P
% aerospace
% P

Communication

Electrical Distribution System LCA for Future Regional
Aircraft—Preliminary Definition of Methodology

Daniel Izquierdo 1'%, Gabriel Casas !, Ana G. Garriga 2, Ignacio Castro 2, Aleksandra Zieminska-Stolarska 3*

Mariia Sobulska 3

check for
updates

Citation: Izquierdo, D.; Casas, G.;
Garriga, A.G.; Castro, I;
Zieminska-Stolarska, A.; Sobulska,
M.; Zbicinski, I. Electrical
Distribution System LCA for Future
Regional Aircraft—Preliminary
Definition of Methodology. Aerospace
2023, 10, 920. https://doi.org/
10.3390/aerospace10110920

Academic Editor: Sergey Leonov

Received: 29 September 2023
Revised: 24 October 2023
Accepted: 26 October 2023
Published: 28 October 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Ireneusz Zbicinski 3

Airbus Defence and Space S.A.U., Paseo John Lennon 2, 28906 Getafe, Spain; gabriel.casas@airbus.com
Collins Aerospace Applied Research and Technology Ireland, 2nd Floor, Penrose Wharf Business Centre,
Penrose Quay, T23 XN53 Cork, Ireland; ana.garciagarriga@collins.com (A.G.G.);
ignacio.castro@collins.com (I.C.)

Faculty of Process and Environmental Engineering, Lodz University of Technology, Wolczanska 213 Str.,
93-005 Lodz, Poland; mariia.sobulska@p.lodz.pl (M.S.); ireneusz.zbicinski@p.lodz.pl (I1.Z.)

*  Correspondence: daniel.izquierdo@airbus.com (D.I.); aleksandra.zieminska-stolarska@p.lodz.pl (A.Z.-S.)

Abstract: The Hybrid Electric Regional Aircraft Distribution Technologies (HECATE) Clean Aviation
project will mature and develop breakthrough technologies and perform scalability and impact
analysis to ensure safe and power-dense technologies that will enable Entry Into Service (EIS) of
hybrid-electric regional aircraft by 2035. Along the project, a circular economy approach in future
aircraft will be ensured through the use of Life Cycle Assessment (LCA), performing this type of
assessment on the overall electrical system and primary/secondary distribution and conversion
technologies, helping to be in line with long-term environmental roadmaps such as Flightpath 2050.
This communication includes a description of the HECATE activities and how LCA will be applied to
the future Regional Aircraft Electrical Distribution System.

Keywords: electrical distribution systems; LCA; hybrid-electric aircraft; circularity; aviation;
regional aircraft

1. Introduction

In our current times, it has been made clear how important the reduction in emissions
of greenhouse gases (GHG) is for aviation. In this regard, long-term aviation roadmaps,
such as the Advisory Council for Aeronautics Research in Europe (ACARE) Flightpath
2050, have set specific goals, such as a 75% reduction in CO, emissions per passenger
kilometer and a 90% reduction in NOy [1]. These environmental targets will need to be
taken into account in a future market in which the Airbus Global Forecast 2021 predicts
demand for over 39,000 new aircraft until 2040 [2], of which 15,000 are replacements for
older, less fuel-efficient models.

