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Abbreviations

ALCA Attributional Life Cycle Assessment
ATR Average Temperature Response

BTF Buy-to-Fly Ratio

CC Climate change

CFRP Carbon Fibre Reinforced Polymer
CLCA Consequential Life Cycle Assessment
CPACS Common Parametric Aircraft Configuration Schema
CTUe Comparative Toxic Unit for ecosystems
CTUh Comparative Toxic Unit for humans
EIO-LCA Economic Input-Output Life Cycle Assessment
EU European Union

GFRP Glass Fibre Reinforced Polymer

GHG Greenhouse Gas

GSA Global Sensitivity Analysis

IA Impact Assessment

LCA Life Cycle Assessment

LCC Life Cycle Costing

LCI Life Cycle Inventory

LCIA Life Cycle Impact Assessment

LSA Local Sensitivity Analysis

MEW Manufacturer Empty Weight

NMVOC Non-Methane Volatile Organic Compound
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OEW Operational Empty Weight

PKM Passenger-Kilometre

pLCA Process-based Life Cycle Assessment
RF Radiative Forcing

SA Sensitivity analysis

UA Uncertainty analysis

VOC Volatile Organic Compound

WBM Weight and Balance Manual

WoS Web of Science
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1 Introduction

After the Covid-19 crisis, the aviation sector is expected to recover significantly and reach a steady
growth pace, with air passenger number increasing at an average annual rate of 3.3% [1]]. It
is considered to be one of the fastest-growing sources of Greenhouse Gas (GHG) emissions. In
2017, in the European Union (EU), direct emissions from aviation represented 3.8 % of total CO;
emissions [2]. When non-CO; emissions are taken into account, aviation contributes to around
3.5 % of the impacts on climate. [3]

In this scenario, the European Commission’s Green Deal has been launched, in 2019, being a great
effort to reduce the emissions in transport sector by 90% by 2050, when compared to 1990 figures.
Hence, there is a need to reduce the environmental impact of aviation in the long term.
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Figure 1.1: Global air passengers, past and forecast, billions [1]

In addition, the ecological impact associated to novel technologies and innovative propulsion
concepts needs to be analysed in order to avoid shifting burdens from one impact category to
another when developing new products. In this context, the Life Cycle Assessment (LCA) method
is a powerful tool to draw recommendations and help identifying potential improvements.

This literature research focus specially on the application of the LCA method to address and
analyse the environmental impacts within the aviation sector, as well as the use of the adequate
Life Cycle Inventory (LCI) and respective databases within this industry. At last, Life Cycle Impact
Assessment Life Cycle Impact Assessment (LCIA) methods and other aviation-specific metrics will
be investigated on their strengths and limitations within aviation.

In the transport sector, aviation accounts for 13.9 %, making it the second biggest source of transport
GHG emissions after road transport. Within this scenario, in 2019, the European Commission’s

VI



Life Cycle Assessment Methodologies and Life Cycle Inventories for Aviation #
DLR

Green Deal was presented and aims to reduce transport sector emissions by 90 % by 2050 compared
1990 levels.

The objective of this literature research is to outline relevant fundamental concepts regarding sus-
tainable aviation in the context of existing and novel technologies as well as alternative propulsion
concepts. In order to accurately assess the environmental impact of a product or a system, a
widely spread method called LCA is used to analyse the burdens caused to the environment over a
product’s entire life cycle. Such method will be investigated in the present text, and some relevant
aspects will be addressed.

In addition, since such method is highly data-intensive, the so-called LCI will also be the focus
of this literature research. The limitations and shortcomings of LCA and LCI in aviation will be
analysed. Also, databases (such as ecoinvent and GaBi) with focus on transportation and aviation
will be investigated, as well as an overview of LCIA methods with a potential relevance in aviation
will be examined.

This literature research is hence divided into three parts. The first part is comprised of fundamental
concepts for a comprehensive overview of the present text, with a brief introduction to LCA and
its phases, with focus on LCI data, as well as the life cycle approach applied to aviation, and
the limitations of such method. In addition, a few concepts on aviation complex systems and its
interconnections including its energy supply will be presented.

