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Abstract
Air transport is expected to substantially grow in the next decades, presenting
a significant challenge for the aviation industry to reconcile this growth with
the need to mitigate climate change by reducing greenhouse gas (GHG) emis-
sions. A viable strategy for diminishing aviation emissions involves reducing
aircraft fuel consumption, which can inter alia be achieved by incorporating
lightweight ceramic matrix composites (CMC) into aircraft components. How-
ever, this is offset by an energy-intensive production of CMC, and there remains
limited understanding of the environmental impacts associated with this group
of materials. This study aims to assess the potential of carbon/carbon (C/C)
wheel brakes to reduce large passenger aircraft emissions. Employing a cradle-to-
grave approach, a life cycle assessment based on ISO standards was conducted.
The findings indicate that, although the production of a C/Cwheel brake incurs a
markedly greater carbon footprint than its metallic counterpart, the lightweight
and durability aspect of C/C significantly contribute to decreased GHG emis-
sions over the entire service life of an aircraft across all evaluated scenarios.
Furthermore, the results emphasize the importance of component durability
and improved manufacturing process control in enhancing emission savings,
ultimately guiding stakeholders toward informed decisions regarding the use of
CMC for sustainable aircraft design.

KEYWORDS
aircraft brakes, aviation, ceramic matrix composites, CMC, LCA, life cycle assessment,
sustainability

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the
original work is properly cited.
© 2025 The Author(s). International Journal of Applied Ceramic Technology published by Wiley Periodicals LLC on behalf of American Ceramics Society.

Int J Appl Ceram Technol. 2026;23:e70104. wileyonlinelibrary.com/journal/ijac 1 of 16
https://doi.org/10.1111/ijac.70104

https://orcid.org/0000-0002-5524-8260
https://orcid.org/0009-0005-5028-1503
https://orcid.org/0009-0006-5446-390X
https://orcid.org/0000-0003-1727-7906
https://orcid.org/0000-0002-0593-6305
https://orcid.org/0000-0002-8719-4199
https://orcid.org/0009-0006-3901-4591
https://orcid.org/0000-0003-4504-8721
mailto:nicoletta.narres@iabp.uni-penalty -@M stuttgart.de
mailto:nicoletta.narres@iabp.uni-penalty -@M stuttgart.de
http://creativecommons.org/licenses/by/4.0/
https://wileyonlinelibrary.com/journal/ijac
https://doi.org/10.1111/ijac.70104
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fijac.70104&domain=pdf&date_stamp=2025-11-03


2 of 16 DORLING et al.

1 INTRODUCTION

Aviation accounts for 2.0%‒2.5% of all global anthro-
pogenic fossil greenhouse gas (GHG) emissions.1–4Within
the transport sector, it is responsible for 13.9% of all GHG
emissions, making it one of the most significant sources
of global transport GHG emissions.5,6 To reverse this trend
and achieve net-zero emissions by 2050, transnational avi-
ation initiatives by the member states of the International
Civil Aviation Organization (ICAO) and Air Transport
Association (IATA) have been established.7–10
However, the aviation sector today is in an early stage

of its endeavors to mitigate climate change by reducing its
global GHG emissions,1,8 while air transport is expected
to grow by an average of 4.3% per annum over the next
two decades due to increasing demand.11 This challenging
situation necessitates the implementation of effectivemea-
sures to mitigate global aviation emissions. One approach
involves reducing aircraft mass by utilizing appropriate
lightweight materials, such as advanced composites, to
decrease fuel demand and, consequently, emissions from
kerosene combustion.12,13
The use of composite materials have led to overall air-

craft mass savings of 6%‒10% (single-aisle), respectively,
2%‒6% (twin-aisle).14 Due to their advantageous mate-
rial properties including higher temperature, wear, and
corrosion resistance, composite materials are used for var-
ious aircraft applications.15 This development primarily
focuses on large aircraft construction,16,17which has steady
increased the share of composite structural weight.18
Today, composites account for 10%‒50% of the structural
weight of modern large passenger aircraft.17,19,20 This has
improved the weight-to-load ratio, a trend that is expected
to continue and further intensify due to continuing weight
reduction efforts.21
One class of high-temperature lightweight composites is

ceramic matrix composites (CMC), produced by embed-
ding reinforcing fibers, such as silicon carbide or carbon
fibers, in a carbon or ceramic matrix. Today, CMCs are
used not only in high temperature components of air-
craft engines, but also in carbon fiber-reinforced carbon
(carbon/carbon, C/C) heat packs, which refers to large
passenger aircraft brake discs arranged in a wheel brake
system (multiple disc brakes) used to provide the aircraft’s
wheel braking function.15,22 As part of the landing gear,
they are critical to the performance and efficiency of the
wheel brakes.22 Heat packs consist of a combination of sta-
tors and rotors arranged alternately to generate the braking
force,15,22 where the rotors rotate with the wheel assembly
and the stators are stationary discs attached to the torque
tube. Figure 1 shows an exemplary C/C heat pack for large
commercial passenger aircraft.

F IGURE 1 Carbon fiber-reinforced carbon heat pack
(reprinted with permission of SGL Carbon SE).