In the context of future aircraft demand, a commercial aerospace evolution towards
more electric aircraft would yield operational and environmental benefits. For example,
recent aircraft platforms (A350, B787, etc.) utilize more electric technologies, demonstrating
the potential for reducing weight, fuel consumption, and operating costs. However, they are
not enough to achieve the required emissions reduction set by ACARE [3]. This requires a
paradigm shift to achieve the emission reduction targets and requires the aviation industry
to go a step further by shifting towards electric/hybrid-electric propulsion for larger aircraft,
resulting in high power distribution levels. Greener aircraft will require increasing the
electrification effort or using sustainable fuels. For the sake of discussion, this paper will
focus on the electrification effort toward greener aircraft based on hybrid electric propulsion.
Hybrid electric propulsion can be achieved by means of parallel, series, or series/parallel
hybrid approaches [4].
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The Clean Aviation project, Hybrid Electric Regional Aircraft Distribution Technologies
(HECATE), will develop critical technologies for high-power, high-voltage, and certifiable
electrical distribution architectures capable of enabling hybrid-electric propulsion for re-
gional platforms. The technology enablers will have a technology readiness level (TRL)
of 5 in hybrid-electric propulsion for regional platforms by 2025, which can impact other
aerospace domains such as Urban Air Mobility (UAM) and Short-Medium Range (SMR)
aircraft. The technologies developed in HECATE can be applicable to any of the hybrid
electric propulsion architectures detailed before; however, they will be aimed at a parallel
hybrid architecture and a series/parallel hybrid. The timeline for technology development
through HECATE will support a technology transition and a development pipeline that
can support platform uptake for systems such as these across a broader range of markets.
Some examples are UAM (where operating voltage levels will likely be KHVDC (Very
High Voltage Direct Current)) and SMR aircraft (where secondary systems will still require
distribution technologies). Such architectures will drive the reduction in aircraft greenhouse
gases toward the objectives of —30% net GHG emissions reduction by 2035 and of zero- or
near-zero carbon emissions by 2050.

The propulsive power of regional commercial aircraft can reach peaks between
5-10 MW or even higher, meaning that their electrical system must be able to provide
power at these levels. If the voltage levels used in the present aircraft are maintained,
the required currents will drive most of the weight due to the massive conduction losses.
For this reason, a technological transition to higher-voltage operation at DC will mitigate
the weight of following the steps of other industries. Current high-voltage electrical (HV)
distribution, which can be distributed in several channels, may enable the high-power
requirements of future hybrid electric platforms [5]. However, HV operation brings a
number of challenges, which will be resolved in HECATE [6]. The main challenges for
HV at altitude are arcing, corona effect, and partial discharge, for which HECATE will
provide the required design mitigation measures. Moreover, several figures of merit need
to be defined to correctly quantify what the requirements are for both the system and the
building blocks, such as efficiency that provides an estimate of generated heat due to losses,
specific power in kW /kg that provides a measure of how compact the equipment can be,
and reliability expressed in FIT (Failures in Time).

HECATE will define the electrical architecture and all the related technologies. Several
architectures will be evaluated, and one electrical architecture will be developed and
tested. In HECATE, the distribution is grouped into three main parts depending on voltage
levels: KHVDC (Very High Voltage Direct Current) dedicated to main propulsive loads
and distribution and considering voltage levels around 800 V; HVDC (High Voltage Direct
Current) dedicated to high power non-propulsive loads tentatively at 540 V; and LVDC
(Low Voltage Direct Current) dedicated to conventional electrical loads at 28 V (Figure 1).
The conceptual differences between other electrical distribution system architectures and
the HECATE architecture are that the entire aircraft electrical system is supported through
the primary KHVDC bus, which provides power to the propulsion and to the secondary
distribution HVDC network through a DC-DC converter. This approach yields the best
performance metrics out of all cases studied, and it is the needed revolution for full- or
hybrid-electrical architectures in which a battery, fuel cell, or combination of both may be
the alternative or main source of power.

HECATE has the ambition to mature and develop breakthrough technologies and
to perform scalability and impact analysis to ensure safe and power-dense technologies
that will enable the entry-in-service (EIS) of hybrid-electric regional aircraft by 2035. The
major technology bricks to be developed in HECATE are summarized in Figure 1. The
technology bricks to be developed in HECATE are targeted for TRL5 qualification by
2025, and they will provide enabling technologies, currently non-existent in aerospace,
for propulsion power levels, which will enable hybrid propulsion and lower weights of
the electrical distribution. Along the project, the technologies and developments will be
assessed for environmental and LCA impact, scalability into the present (recent aircraft
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platforms (B787, A350, Embraer-E2, etc.), and future hybrid electric propulsion platforms in
all market segments (general aviation, commuters, helicopters, regional, SMR, and Urban
Air Mobility) and for Life Cycle Assessment (LCA), ensuring a circular economy approach
in future aircraft. Scalability assessment will be performed for downscaling to air taxis and
commuters (AAM), including the assessed environmental impact at the aircraft level as
well as scalability towards a certifiable 10 MW system by 2035. The scalability analysis will
also be complemented by a maturity assessment of the proposed and alternative solutions.
The objective is the definition of technologies to understand their readiness toward their
commercialization and Phase 2 within Clean Aviation (and compatibility with an entry
into service by 2035) and toward the future zero-emission challenges envisioned for 2050.
The power distribution architecture and underlying technologies and components are
‘certifiable’, and the whole environmental impact at the aircraft level is assessed.