In the second part, the literature review in the current methods for environmental assessment in
aviation are outlined and investigated. The definition of relevant research terms and keywords is
done, and the obtained statistics will be further discussed and analysed, as well as the publications
that seem most fitting to this review’s scope will be described and summarized.

In the third part, the information gathered will be used to a research gap analysis, in which the
current boundaries are analysed.
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2 Fundamental Concepts

2.1 Enviromental Impacts in Aviation

The main environmental impacts associated to aviation are: the emission of greenhouse gases
(GHG), noise pollution and land use. The burning of aviation fuel releases carbon dioxide (CO5)
and other GHG such as nitrous oxide (N2O) as well as water vapor. In addition, the aircraft
engines release pollutants such as sulfur dioxide (SO,), nitrogen oxides (NOy) and particulate
matter, which can cause adverse effects on both human health and the environment.

Noise pollution impacts both the communities near airports and wildlife in adjacent areas, causing
disturbance in sleep, increased stress levels and overall impacts on human health. Such impacts
are usually assessed by the so-called social Life Cycle Assessment. At last, airports and associated
infrastructure can lead to deforestation, habitat destruction and disruption of ecosystems. The
land use for aviation can displace communities and impact local biodiversity.

Most of aircraft emissions occur at higher altitudes (around 90% of total), whereas the minority
is produced during airport ground level operations or takeoff and landing. Emissions caused
by the combustion of aircraft engine are a great source of environmental impacts, being roughly
composed of 70% of CO,, around 30% of H,O and less than 1% of NOy, CO, SOy, particulates,
among others. Depending on the altitude, the emissions can be considered local air quality
pollutant (if they occur near the ground) or greenhouse gases (at altitude). The main emissions
for combustion processes are shown in table [4]

The emissions, however, are not caused only by the aircraft. They are also originated from vehicles
that provide access to airports, shuttle services offered between terminals and to the aircrafts,
ground equipment that provide services to aircrafts, auxiliary power units providing electricity
and air conditioning to aircraft parked at airport terminal gates, among others. [5]

In addition, the aircraft emissions with an impact on air quality are essentially comprised of
nitrogen oxides (N Oy), which contribute to ozone formation at ground level, and increase system
exposure to acidification and eutrophication. The impacts of gases emitted by civil aviation are
shown in table [5]
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Table 2.1: Emissions from combustion processes of aircraft engines [4]

Gas Source

CO» Carbon dioxide is the product of complete combustion of hydrocarbon
fuels like gasoline, jet fuel, and diesel. Carbon in fuel combines with

oxygen in the air to produce CO5.

NOx Nitrogen oxides are produced when air passes through high
temperature /high pressure combustion and nitrogen and oxygen
present in the air combine to form NO,.
HC Hydrocarbons are emitted due to incomplete fuel combustion. They
are also referred to as volatile organic compounds (VOCs). Many
VOCs are also hazardous air pollutants.
H>O Water vapor is the other product of complete combustion as hydrogen
in the fuel combines with oxygen in the air to produced H,O.
CcoO Carbon monoxide is formed due to the incomplete combustion of the

carbon in the fuel.

SOy Sulfur oxides are produced when small quantities of sulfur, present in
essentially all hydrocarbon fuels, combine with oxygen from the air

during combustion.

Particulates Small particles that form as a result of incomplete combustion, and are
small enough to be inhaled, are referred to as particulates, which can
be solid or liquid.
O3 O3 is not emitted directly into the air, but is formed by the reaction of

VOCs and N Oy in the presence of heat and sunlight.

For a given flight, the engine used, load factor and design of the vehicle, weather in route,
atmospheric conditions and elevations may affect the emission dispersion and production. The
combustion of fuel (jet kerosene and jet gasoline) vary according to the performance of the engine.
Figure ?? depicts an overview of the associated environmental impacts of jet engine combustion.
The complete combustion would yield a cleaner profile of emissions; however, it is not the case
with the current engine technologies. The main GHG emissions are CO, and H,O. [6]
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Table 2.2: Impacts on atmosphere caused by gas emissions from aviation [5]

Gas Source
COy Long-lived GHG. Contributes to global warming.
CHy Lifetime of 10 years. Aircraft NO, destroys ambient CHjy.
H,O Due to its small addition to natural hydrological cycle, the contribution
is small.
O3 Lifetime of weeks to months. Product of NO, emissions plus

photochemistry. Its effect is high at subsonic cruise levels and causes

radioactive reactions at such levels.