Based on current global market tonnage, aircraft heat
packs represent the main application for carbon fibers
today.15 Aircraft brake systems can be segmented into car-
bon and metallic brake types.23 While the utilization of
C/C heat packs varies across different aircraft types, metal-
lic brake discs remain a prevalent choice with a share of
up to 40% in larger aircraft cargo sector. In the passen-
ger sector, C/C brakes have prevailed almost exclusively
due to their long service life and the associated potential
for lightweight design.15 Previous research indicates that
a reduction of 1 kg in passenger aircraft weight results
in a fuel saving of approximately 0.02‒0.03 kg per 1000
km of flight distance.24 Therefore, it can be inferred that
considerable savings in kerosene, respectively, in GHG
emissions could be achieved over an aircraft’s lifetime
through the use of lightweight C/C heat packs. How-
ever, the manufacturing of C/C heat packs involves the
energy-intensive chemical vapor infiltration (CVI) pro-
cess, which results in a tradeoff between the ecological
impacts of lightweight C/C heat packs during production
and use phase. This provides an interesting case to inves-
tigate C/C heat packs from a life cycle assessment (LCA)
perspective.
Several studies have previously been conducted on the

use of lightweight materials other than CMC for auto-
motive applications, indicating a substantial potential for
mitigating environmental impact. Based on the analysis of
33 LCA studies on the benefits of automotive lightweight-
ing, Kim and Wallington emphasize that the utilization
of lightweight materials instead of conventional materi-
als leads to a reduction in GHG emissions throughout the
life cycle of automotive vehicles. This effect is predom-
inantly determined by the use phase, which dominates
energy demand and GHG emissions, as fossil fuel is the
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dominant energy source for vehicle operation.2,20,25 LCA
results drawn from Bianchi et al., who investigated the
environmental impacts associated with the production,
use and disposal of CMC brakes of a sports car indicate
comparable findings.26 Regarding the aerospace sector,
LCA studies on the use of lightweight and hybrid com-
posite aviation and space structures conclude that the
structural weight is the most critical parameter affecting
their environmental performance over the entire life cycle;
by reducing structural weight, a substantial decrease in
GHG emissions over the aircraft’s life cycle is investigated
as most of the environmental burden is caused in the use
phase by the combustion emissions of fossil jet A-1 fuel
(kerosene).27–29 Furthermore, research findings on carbon
fiber-reinforced plastics indicate that, despite the ecolog-
ical benefits associated with their use phase, the impact
of the production phase cannot be disregarded, since in
specific cases the production impacts can offset use phase
savings.29
Against this background, this study aims to investigate

the research question of whether the use of C/C heat
packs instead of metallic ones can effectively contribute
to the reduction of GHG emissions over the lifetime of
a medium-haul aircraft. This inquiry is particularly perti-
nent given the considerable GHG emissions linked to the
production of C/C heat packs, which were quantitatively
determined in the research project CU EcoCeramic.30 For
this purpose, a LCA was conducted on both heat pack
variants. The results of this study aim to provide stake-
holders of CMC such as producers of CMC structures,
aircraft operators, politics, and society an opportunity
to explore CMC aircraft components from an ecological
perspective.

2 METHODOLOGY

The most widely recognized method for quantifying the
environmental impact of a particular material, product,
or process is the conduct of LCA. The LCA applied is
based on the ISO 1404031 and ISO 1404432 standards.
Figure 2 demonstrates the research approach including
the steps of visualization and conclusion in a simplified
manner.
The evaluation focusses on the impact category cli-

mate change, total, which is indicated as global warming
potential (GWP) and quantified in kg CO2 equivalents.34,35
The findings of this study are expected to assist CMC

stakeholders such as manufacturers, aircraft operators,
politicians, and society in investigating this material
group concerning environmental considerations for air-
craft applications. For this purpose, a generic metallic heat

pack based on gray cast iron (EN-GJL-200) serves as a
benchmark, mainly used in cargo applications.
As a relative approach, LCA is based on a defined func-

tional unit (FU). The FU is a quantified description of the
performance of a specific product or product system that
serves as a reference unit in LCA.31,32 All inputs (e.g., raw
materials or electricity) and outputs (e.g., emissions to air)
in the life cycle inventory, and consequently the impact
assessment profile, are related to the defined FU.31 The FU
of this study is defined as fulfilling the wheel brake func-
tion for a medium-haul aircraft over an aircraft’s service
life of 30 years. To fulfil the wheel brake function, all sta-
tor and rotor brake discs of the main gear are considered.
The focus was exclusively on distinguishing discs of both
C/C and metallic aircraft wheel brakes. This is because
both product variants consist of the same or comparable
parts and components of the brake system, such as valves
or wicks.
To evaluate the potential reduction of CO2 equivalents

associated with the utilization of C/C brakes in aircraft,
the scope of the present study includes the production
of brake disc material including all upstream processes
(e.g., raw material extraction and preparation, production
of preliminary products), the transport from the place
of manufacture to the location of assembly, the use in
flight operations, the transport of worn-out heat packs
from the disassembly site to the place of manufacture
(for refurbishment respectively disposal purpose) and an
end-of-life (EoL) treatment. EoL treatment consists of
refurbishing reusable C/C brake discs and recycling mate-
rial for metallic brake discs. The study’s scope is outlined
in Figure 3.
As CMC recovery pathways are topic of current

research,36 a state-of-the-art refurbishment treatment of
first-life C/C brake discs (cf. Section 3.5) is considered
in the analysis. Regarding the EoL of the metallic prod-
uct variant, the use of secondary material to manufacture
metallic brake discs is considered.
The GWP associated with the supply of heat packs

and weight-induced consumption of kerosene was cal-
culated for both product variants over the entire service
life of an aircraft. To quantify the associated material
and energy flows over an aircraft’s service life, the fore-
ground system as shown in Figure 3 is parametrized by
certain assumptions based on several data and information
sources. These assumptions were then used to define var-
ious scenarios. Chapter 3 describes the assumptions and
scenarios in detail. The background LCA data stems from
the LCA for Experts Professional database.37 The life cycle
impact assessment (LCIA) described in detail in chapter
four characterizes the resulting inventory and yields the
environmental impacts.