Link to propulsion Link to propulsion
Battery/ Battery/
Fuel cell Fuel cell

HVDC load »—J HVDC Load
o802 DGl peal cacs

GETED G

T l Secondary

LVDC Loads LVDC Loads distribution

Figure 1. HECATE electrical power system (EPS) architecture.

For optimal alignment and ensuring certifiability as well as for scalability coordination,
HECATE will establish relationships with other Clean Aviation [7] projects (e.g., HE-ART
for 2.150-2.850 MW Multi Hybrid Electric Propulsion System, TheMa4HERA for Thermal
Management Solutions for Hybrid Electric Regional Aircraft, and HERA for Hybrid-Electric
Regional Aircraft Architecture and Technology Integration). HECATE will engage with
related projects (e.g., SMR ACAP—SMR Aircraft Architecture and Technology Integration
Project), regulatory agencies (EASA), and standardization groups (EUROCAE) on the topics
of electrical distribution, thermal, high voltage, or EMI to ensure feedback is provided and
to help on the definition of future regulation that ensures the safety of human beings in
future electrical aircraft. Regarding the HERA [8] project, HECATE will provide information
on technologies and digital twins. On the other hand, HECATE will benefit from the HERA
project as it will receive the requirements to ensure relevance within Hybrid Electric
Regional Aircraft.

The LCA is a science-based approach to assessing the potential environmental impacts
of products or services during the entire life cycle. The methodology consists of carrying
out an assessment of natural resources and raw material consumption, energy consumption,
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and emissions into the environment (emissions to air, water, and ground) for each life-cycle
phase of the system under study (which can be either a material good or a service).

In HECATE, an overall electrical system, including distribution and conversion tech-
nologies, LCA will be undertaken to provide a common methodology for environmental
impact reduction.

2. HECATE LCA Activities

As part of the HECATE project, the electrical system’s environmental impact will be
estimated based on the LCA for the overall electric power distribution system of hybrid-
electric regional aircraft and for the primary/secondary distribution technologies to provide
a common methodology for environmental impact reduction. The LCA activity will be
carried out at the demonstrator level for different stand-alone subsystems, whose results
will be consolidated at the full demonstrator level.

The LCA activities within HECATE will help to achieve a quantitative assessment of
the potential environmental impacts of the system (ecological burdens and human health
impacts) connected with its complete life cycle (Table 1).

Table 1. HECATE general LCA activities.

Area HECATE General LCA Activities

Project management and tools

LCA strategy
Activity planning and project management
Templates definition
Definition of methods/tools and harmonised criteria

Information and training

LCA introduction and exchange with the identified Partners’
persons of contact

Goal and Scope definition Definition of the study scope, objectives and system boundaries
Data collection LCA data collection
LCA results LCA modelling

Preparation of reports

Scalability and environmental impact summary

Integration of LCAs into the Advanced electrical network and
quantification of the overall Environmental Impact

The LCA process will be in line with ISO 14040 [9] (Environmental Management—
Life Cycle Assessment—Principles and Framework) and 14044 [10] (Environmental
Management—Life Cycle Assessment—Requirements and Guidelines) standards. Accord-
ing to ISO 14040 [9], a complete LCA is comprised of four interrelated phases: the goal and
scope definition, inventory analysis, impact assessment, and interpretation step (Figure 2).

Goal and scope

definition
I Interpretation and
Life cycle inventory <——>  improvementof
e I ......... e svstom

Life cycle impact
assessment

Figure 2. Phases of LCA according to ISO 14040 [9].
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As shown in Figure 2, the first step is the definition of scope and system boundaries. At
this stage, functional units should be defined. As indicated by ISO 14040, “The functional
unit defines the quantification of the identified functions (performance characteristics) of
the product. The primary purpose of a functional unit is to provide a reference to which
the inputs and outputs are related. This reference is necessary to ensure comparability of
LCA results”.

