 2L 3L

Switching Freq. 275 kHz 400 kHz
Inductance 13.4 µH 7.5 µH
Power Trans. SiC (1.2 kV, 16 mΩ) GaN (650 V, 21 mΩ)
DC Cap. 𝐶F,B 0.75 µF 1 µF
Flying Cap. 𝐶fF,fB – 1 µF

on 650 V GaN power transistors (see Fig. 2b). The quasi
single-stage operating mode is used, too, and the 3L bridge-
leg output voltage and a slightly higher switching frequency
allow for a much smaller inductor. On the other hand, the 3L
realization requires flying capacitors (realized using CeraLink
ceramic capacitors as for the dc bus capacitors) with actively
controlled voltages, increasing complexity. Both demonstrators
employ liquid cooling through custom-made heat sinks and
feature a self-contained control system based on a TMS320
DSP chip. Comprehensive realization details have been reported
in previous work [1] and are not reiterated here for brevity.

Finally, note that the exemplary eVTOL considered here
requires a total BB dc-dc converter power rating of 150 kW
over the full FC and battery voltage range, which is realized
by paralleling 10 of the 15 kW converter modules from Fig. 2.

A. Component Modeling
To assess the embodied environmental impact of the realized

2L and 3L BB converter modules, we rely on component-level
models derived previously in [11]. These are based on mass-
specific data from the ecoinvent LCA database [15] and, as
high-quality environmental impact data for power electronic
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Fig. 3. Comparison of (a) the weight (data from [1]) and (b) the embodied
carbon footprint breakdowns of the considered 15 kW 2L and 3L BB dc-dc
converter modules shown in Fig. 2ii.

components is generally scarce, directly from the scientific
literature. Aiming for conciseness, we only summarize key
aspects in the following, generally limiting the discussion to
the carbon footprint, or, more precisely, the global warming
potential (GWP) measured in kilograms of CO2 equivalents
(kg CO2eq) released into the atmosphere during material
sourcing and manufacturing of a component.1

The area-specific embodied GWP of SiC power transistors
(91 000 kg CO2eq/m2 from [12]) is clearly higher than that of
GaN power transistors (27 000 kg CO2eq/m2 from [16]), mainly
because of higher processing temperatures necessary for SiC.
The GWP contributions of the power inductors, the heat sinks,
and the power capacitors are estimated via their respective
mass, material (copper, ferrite, aluminum) or type (electrolytic,
film, ceramic). The contributions of the PCBs are estimated via
the total area and the layer structure (6 layers, 70 µm copper);
the FR-4 substrate and the manufacturing process dominate the
embodied GWP. Finally, small (surface-mounted) electronic
components like ICs, resistors, and capacitors are modeled
based on mass-specific GWP data. All modeling details are
given in [11], to which we refer interested readers.

B. Embodied Carbon Footprints
Fig. 3a compares the weight distribution of the two realized

15 kW modules. The 3L topology’s effective doubling of
the switching frequency and halving of the switched voltage
results in a significantly smaller main inductor. Further, the 2L
module’s SiC transistors in TO-247-4 packages are heavier than
the 3L module’s GaN transistors available in compact SMT
packages. Overall, the weight of the 3L modules (0.175 kg) is
only about 50% of the 2L module’s (0.346 kg), corresponding
to a doubling of the gravimetric power density (see Fig. 2ii).

1In a similar way, other environmental impact indicators describing damage
to ecosystems, damage to human health, etc. could be considered, following
established methods like ReCiPe or the Environmental Footprint (EF).
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Fig. 4. Exemplary mission scenarios for eVTOL aircraft. (a) Urban air taxi
connecting Manhattan with the JFK Airport in New York (21 km, 12 min). (b)
Regional air mobility scenario with a flight radius of about 3 hr or 800 km
around Los Angeles LAX airport.