 17447402, 2026, 1, D
ow

nloaded from
 https://ceram

ics.onlinelibrary.w
iley.com

/doi/10.1111/ijac.70104 by O
pen A

ccess U
niversity of A

ugsburg - U
niversitätsbibliothek A

ugsburg , W
iley O

nline Library on [25/01/2026]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



4 of 16 DORLING et al.

F IGURE 2 Simplified research approach of the study (inspired by Schneider et al.33).

F IGURE 3 Scope and system boundary of the study.

3 DATA BASIS AND SCENARIO
DEVELOPMENT

The subsequent sections will provide a comprehensive
examination of assumptions and scenarios underlying the
assessment of the life cycle phaseswithin the study’s scope.

3.1 Weight of the reference products

A key element for the present study was the estimated
weight of both product variants to determine the required
amount of brake disc material and the weight-induced
diesel consumption (ground transport of the heat packs)
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TABLE 1 Structural composition and weight of a generic carbon/carbon and metallic heat pack.

Product variant Carbon/carbon Metallic
Structural
composition

Stator discs Rotor discs Stator discs Rotor discs
515 415 4 5

Weight per disc 6.5 kg 22.8 kg
Weight per heat pack 58.5 kg 205.2 kg

and kerosene consumption (heat packs as payload in
flight). This is particularly relevant as the fuel consump-
tion of an aircraft highly depends on its weight.12
Besides utilization, the dimensions of a heat pack can

vary across different types of aircraft. Therefore, a generic
C/C, respectively metallic heat pack, was defined in con-
sultation with the CU EcoCeramic project advisory board,
which included 24 companies that use, manufacture, and
maintain aircraft brake discs, and defined generic bound-
ary conditions, such as brake disc wear measurement,
service lifetime, specific disc weight and number of discs
per heat pack. This information was used to derive the
weight of a generic C/C, respectively, metallic heat pack
(Table 1).
A medium-haul aircraft is usually equipped with four

heat packs corresponding to the four main gear wheels,
each fitted with a single heat pack, while the nose gear
is not equipped with heat packs.22 The total payload of an
installed set of heat packs was calculated using the respec-
tive weights per heat pack. Thus, the payload of a set of
heat packs was estimated as follows:

𝑚set,C∕C= 234.0kg (1)

𝑚set,metallic= 820.8kg (2)

3.2 Manufacturing

Polyacrylonitrile (PAN)-based high-tensile (HT) carbon
fibers are commonly used as a standard material to
produce C/C composites employed in brake discs and
other friction components. These fibers exhibit favor-
able mechanical properties and represent the most cost-
effective option currently available, contributing to their
widespread adoption in such applications.
In the subsequent manufacturing stage, these carbon

fibers are processed into textile preforms, typically in the
form of mats, felts, or nonwoven fabrics—particularly for
use in aircraft brake discs. Following a shaping process
that reduces the textile preforms to the desired component
geometry, the carbon fiber semi-finished products undergo
CVI. During this process, they are exposed to hydrocar-
bon gases—predominantly methane (CH4) with a purity

greater than 96%—at elevated temperatures exceeding
800◦C.
Through pyrolytic decomposition of the gaseous precur-

sor, a carbonmatrix gradually forms around the individual
filaments, ultimately resulting in a dense, cohesive com-
posite material.
Within the scope of this study, the manufactur-

ing phase of C/C heat packs includes isothermal CVI
as well as upstream and downstream processes and
resources.
A comprehensive description of the CVI process for

C/C and C/SiC composites is described inter alia by
Quenisset.38 CVI process parameters, such as pore diffu-
sion and deposition kinetics, are described by Diefendorf
and Sohda.39
In the present study, the state-of-the-art process for

manufacturing aircraft brake discs was investigated as a
baseline scenario. This scenario is a modified, isothermal
CVI process as utilized in series production. In addition
to minor adjustments in the process, the waste heat from
the reactors is reused directly in parallel processes via heat
exchangers,which significantly reduces the process energy
consumption.
For the environmental assessment of the manufactur-

ing of 1 kg of a generic C/C structure, data from related
projects were used and supplemented with literature data,
which were consolidated industrially. In addition, labora-
tory measurements were used, which were then validated
by industrial partners.Measured data were critically inves-
tigated due to upscaling effects on industrial plants. Due to
the constant aggregation of several data sets, a fluctuation
range of life cycle inventory data were used throughout
to map a range of different material and energy flows
that arise due to different process management. This
range was mapped by two LCI data sets for the CVI pro-
cess. Two generic life-cycle inventory (LCI)manufacturing
scenarios—a worst-case and a best-case—were defined,
hereinafter referred to as the LOW andHIGHmanufactur-
ing scenarios. These scenarios encompass the full range of
production routes currently employed by leading suppliers
such as Safran Landing Systems, Meggitt PLC, Honeywell,
and SGL Carbon. Based on this coverage of diverse process
technologies, it is estimated by the project advisory board
that a significant share of all C/C composite aircraft brake
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discs fall within the mass and energy flows of these two
LCI scenarios (LOW and HIGH).
The efforts in CU EcoCeramic required an energy and