The aforementioned ISO standards distinguish the following four different system
boundaries: 1. Cradle-to-grave is the full life cycle assessment starting from the extraction
of raw materials (‘cradle’) to the use and disposal phase—landyfill, incineration (‘grave’);
2. Cradle-to-cradle is a particular kind of cradle-to-grave approach, where the end-of-life
disposal step for the product is a recycling process. It is a method used to minimize the
environmental impact of products by employing sustainable production, operation, and
disposal practices, and it aims to incorporate social responsibility into product development;
and3. Cradle-to-gate [11] is an assessment of a partial product life cycle from resource
extraction (cradle) to the gate of the factory (i.e., before it is transported to the consumer),
including packaging. Gate-to-gate [12] is a partial LCA method, looking at only specific
unit operations in the entire production chain.

The studied system corresponds to the production process of the different HECATE
electrical subsystems. The analysis will be performed based on the Cradle-to-Grave ap-
proach [13], which involves the assessment of a product’s life cycle from raw material
extraction (‘cradle’) and manufacture to the factory exit gate, including the end-of-life
(EOL) phase. The Cradle-to-Grave approach means that the entire life cycle of the product
will be analyzed, including raw material extraction, manufacturing, use phase, and end-
of-life [14]. As all aircraft life cycle stages, such as design and development, production,
operation, and end-of-life, have a significant influence on their environmental impact [15],
the analysis could not be limited to manufacturing (gate-to-gate) or raw material extraction
and manufacturing (cradle-to-gate) phases only.

Recycling of the materials used in the adopted technologies will be considered in the
LCA analysis. Waste scenarios including “closed loop” recycling (incorporating material
from used elements in a new product) or “open closed-loop” recycling (when the recycled
material goes to another product system) will be considered in the HECATE Project. The
LCA analysis for each waste scenario will be discussed, and the most environmentally
friendly option will be recommended.

The system will consider the following life-cycle stages: raw material acquisition and
processing, manufacturing, distribution, use phase, and EoL (Table 2).

Table 2. Life cycle stages included in the LCA approach.

Life Cycle Stage Steps Included

Extraction of the natural resources.
Processing of natural resources into systems
raw materials, as well as the raw materials into
the systems components, including the impact
of the energy requirements and
waste processing.

Raw materials acquisition and processing

Utility and material use (e.g., energy and
water) for processing at the production site.
Transport between sites of the final assembly.
Disposal of waste generated in the production
process: transport and EoL treatment.
Emissions during the production process
Materials, substances and emissions from tests
(if applicable)

Manufacturing
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Table 2. Cont.

Life Cycle Stage Steps Included

Emissions from the transportation of the
Distribution product to final destination
Production of the fuel consumed

Energy and substances required during the use

Use stage phase of the product for its functioning
Transportation to the EoL treatment facility
EoL Materials and components recycling

Treatment of generated waste not sent
to recycling

When the goal and scope are defined, the next step is data collection on the input and
output flows within the defined system boundary as part of the inventory analysis. The
data collected during the inventory analysis step is processed in dedicated LCA software,
which generates results in frames from the selected Impact Assessment Methodology.
The interaction between Inventory analysis and Impact assessment LCA phases is shown
in Figure 3.

Inventory analysis

P System boundary” ~ N\
: ]
Raw mate'rlal Product
consumption .
Transport: raw ! > Emisions

material, final product |~ T IN PUTS OUTP UTS

A

Energy

. Deposited waste
consumption |

LCA Software

|

Impact assessment:

Climate change || Acidification | | Human toxicity | | Ozone layer Resource depletion

Figure 3. Interrelation between Inventory Analysis and Impact Assessment stages of LCA.

In addition, a selection of environmental impacts and characterization methods rec-
ommended by the Product Environmental Footprint (PEF) method will be assessed. The
PEF methodology is the Life Cycle Impact Assessment Method developed by the European
Commission [16-18] and includes evaluation of the impact categories presented in Table 3.