Fig. 3b reports the corresponding distribution of the
embodied carbon footprint. Interestingly, the difference be-
tween the two realized modules reduces to only about 15%
(18.7 kg CO2eq for the 3L and 21.8 kg CO2eq for the 2L).
Although the magnetic components dominate the weight
distributions, their contributions to the embodied carbon
footprint are almost negligible. Instead, the power transistors
and the auxiliary electronics, including small ICs such as gate
drivers, emerge as the primary contributors to the embodied
carbon footprint, which is attributed to the energy-intensive
manufacturing processes. Although the number of power
transistors doubles from four in the 2L topology to eight in
the 3L topology, the GWP contribution of the GaN power
transistors in the 3L module is still lower than that of the SiC
power transistors in the 3L module. This is because of the much
higher area-specific embodied GWP of SiC power devices
discussed above. On the other hand, the higher component
count of the 3L module (doubling the number of switches
also requires twice the number of gate drive circuits and a
corresponding increase in PCB area, etc.) leads to higher GWP
contributions.

III. Use-Phase Carbon Footprints
Any eVTOL flight profile comprises four distinct flight

phases, i.e., hover, climb, cruise, and descent, which are
associated with different power levels processed by the BB dc-
dc converter and different conversion efficiencies, see Tab. II,
where the efficiencies are averaged over the relevant range of
battery voltages as detailed in [1].

Therefore, the total energy dissipated by the BB converter
during a given flight is

𝑊loss =
∑︁
𝑖

Δ𝑡𝑖 (1 − 𝜂𝑖)𝑃𝑖 , (1)

where 𝑖 refers to the four flight phases (hover, climb, cruise,
descent), Δ𝑡𝑖 is the duration of a flight phase, and 𝑃𝑖 and
𝜂𝑖 are the power processed by the BB dc-dc converter
and the corresponding efficiency, respectively. Thereby, 𝜂𝑖
corresponds to an average efficiency over the battery voltage
range at the respective power level based on [1]. Further, note
that the efficiencies 𝜂𝑖 are assumed constant over the entire
operational lifetime of the converter as well as the surrounding
environment. In practice, ambient temperature, component

Table II
Flight phase durations, power processing, and efficiencies.

Flight Phase DC-DC Proc. 2L Eff. 3L Eff. Duration Duration
Power (kW) (%) (%) NY-JFK (min) LAX (min)

Hover 0 100 100 2 2
Climb 140 98.8 98.4 3 5
Cruise 90 98.7 98.6 4 180
Descent 0 100 100 3 3

Note: The 100% efficiency for hover/descent assumes a turn-off state of the
converter and the auxiliary power consumption is neglected.

Table III
Key parameters of the four considered use phase scenarios.

Scenario I II III IV

Trip Details Los Angeles NY - JFK Los Angeles NY - JFK
Trip Time (min) 185 12 185 12
Trips per day 4 20 4 20
Active days per year 292 (80%) 292 (80%) 292 (80%) 292 (80%)
Years 10 10 10 10
Electricity mix (g CO2eq/kWh) 200 237 25 25

aging in semiconductors, capacitors, and magnetic components
may lead to increased losses, resulting in a gradual efficiency
degradation over time. However, since similar aging effects
are expected to occur in both converter topologies, the relative
comparison remains largely unaffected. The required energy
must be carried aboard the eVTOL in the form of hydrogen,
which is typically produced using electrical energy through
electrolysis with efficiencies in the range of 74%–85% [17].
Subsequently, the hydrogen is compressed and transported with
an efficiency of approximately 90% [18]. Within the eVTOL,
the stored hydrogen is then converted back into electrical energy
in the FC with an efficiency of up to 80% [19]. This results in
an overall electricity-to-electricity efficiency of approximately
𝜂H2 = 58%.