material flow model that allows flexible calculation of life
cycle inventory data and resulting impact categories for
different production scenarios. In addition to the struc-
tural materials, energy, compressed air, and cooling water
are also required to produce C/C components. The struc-
tural materials include the fiber and matrix production, as
well as the sewing thread and binder for the finishing of
the textile semi-finished products. The production tech-
nologies include all upstream and downstream process
steps required to produce a C/C structure of 1 kg with the
focused production process chains based on the structural
materials.
A distinction can be made between the following differ-

ent initial situations in data procurement:
Data sets generally available in background LCA

database. A range of material data is stored in commercial
LCI databases and can directly be used by LCA software.
Data sets available in the background LCA database

due to various predecessors and sister projects (e.g., MAI
Enviro,40 MAI Enviro 2.041 or MAI ÖkoCap42). Several
process data sets have been determined and collected in
predecessor and sister projects. Some CFRP data produc-
tion data sets can be used directly for CMC production,
such as data for HT carbon fibers, including the pro-
duction of the polymeric carbon precursor PAN and all
relevant flows, or the production of semi-finished textile
products.43 However, process parameters vary, resulting
in different energy consumption per kilogram of mate-
rial. The C/C production data sets were adapted and
industrially validated using literature and own laboratory
data.
Data sets industrially collected and established. In addi-

tion to the data sets determined or researched in-house, the
project was also provided with industrial data. In the CU
EcoCeramic project,more than 25 companies on the Indus-
try Advisory Board helped to ensure that correct life cycle
inventory data could be used. Data were provided by four
companies for the CVI process. These were aggregated to
form a generic data set and then industrially validated.
Based on the findings of CU EcoCeramic, the manu-

facturing of C/C is distinguished by a substantial energy
consumption, which significantly impacts the carbon foot-
print of C/C structures whereby the composition of the
electricity has a decisive influence. For this reason, the
LCA model considers different scenarios for the electric-
ity grid mix used for the manufacturing of C/C structures
(Table 2).
The composition of energy sources of the mentioned

renewable energy grid mix corresponds to the renewable
share of the German grid mix in 2023.44

The LCA model for the manufacturing of 1 kg C/C was
evaluated separately for all four scenarios. Each result of
the evaluation (carbon footprint of the manufacturing of
1 kg C/C, CFproduction,C∕C) was then scaled up to the mass
of a set of generic C/C heat packs (𝑚set,C∕C), taking into
account the assumed refurbishment rate of C/C brake discs
(RRC∕C, see Section 3.5) as a credit for the avoided CO2
equivalents of the production of C/C brake discs.

CFproduction,C∕C =
(
1 − RRC∕C

)
× CFC∕C ×𝑚set,C∕C (3)

The result was incorporated into the overall calculation
for the C/C use case as soon as the currently mounted
set of heat packs reached the assumed service lifetime
(Section 3.4).
Regarding the manufacturing of metallic heat packs, a

generic data set for the manufacturing of gray cast iron
via sand casting was used. Following the same procedure
for the C/C use case, the result based on the used data
set was evaluated (carbon footprint of 1 kg gray cast iron,
CFproduction,metallic) and scaled up to the weight of a set
of metallic heat packs (𝑚set,metallic). As the utilized data
set considers the use of secondary material, the result
already includes the corresponding credit for the avoided
CO2 equivalents of the production of new metallic brake
discs. The result was included in the overall calculation
for the metallic use case as soon as the currently mounted
set of heat packs reached the assumed service lifetime
(Section 3.4).

CFproduction,metallic = CFmetallic ×𝑚set,metallic (4)

3.3 Transport

A truck trip distance of 3500 km was assumed for both
transporting the heat packs from the manufacturing site
to the assembly site and transporting the worn-out heat
packs from the disassembly site to the manufacturing
site (refurbishment), respectively, to the disposal site.
This assumption is following the European Commission’s
recommendation for the LCA purpose for the standard
transport scenario from factory to end customer within an
intra-European supply chain.45 It is assumed that once the
new heat packs have been delivered, the truck with the
disassembled worn-out heat packs would return from the
assembly site to the manufacturing site for refurbishment
or disposal purposes. Therefore, a total distance of 7000 km
for each transport cycle was assumed for round-trip trans-
portation for each replacement event of a set of heat packs
for the aircraft considered:

disttransport = 7000 km (5)
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TABLE 2 Carbon/carbon manufacturing scenarios considered in this study.

Scenario Description
LOW An optimized process control and the use of the German grid electricity mix are assumed.
LOW-renewable An optimized process control and the use of an electricity grid mix based exclusively on renewable energy

sources are assumed.
HIGH A non-optimized process control and the use of the German grid electricity mix are assumed.
HIGH-renewable A non-optimized process control and the use of an electricity grid mix based exclusively on renewable energy

sources are assumed.

TABLE 3 Durability scenarios for carbon/carbon and metallic heat packs, expressed in number of flight cycles.