Table 3. PEF methodology impact categories.

Characterisation

Impact Category Impact Indicator Method—Model Unit
. Global Warming Potential IPCC 2013 [19], Baseline model of
Climate change (GWP100) 100 years [19] kg CO; eq.
EDIP model based on the ODPs of
Ozone depletion Ozone Depletion Potential the WMO over an infinite time kg CFC-11 eq

horizon [20]




Aerospace 2023, 10, 920

7 of 13

Table 3. Cont.

. Characterisation .
Impact Category Impact Indicator Method—Model Unit
Human toxicity—cancer Comparative Toxic Unit for USEtox2.1 model [21], adapted as
. CTUh
effects humans in [22]
Human toxicity—non-cancer Comparative Toxic Unit for USEtox2.1 model [21], adapted as
. CTUh
effects humans in [22]

Particulate matter

Impact on human health

PM model [23,24]

Disease incidence

Human exposure efficiency

Human health effect model as

Ionising radiation relative to U2 developed by [25] kg U235 eq.
Photochemical ozone Tropospheric ozone concentration =~ LOTOS-EUROS [26] as applied in
formation increase ReCiPe 2008 kg NMVOC eq.
Acidification Accumulated Exceedance (AE) Accumulated exceedance [27,28] mol H+ eq.
Eutrophication—terrestrial Accumulated Exceedance (AE) Accumulated exceedance [27,28] mol N eq.
Futrophication—aquatic Fraction of nutrients reaching EUTREND model [29] as ke Pe
P d freshwater end compartments (P) implemented in ReCiPe s eq
Eutrophication—marine Fraction of nutrients reaching EUTREND model [29] as ke N e
P marine end compartment (P) implemented in ReCiPe &N eqd:
Freshwater ecotoxicity Comparative Toxic Unit for based on USEtox2:1 model [21] CTUe
ecosystems adapted as in [22]
Soil quality index based on
Land use Soil Quality Index LANCA model [30] and on the Dimensionless (pt)
LANCA CF version 2.5 [31]
Water use User deprivation potential Available WAter REmaining m3 water eq of

(AWARE) model [24,32]

deprived water

Resource use, minerals and
metals

Abiotic resource depletion

[33] as in CML 2002 method, v.4.8

kg Sb eq.

Resource use, fossils

Abiotic resource depletion

[33] as in CML 2002 method, v.4.8

MJ

Moreover, the LCA in the framework of HECATE will consider the inclusion of
sensitivity analyses, such as the use of different energy grids with different characteristics
regarding the share of energy produced from renewable sources.

3. Next Steps: LCA Process Definition

Over the course of the project, the input data flows to the LCA will be defined, the
LCA methodology will be agreed upon, and the LCA results for the Electrical Distribution
Subsystems for future Hybrid Electric Regional aircraft will be obtained.

In the case of LCA analyses of electrical distribution systems, the most commonly
used functional unit is KWh [34-36]. The full demonstrator’s goal is to provide electrical
energy for the lifetime use of the HERA aircraft. It is proposed to use as a functional
unit the electricity power requirements indicated in the technical specifications for each of
the demonstrators.

A data questionnaire will be developed to gather the information needed to perform
the Life Cycle Inventory (LCI) [37], including details on the processes that constitute the
system, a Product System Diagram, and their material and energy inputs and outputs
(Figure 4). Data collection may be classified into two types: highly specific and accurate
primary data and secondary data, which is commonly less specific and highly aggregated.
Primary data are defined by the European Commission as “directly measured or collected
data representative of activities at a specific facility or set of facilities” [37,38]. Secondary
data are defined as “data that is not directly collected, measured, or estimated but rather
sourced from a third-party life-cycle inventory database” [37,38]. When no primary data is
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available, assumptions are made based on literature research and experts judgements from
HECATE partners.

Transportation EoL pathways

Waste and emissions

Transportation

Inputs

Transportation

Figure 4. Example of a Product System Diagram.

For the different electrical subsystems that will be part of HECATE, information on
the material, energy, subcomponents and any other inputs will be considered, as well as
any waste and emissions outputs that can be recorded. The LCI will aim to target the
different steps in the production and the rest of the life cycle of the subsystems integrating
the demonstrators, so they can be added up to the full demonstrator scale (Table 4).