Consequently, the electric energy drawn from the power grid
to cover the converter losses of a given flight, 𝑊loss, is

𝑊loss,el = 𝑊loss/𝜂H2 , (2)

(the battery is charged exclusively from the fuel cell and is used
solely as a power buffer). Depending on the mix of electricity
generation plants feeding the grid, each kWh comes with a
certain carbon footprint 𝜎el with [𝜎el] = g CO2eq/kWh and
values given in Tab. III, leading to a per-flight carbon footprint

GWPloss = 𝑊loss,el𝜎el. (3)

Hence, over the lifetime of the eVTOL, the losses of the BB
converter accrue a use-phase carbon footprint that depends on
the use-phase scenarios and the electricity mix.

A. Use-Phase Scenarios
We consider four representative operational scenarios cov-

ering both, urban and regional air mobility applications in
different geographic contexts, see Fig. 4 and Table III,
reflecting realistic and advertised mission profiles for eVTOL
aircraft [7], [8]. Scenarios I and III represent regional flights
around Los Angeles airport (LAX), assuming approximately
185 minutes of flight time per trip and four trips per day.
Scenarios II and IV describe short urban air mobility routes in
New York City between JFK airport and downtown Manhattan
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Fig. 5. Comparative evaluation of life-cycle (embodied, use-phase) carbon
footprints of two specific 2L and 3L BB converter designs in eVTOLs operated
according to the scenarios I-IV detailed in Tab. III and Tab. II, considering
150 kW BB systems realized by ten parallel connected 15 kW modules (see
Fig. 2ii) and the electricity mix of the corresponding state (scenarios I and II)
or a future cleaner electricity mix (scenarios III and IV).

with a typical flight duration of 12 minutes and hence 20 trips
per day. All scenarios assume operation on 292 days per year
(80% utilization; the remaining 73 days account for maintenance
and other downtime) and a 10-year service life. Accounting
for regional differences in power generation, scenarios I and II
assume current regional grid mixes (200 g CO2eq/kWh for Los
Angeles and 237 g CO2eq/kWh for New York) [20]. Scenarios
III and IV consider future low-carbon electricity mixes with
25 g CO2eq/kWh [21], [22].

B. Use-Phase and Embodied Carbon Footprints
In addition to the embodied carbon footprints from Sec-

tion II, Fig. 5 includes the use-phase carbon footprints for
the 2L and the 3L BB converters, considering ten paralleled
15 kW modules for a nominal power rating of 150 kW.

The lighter 3L BB converter exhibits a lower embodied
carbon footprint. However, across all four operation scenarios,
the 2L BB converter consistently outperforms the 3L BB
converter in terms of the total life-cycle (embodied, use-
phase) carbon footprint. This is a consequence of the 2L BB
converter’s higher power conversion efficiency, which leads to
lower cumulative energy losses and, consequently, lower carbon
emissions over the system’s lifetime even under low-carbon
electricity mixes (scenarios II and IV).

IV. Conclusion
Despite the two times higher gravimetric power density

of the 3L BB converter compared to the 2L BB converter,
both contribute only a small share (< 5 kg) of the eVTOL
maximum take-off weight of 2000 kg [1]. However, because

of its lower efficiency, the 3L BB converter’s life-cycle carbon
footprint is higher across all use-phase scenarios—power
conversion efficiency remains a critical parameter affecting
the environmental performance, especially when considering
the energy consumption over many years and thousands of
flight hours.

It is important to highlight that this does not imply that
2L designs are generally better than 3L designs. Indeed,
Pareto-front analyses [1] show that there are 3L designs with
efficiencies comparable to 2L designs while retaining a clear
advantage in gravimetric power density. However, embodied
carbon footprints are likely even more similar than for the
realized modules discussed here, and 2L designs benefit from
a far lower complexity regarding design, control, and testing.

Thus, this study highlights the importance of holistically
addressing converter design trade-offs beyond power density
and efficiency by taking a life-cycle perspective considering
all relevant operating scenarios to account for environmental
impacts like carbon footprint. Future research should integrate
aspects related to system lifetime such as reliability, reparability,
recyclability, etc. into the comparative assessment, and consider
additional environmental impact indicators beyond carbon
footprint.
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