Product variant C/C Metallic
Durability scenario Short Medium Long Short Medium Long
Number of flight cycles 800 1.400 2.50046 80 160 240

In consideration of the wear-related service lifetime of a
set of heat packs, the transport cycle distance was applied
for each replacement event (replacement of one set of
heat packs). The LCA model for transport includes the
transport by diesel truck (Euro 4 emission standard, gross
weight > 32t). The model is evaluated for 1 kg of trans-
ported goods (carbon footprint of the transport of 1 kg
generic load mass, CFtruck) and scaled up to the mass of
a set of C/C, respectively, metallic heat packs:

CFtransport,C∕C = CFtruck × 𝑚set,C∕C (6)

CFtransport,metallic = CFtruck × 𝑚set,metallic (7)

3.4 Flight operation

Flight operations are subject to a variety of external factors,
resulting in a highly dynamic nature of the parameters
relevant to the environmental assessment of a generic
medium-haul aircraft operation. The objective of the
present studywas to performan analysis based on a generic
flight operation scenario defined along different parameter
values. The following section provides a detailed descrip-
tion of these parameters, including the definition of their
values.

3.4.1 Heat pack service lifetime

The wheel brake function is subject to a variety of exter-
nal influences, including load, wind conditions, and the
length and ground conditions of the runway. These vari-
ables directly impact the durability of a heat pack. To
account for these variables, three durability scenarios were
defined for each product variant (Table 3).

Except for the value of scenario C/C, Long, which is
based on a publicly available manufacturer’s statement,
the durability values are based on expert statements con-
ducted within the scope of the project CU EcoCeramic.
For this assessment, empirical investigations were carried
out at a facility specializing in the recycling of heat packs.
The manufacturer’s recommended service life—hereafter
denoted as the long scenario—was evaluated against the
replacement intervals actually recorded in operational
workshop settings (medium scenario). A short scenario
was defined to represent the theoretical minimum replace-
ment interval, which is rarely encountered under typical
usage conditions.

3.4.2 Aircraft service lifetime

Literature studies use a range of assumptions on aircraft
service lifetime, ranging from 20 to more than 30 years,
with 30 years being themost common.47–52 Thus, this study
assumes a total aircraft service lifetime of 30 years:

𝑡aircraf t = 30 years (8)

3.4.3 Flight distance per day

To determine the fuel savings associated with the C/C use
case, the difference in kerosene consumption for the heat
packs as payload had to be determined over the entire ser-
vice lifetime of the aircraft. The initial step in this process
was to ascertain the total distance flown by amedium-haul
passenger per day. Based on existing analysis,53 an average
value of flight cycles per day was assumed:

FCd = 4.44 (9)
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To determine this parameter value, data on currently
active and recently concluded medium-haul flights were
extracted through FlightAware’s AeroAPI.54 Over a period
of one and a half months, global flight data, including
departure and arrival airports’ ICAO codes, was collected
31 times. The collected airport ICAO codes were enriched
with coordinates using OurAirports55 compiled list of air-
ports worldwide and flight distances were calculated using
the well-established Haversine formula, which is applica-
ble for the calculation of the distance between two points
on the Earth’s surface at sea level, as discussed by Cox
et al. for hurricane trajectories.56 Duplicate flights, flights
with no recorded arrival airport were removed from the
data set before further analysis. The described API calls
and data pre-processing was performed using the KNIME
data analytics software.57 Information about the inves-
tigated airplane types for filtering was pulled from the
manufacturers’ websites58,59 and flugzeuginfo.net.60 The
average value was calculated based on the analyzed flight
distances. This amounts to 1321 km per flight cycle:

distFC = 1321 km (10)

The average daily flight distance (distd) was determined
by multiplying the average daily number of flight cycles
(FCd) and the average flight cycle distance (distFC):

distd = FCd × distFC (11)

3.4.4 Payload-induced fuel consumption of
the mounted heat packs as payload

Scaled to the aircraft’s service lifetime of 30 years, the
respective fuel consumption quantities were calculated.
The amount of CO2 equivalents was evaluated using
LCA background data for the supply and combustion of
kerosene.
To determine the fuel savings that can be realized by

using the lighter C/C heat packs, the heat packs were
considered as a flight load. Following existing literature
approaches, it was assumed that the thrust-to-weight ratio
and the cruising speed remain constant when consider-
ing a specific aircraft type, so that fuel consumption can
be assumed to be proportional to the total aircraft weight
(linear fuel‒mass correlation).27 According to Steinegger,
the ratio of fuel savings that can be realized by reducing
the weight by 1 kg, or the amount of fuel required for 1 kg
of additional weight, amounts to around 0.02‒0.03 kg of
fuel over a flight distance of 1000 km.24 Following this
value range, an average fuel consumption rate (FCR) of
0.025 kg fuel per 1000 km and 1 kg load was assumed for

the evaluation:

FCR =
0.025 kg kerosene × kg payload

1000 km
(12)

The study considered the heat packs as a load to be car-
ried during the flight, and the amount of fuel required for
the mounted set of heat packs as a payload was calculated.
To do so, the average FCR was multiplied by the average
distance travelled per flight cycle and multiplied by the
number of flight cycles per day:

𝑚d,kerosene,C∕C = 𝑚set,C∕C × distd × FCR (13)

𝑚d,kerosene,metallic = 𝑚set,metallic × distd × FCR (14)

The result was then scaled up to the aircraft’s service life-
time. The difference between the resulting fuel masses for
both the C/C and metallic product variant thus represents
the amount of fuel saved by using lightweight C/C heat
packs. To analyze the environmental impacts associated
with the supply and combustion of theweight-induced fuel
masses, a generic LCAdata setwas used inLCA for experts,
whichmaps the supply and combustion of 1 kg of kerosene.
This data set was then evaluated and the result (carbon
footprint of the supply and combustion of 1 kg of kerosene,
CFkerosene) used to determine the CO2 equivalents of the
consumption of kerosene as part of the overall calculation
for each use case.