Table 4. Examples of required input data.

Area Sample Input Data

System functionality definition
Product system scope Production process flow
Use scenarios

Materials and substances

Material flows Parts and subparts
Product EoL pathways
Energy flows Energetic consumption

Transportation modes

Transportation .
P Distance

It is important to note that the different electrical subsystems and the technology
involved in their design are at different levels of maturity, and therefore more accurate
inventory data will be available beyond HECATE for more mature technology. In addition
to the maturity of the technologies, it is also worth remarking that HECATE is a research
program, and the design and manufacturing of the demonstrator will not be carried out at
necessarily the same scale as a production product, and therefore changes in the LCA of
the final product will occur from the final estimate provided in HECATE.

4. Next Steps: LCA Subsystems Structure

As mentioned in the previous section, there will be an LCA carried out at the full
HECATE demonstrator level, meaning every component will receive its requirements from
the EPS architecture. However, one of the greatest values added by performing an LCA
early on in the design process of a system is to understand the consequences of certain
design decisions. For this reason, it is important that the LCA of each main subcomponent in
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HECATE be considered to give visibility to the different design teams across organizations
on the potential environmental and economic impacts of their design choices. Furthermore,
these choices and improvements will be aggregated at the architecture level.

In a similar way, TLAR (Top Level Aircraft Requirements) flow down from the Clean
Aviation demonstrator integrated projects to the individual projects; for HECATE, the
flow-down occurs from the HERA project. Furthermore, the top-level LCA for the elec-
trical system flows down the functional unit, the scope, and any top-level electric system
requirements to the subsystems (Figure 5).

_—“ ‘—“

'

Demonstrator (HERA) &—/

R H CLEAN AVIATION

<
System level data to be
merged into demonstartor

— o ———————

* TLAR
* Hybridization and consumption
*  Aircraft lifetime and utilization

Qutputs I

ical distributi System level LCA
Electr|cal_d|str|but\on EPS level Y 1
technologies (HECATE) | requirements 1
1
(\ Functional unit, scope and Cradle-to-gate or to-grave| ¢  KPI verification 1
LCA methodology environmentalimpact * Cradle-to-grave 1
HECATE (_l:l E C A T E ~ environmental 1
impact analysis of 1
= g I systems and 1
CLEAN AVIATION ) Subsystemand technologVL subsystems 1
\. / bricks building technologie: J 1
\ (Materials, production, etc.) /

Figure 5. Top level diagram of the HECATE methodology for LCA.

The subsystem LCAs, in turn, flow up to the system-level analysis of the environmental
impact of their components. System boundaries can be set at different places in an evaluated
process, depending on data availability. At this moment in the project, it is yet to be defined
whether that flow-up approach will consist of a cradle-to-gate analysis at the subcomponent
level and then a gate-to-grave approach at the integrated system level, separate cradle-to-
grave approaches for the main subsystems, or both approaches. The assumptions made
must be taken into consideration when selecting specific system boundaries. The lack of
actual data from the literature or measurement data may significantly affect the result of
the analysis. In the absence of reliable data, system boundaries should be selected that
will enable conclusions to be drawn and practical actions to be taken. Additionally, LCA
should be supported by a sensitivity analysis. As part of the LCA for HECATE, different
sensitivity analyses will be included. Examples are:

e  Origin of the H; and electricity:
e Different energy grids

HECATE’s EPS architecture is divided into three subsystems: primary distribution for
the propulsive, primary distribution for the non-propulsive, and secondary distribution.

Since the objective of this activity within HECATE is to demonstrate the beneficial
environmental impact of the novel electrical design of the project, the focus of the LCA on
the secondary distribution will be to perform LCA on the main components containing the
most advanced technologies and novel designs. The outputs can be compared with current
components that achieve a deep understanding of dos and do nots to achieve the largest
impact for a greener and more sustainable Europe. Other components not yet defined and
related to completely new subsystems, such as the primary propulsive electrical network,
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will be considered as needed as data becomes available and they become more relevant for
the design changes proposed in HECATE.