CFd,kerosene,C∕C = 𝑚set,C∕C × distd × FCR × CFkerosene
(15)

CFd,kerosene,metallic = 𝑚set,metallic × distd × FCR × CFkerosene
(16)

3.5 End-of-life scenarios

Friction applications such as aircraft brake discs are subject
to high dissipation during their use phase. A significant
share of the product is abraded during the braking pro-
cedure on the runway due to high rotational speed and
pressure being applied on the surface, leading to particu-
late and a film-type of debris.61 Depending on the design
and rinsing procedure of the heat pack, the dissipated C/C
undergoes combustion or is emitted as carbon particles
and fibers. While most of the solid residues are cleansed
during maintenance, emitted particles represent fine par-
ticulate matter that not only harm the environment but
also human health.62,63 Based on this study’s calculations,
2.3 g of carbon particles are abraded on average per landing
and disc with a weight of 6.5 kg. After 1400 landing cycles,
a disc is worn down to about 50% of its original mass,
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corresponding to the maximum abrasion level during the
use phase. Using modern remanufacturing methods, two
worn-out C/C brake discs that are otherwise undamaged
are clipped together to create a second-life disc that can
perform another 1400 landing cycles before reaching EoL.
According to expert statements, it can be assumed that
50% of the worn-out discs entering the maximum abra-
sion level are undamaged and can be refurbished, while
50% show additional signs of wear, such as cracks, mak-
ing them unsuitable for a second live as a brake disc. Over
several replacement cycles, these assumptions result in a
calculated limit value of 20%of second-life brake discmate-
rial (refurbishment rate, RRC∕C; the detailed calculation
is shared within the Supporting Information, file name
Refurbishment_CC_Calc.pdf):

RRC∕C = 0.2 (17)

Considering an abrasion of 50% per life cycle, on aver-
age, 30% of the primary disc enters the EoL, while 70%
is dissipated. To date, only few information is avail-
able for recycling options for those EoL brake discs.36
Therefore, it is assumed that these are not processed sep-
arately and, thus, exclude further EoL treatment from
the model. Regarding the metallic heat packs, the LCA
background data set considers a proportion of secondary
material of 100%. This means that EoL treatment in accor-
dance with the current state of material recycling of
metallic brake disc material is considered in the present
study.

4 LIFE CYCLE IMPACT ASSESSMENT

Using LCA for Experts software version 10.7.0.183 com-
bined with database CUP2024.1,3737 a LCIA was carried
out following the European Commission’s LCIA method-
ology Environmental Footprint 3.1 (EF3.1) for themidpoint
category climate change, total. EF3.1 addresses the effects
on climate change and includes the calculation of the
radiative forcing as global warming potential of 100 years
(GWP100) as a science-based midpoint indicator over the
life cycle of a product or service. Consequently, this study
considers the baseline model of 100 years.
The calculation of the CO2 equivalents of the respec-

tive use cases is carried out cumulatively over 30 years
(equivalent to 10.950 days). The evaluation for the C/C
use case included all scenario combinations resulting from
the manufacturing scenarios (Table 2) and the service life
scenarios for the heat packs (Table 3). An overview of all
evaluated C/C scenario combinations is given in Table 4.
The results of the LCIA are presented here. Figure 4

shows the CO2 equivalents associated with the C/C and

metallic use cases over the entire aircraft’s service life and
thereby corresponds to the initially defined FU fulfilling
the wheel brake function for a medium-haul aircraft over
an aircraft’s service life of 30 years. For a break-even analy-
sis of the use of C/C instead ofmetallic heat packs, Figure 5
pertains to the initial 2 years of the aircraft’s life cycle.
Regarding the metallic use case, all three durability

scenarios (Table 3) were evaluated.
Figure 4 illustrates the cumulative tons of CO2 equiv-

alents associated with the manufacturing, transport, and
use of heat packs over the entire aircraft service life of 30
years.
Following the analysis of all considered scenario combi-

nations, a range of results was obtained for the C/C and
metallic use cases, which are represented by the shaded
areas. The blue-shaded area represents the corridor for the
metallic use case, and the blue line corresponds to the CO2
equivalents assuming an average service life. The lower
corridor boundary represents the CO2 equivalents assum-
ing a short service life, while the upper corridor boundary
corresponds to the maximum feasible service life.
The orange-shaded area describes the corridor of the

C/C use case. The upper limit of the orange corridor repre-
sents the CO2 equivalents for the manufacturing scenario
HIGH and an assumed short service lifetime for the C/C
heat packs, which is the least favorable scenario com-
bination. The lower limit of the C/C corridor describes
the environmental impacts of the most favorable scenario
combination, which is the case for the LOW-renewable
manufacturing scenario and an expected long service life-
time for the C/C heat packs. The lines shown within
the orange corridor describe the carbon footprint result-
ing from the LOW and HIGH manufacturing scenarios,
combined with an average service lifetime for the C/C
heat packs. The dashed lines describe the environmental
impacts of the perspective C/C manufacturing scenarios,
LOW-renewable or HIGH-renewable (use of an electric-
ity grid mix from exclusively renewable energy sources),
while assuming an average service lifetime for theC/Cheat
packs.
As the manufacturing- and transport-induced impacts

occur with each replacement event, the lines and corridors
for both use cases take the form of a staircase (due to the
given scale, the effects of the metallic use case appear lin-
ear, but are also step-shaped). The gradient between two
steps represents the increase of CO2 equivalents generated
by the supply and emission of kerosene consumed for the
heat packs as a payload in flight over time until the cur-
rently installed set of heat packs is replaced by the end
of its service lifetime (=next step-shaped increase). The
FU is achieved at the end of the aircraft’s life. The cor-
responding values when the FU is achieved are listed in
Table 5.
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10 of 16 DORLING et al.

TABLE 4 Evaluated scenario combinations for the carbon/carbon use case.

Manufacturing scenario Low-renewable Low High-renewable High
Durability scenario Short Avg. Long Short Avg. Long Short Avg. Long Short Avg. Long

F IGURE 4 Environmental impact for the EF3.1 impact category climate change, total to fulfill the functional unit (FU) by using generic
carbon/carbon and metallic heat packs (development over time).

F IGURE 5 Break-even period of the environmental impact for the EF3.1 impact category climate change, total of using carbon/carbon,
and metallic heat packs.
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TABLE 5 Results for the EF3.1 impact category climate
change, total at the moment of fulfilling the functional unit through
the use of carbon/carbon, respectively, metallic heat packs.

Manufacturing scenario assuming
an average service lifetime of the
heat packs

Global warming
potential (CO2-eq./FU)

C/C—LOW-renewable 2.580 t
C/C—LOW 2.661 t
C/C—HIGH-renewable 3.293 t
C/C—HIGH 3.432 t
Metallic 5.518 t

Abbreviations: CO2-eq., CO2 equivalents; FU, functional unit.

The use of C/C heat packs proves to be favorable across
all evaluated scenarios, which is already evident in an
early phase of the aircraft’s service life. This is despite
the production of C/C heat packs is associated with sig-
nificantly higher CO2 equivalents than the production of
metallic heat packs. The reason for the advantageous per-
formance of the C/C use case primarily is given by the
lightweight construction induced reduction in kerosene
consumption, and an overall longer service life of the C/C
heat packs. Even the least favorable C/C use case sce-
nario combination relates to fewer CO2 equivalents than
the most favorable metallic use case scenario. This under-
lines the dominant role of those two aspects in the overall
results.
The range of results of the C/C use case (orange area)

implies that both the service lifetime of the heat packs and
the manufacturing process control are important levers to
reduce the amount of CO2 equivalents associated with the
C/C use case. This finding corroborates existing research
results, which imply that an increase in service life of
lightweight composite components leads to significantly
enhanced environmental benefits due to the reduction of
aircraft GHG emissions.25
Improved process control in the manufacture of C/C

heat packs can additionally reduce GWP significantly by
22%/FU (HIGH vs. LOW). Moreover, utilizing a renewable
electricity grid mix reduces CO2 equivalents by 25%/FU
(HIGH vs. LOW-renewable).
HIGH and HIGH-renewable are mediocre as the

manufacturing of the C/C brake discs is more energy
intensive due to suboptimal process parameters. However,
the lighter C/C heat packs have a lower GWP in flight
operation than the metallic use case when the FU is
fulfilled due to dominant lightweight-induced fuel savings
and the longer service life of C/C heat packs. Metallic heat
packs represent the scenario with the highest overall GWP.
The production of metallic brake discs has a significantly
lower GWP than C/C, indicating that the high GWP is

primarily attributable to the higher payload-induced fuel
consumption that occurs during flight operation for the
heavier metallic heat packs. Additionally, the evaluation
diagram demonstrates that the durability of the heat packs
exerts a substantial influence on the GHG emissions
over time. This is particularly evident in the C/C use
case, given its significantly higher manufacturing-
induced impacts compared to the metallic use
case.
Figure 5 shows the evaluation diagram for the first 2

years of flight operation for the intersection analysis of the
C/C and metallic applications.
The intersection of the C/C MIN and metallic lines

occurs at approximately 0.25 years, or, when considering
the manufacturing scenario HIGH, at around 0.5 years.
For the perspective manufacturing scenarios (C/C LOW-
renewable and C/C HIGH-renewable), the intersection
points are slightly shifted forward in time.
Figure 6 shows the results of the individual scenario

combinations, including the respective shares of contribu-
tion to the environmental impact by the production of the
heat packs, the associated kerosene consumption, and the
associated diesel consumption (truck transportation of the
heat packs).
The longer service life of the heat packs not only

improves the overall result but also increases the rele-
vance of kerosene consumption. In addition, the positive
effect of a longer service life of the heat packs is more
significant for HIGH and HIGH-renewable than for LOW
andLOW-renewable due to the higher production-induced
impact. The transportation of the heat packs by truck to
the assembly site and back to the manufacturer represents
a clearly subordinate contribution to the overall results for
all scenario combinations.
Figure 7 shows the results for the metallic use case for

the different heat pack durability scenarios, including the
shares of manufacturing, kerosene consumption of the
aircraft, and diesel consumption of the truck transports.
The range between the overall results is significantly

smaller than in the C/C use case, which is due to the
lower variance of the assumed heat pack durability. In
contrast to the C/C use case, it is noticeable here that
the proportion of kerosene consumption accounts for a
significantly higher proportion of the overall result, as
the higher weight-induced kerosene consumption and the
lower amount of manufacturing-induced CO2 equivalents
result in a different ratio of these proportions. Neverthe-
less, the result can be significantly influenced by a higher
durability of the heat packs. In contrast to theC/Cuse case,
the share of truck transportation in the overall result is
more significant.
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12 of 16 DORLING et al.