To illustrate how HECATE envisions the LCA process for the subsystems, as an exam-
ple, the secondary distribution system will be used due to its simplicity and higher level
of maturity. The secondary distribution will be defined by several components, such as
Solid State Power Controllers (SSPCs), DC-DC converters, electrical wiring interconnec-
tion systems (EWIS), and any other required electrical protection. The function of these
components is to safely deliver electrical power to the loads distributed across the aircraft,
such as the avionics bay, the aircraft galleys, and many more.

The first inputs needed are the TLAR from HERA flowing down from the system
level and the potential aircraft lifetime and utilization. In addition, HECATE will define
the clear functional unit, the scope of where the subsystem begins and ends, and the
scope of the analysis in terms of the actual product lifecycle. Some uncertainty remains
in these definitions as the final products do not exist and are needed to define the flow
down to the subsystems. Once the lifecycle inventory for the main components in the
secondary system is defined, the SSPCs, DC-DC converters, and EWIS can be analyzed.
This includes preliminary information based on current design assumptions for what
materials are needed, energy inputs for their manufacture, transport routes established,
etc. The manufacturing and assembly steps at the component level will also be recorded
and stored in the lifecycle inventory tables and in the correct data repositories. From these
inputs, plus any extra information on the life of the aircraft and the use phases, it will
then be used to carry out a preliminary LCA of the subsystem components and the whole
subsystem. The results of which can then be analyzed to inform design decisions based on
the rest of HECATE's design process and eventually feed into the final LCA results.

In the literature, there are only two publications regarding the LCA of full conven-
tional aircraft over the entire lifecycle [39], performed by Chester [40] and Lopes [41].
Chester reported carbon footprint for Embraer 145-180 g CO; eq per 1 pkm (the trans-
port of one passenger over one kilometer), for Boeing 737-131 g CO; eq per 1 pkm, and
for Boeing 747-124 g CO, eq per 1 [40]. Lopes obtained a carbon footprint for Airbus
A330-126 g CO; eq per 1 [41]. For all analyzed cases, the contribution of aircraft opera-
tion, i.e., the use phase, was from 79% to 99% of the total carbon footprint [39]. Scholz
et al. performed an environmental life cycle assessment of battery-powered hybrid-electric
aircraft and compared the results to those of a conventional reference aircraft (a single-aisle
transport aircraft of the A320 class). Results reveal that the environmental impact of the
hybrid-electric aircraft increased by 15.1%, while the operating costs increased by 41.0%
compared with a conventional reference aircraft. When renewable electricity is applied, the
environmental impact of battery-powered hybrid-electric aircraft could be reduced by 7.0%
compared with the reference aircraft [15].

5. Conclusions

Aviation needs to meet the ambitious targets of the European Green Deal. This means
a step change is needed towards hybrid electric regional aircraft to significantly reduce
fuel burn. This can only be accomplished with power distribution networks that can
safely handle the high power and high voltage levels, ultimately up to several megawatts.
The HECATE project will address the associated challenges of system weight and power
density, high voltage challenges with lightning, arcing, and electromagnetic interference, as
well as optimized thermal management, in addition to digitizing the design process with
digital twins.

The LCA for the HECATE Electrical Distribution Systems will evaluate methods
to reduce or account for overall product manufacturing impact and will contribute to
the transition to a circular economy by performing waste scenarios, including recycling,
for the technology bricks developed in the project, both for closed-loop and open-loop
recycling. HECATE results are expected to indirectly support pollution prevention and
control solutions in the aviation sector, which currently predicts a significant increase



Aerospace 2023, 10, 920 11 of 13

in emissions associated with the growth of the aerospace market in the coming years.
HECATE will provide and develop tools for the design teams to understand the different
environmental impacts of certain design choices for electrical systems in the context of the
Clean Aviation demonstrator aircraft. In this way, the scarcity of natural resources makes
LCA a useful tool to help with the selection of one component or another. Moreover, the
LCA activities in HECATE will allow the advancement of the approach to understand and
evaluate the environmental impacts of future hybrid-electric aircraft, which will become
more and more important over the course of the following decades.
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