F IGURE 6 Results of the carbon/carbon scenario combinations at the moment of fulfilling the functional unit by the respective share of
contribution.

F IGURE 7 Results of the metallic scenarios at the moment of fulfilling the functional unit by the respective share of contribution.
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5 DISCUSSION AND OUTLOOK

The analysis of the GHG emissions associated with the use
of C/C-based heat packs over the lifetime of a medium-
haul aircraft reveals major benefits regarding the GWP,
although the manufacturing of C/C heat packs is associ-
ated with a significantly higher carbon footprint compared
to the manufacturing of the metallic product variant.
Assuming an average heat pack service lifetime, the bene-
fits of the C/C use case are already realized within the first
year of flight operation. Specifically, the long service life-
time of the heat packs and the improved process control
in C/C production can be identified as pivotal factors in
reducing the carbon footprint of the C/C use case. These
benefits are evident in the wide range of results observed
in the fulfillment of the FU.
All scenario combinations examined for the C/C use

case prove to be advantageous, primarily due to the
reduced kerosene consumption induced by the lightweight
aspect of C/C, while additional kerosene consumption due
to higher weight is the main contributor to the carbon
footprint of the metallic use case. This finding can also
be attributed to the concurrent effect of the longer ser-
vice life of the C/C heat packs. This corroborates existing
research results, which imply that an increase in service
lifetime of vehicle components, respectively, travel dis-
tance over time, leads to enhancedGHGemissions benefits
from using lightweight materials.25
ICAO’s basket of measures for achieving its net zero

emissions goal considers the utilization of sustainable avia-
tion fuel (SAF). Thismeasurement holds significant poten-
tial for reducing aviation GHG emissions.64,65 Considering
the anticipated future application of SAF and aircraft
propulsion technologies with reduced climate-impacting
emissions, a decreasing significance of fuel-related GHG
emissions on the overall emissions related to the use of C/C
heat packs can be expected. Consequently, the significance
of optimized process control inC/Cmanufacturing and the
use of electricity from renewable energy sources as a lever
for reducing emissions will increase.
Given the increasing service lifetimes of passenger air-

craft, it can be assumed that a longer aircraft service life
further increases the importance of the use phase regard-
ing the ecological benefits of C/C lightweight components
for aircraft applications, which follows the findings of
existing research.25
The estimation of the use phase of composite structures

depends on which application is considered. Since the
intended use of a large aircraft can strongly influence its
flight frequency, average flight distance, and other param-
eters, commercial passenger transport was chosen as the
intended use of an exemplary medium-haul aircraft. For
other applications (e.g., air cargomissions), the parameters

for flight operations on which this study is based must be
re-evaluated. The study represents generic results based on
the assumptions made and data collected. Therefore, these
results should not be regarded as universally valid and are
not suitable for product comparison statements. Consider-
ing that production process control and product durability
are significant factors identified in this study, separate LCA
studies should investigate the GHG emissions reduction
potential of other CMC aircraft components, as this can
vary greatly by component and use case.
In the course of this study, it was recognized that there is

a limit to solutions for the EoL treatment of CMC. There-
fore, investigating the ecological effect of additional EoL
scenarios for CMC serves as a starting point for future
research efforts. These efforts will follow the expressed
necessity outlined in existing research.27

6 CONCLUSIONS

This study investigates the potential of a lightweight air-
craft component made of CMC to reduce aircraft GHG
emissions over the service life of a large passenger aircraft.
The investigation of GHG reduction potential (expressed
in CO2 equivalents) for C/C heat packs in commercial avi-
ation is expected to assist both manufacturers of aircraft
wheel brakes and aircraft operators in evaluating this type
of brake with respect to environmental considerations.
To investigate this issue, themethod of LCAwas applied,

analyzing a generic C/C heat pack and a generic metallic
heat pack for a medium-haul aircraft. The analysis con-
sidered the supply (manufacturing and transportation) of
the heat packs, their use during flight operations, and
their EoL. A generic use case was described for both prod-
uct variants based on specific parameter values, including
evaluated real flight data. Both use cases were analyzed
using the LCIA method Environmental Footprint 3.1 for
the impact category climate change, total. The evaluation
included different manufacturing and product durability
scenarios to account for variations in manufacturing and
use.
The results show that the C/C use case is associatedwith

lower CO2 equivalents than the metallic use case across
all scenarios considered. The primary factors influencing
this are the reduced kerosene consumption realized by the
lightweight C/C heat packs as flight loads, and their longer
service life. This finding aligns with the corresponding
results of existing LCA studies on lightweight components
in the automotive and aerospace sectors. In addition, the
study’s results indicate that optimized manufacturing pro-
cess control and, to a lesser extent, the use of renewable
energy in production were identified as levers for reduc-
ing the GHG emissions of the C/C use case. In view of the
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potential use of SAF, it is expected that these levers will
increasingly gain importance in the future compared to
the fuel saving aspect of lightweight aircraft components.
Assuming an increasing use of SAF in the future, LCA
studies including specific LCA data sets for the supply and
combustion of SAF is recommended. Furthermore, as only
limited information and solutions exist for the EoL treat-
ment of C/C components to date, this study highlights the
need for future research in this area.
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