Sulphate Scatters solar radiation to space. Impact is one of cooling.
Soot Absorbs solar radiation from space. Impact is oe of warming.
Contrails Reflect solar radiation and have a cooling effect. However, they reflect

some infrared radiation down to earth, which has a warming effect.
Net effect is warming.
Cirrus Contrails can grow to larger cirrus clouds (contrail cirrus). Generally

have warming effects.

As shown in figure ??, the uncertainties rise as one moves from quantifying aviation emissions and
radiative forcing to quantifying temperature and precipitation changes or socioeconomic impacts.
Since the Global Warming Potential (GWP) concept is not as adequate for aviation, IPCC proposed
a different metric called Radiative Forcing (RF), which can be defined as the global, annual mean
radiative imbalance caused to Earth’s climate system due to anthropogenic activity, measured in
watts per square meter [W /m?]. [6]

RFE, however, is an instantaneous measure (snapshot) that does not capture the integrated effects
of a new unit of aviation emissions. Dallara [7] proposes a new metric called Average Temperature
Response (ATR) in order to take into account the time horizon. It is defined as the temperature
changes integrated over a time period H. The determined effect on climate is dependent on actual
emissions progress. ATR is a climate metric specifically tailored for aircraft design rather than for
policy decision-making. The following equation describes the metric: [7,8, 9]

1 o0
ATRy = - / AT s (tao(t)dt 1)
0

in which AT, g is the time-varying global mean-temperature change, H is the aircraft lifetime
(usual values are 20, 50 and 100 years) and w(t) is the weighting function.

In order to holistically assess the environmental impacts in different stages in an aircraft’s life
cycle, the following framework is proposed (figure 2.1). For aircraft production, maintenance
and end-of-life, the method used is Life Cycle Assessment, whereas during the operation phase,
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the Impact Assessment (IA) is applied. This is done by expanding existing standards to include
aviation-relevant aspects, such as the Average Temperature Response (ATR) metric.

LCI qﬂ Aircraft Production H Aircraft Life Cycle H End-of-Life }

[ Maintenance ]

B Impact Assessment (IA) || Life Cycle Assessment (LCA)

System Boundaries 1 \ elementary flows

Figure 2.1: System boundaries.

2.2 Life Cycle Assessment

In this section, the Life Cycle Assessment methodology is briefly presented. At first, the defini-
tion of the framework is given, followed by the relevant phases (Goal and Definition, Life Cycle
Inventory, Life Cycle Impact Analysis and Interpretation), which are described in detail. At last,
the strengths and weaknesses of LCA are shown.

2.2.1 Definition and Elements

The Life Cycle Assessment (LCA) is a technique developed for better understanding and address-
ing the associated environmental impacts of products, both manufactured and consumed. This
framework outlines the environmental aspects and potential environmental impacts throughout a
product’s life cycle, from raw material acquisition through production, use, end-of-life, recycling
and final disposal [10].

The DIN ISO 14040 defines four different phases for the conduction of an LCA study, as shown in
figure Different databases can be used during the Life Cycle Inventory phase, and the most
widely used are ecoinvent and GaBi (sphera). The main LCA softwares are SimaPro, openLCA,
umberto and Brightway?2.

LCA can help identifying opportunities to improve the environmental performance of products
throughout many points of the life cycle, selecting relevant indicators of environmental perfor-
mance, and for industry-driven purposes such as strategic planning, priority setting, product or
process design and redesign.
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Figure 2.2: Life Cycle Assessment phases [[10]

The scope, the system boundary and the level of detail of an LCA depends on the aimed goal of the
study. The LCI analysis is an inventory of input/output data regarding the system in scope, and
involves the compilation of data necessary to meet the goals of the study. The LCIA phase aims to
provide additional information to help assess the LCI's results as to comprehend the environmental
significance. The interpretation is the final phase, in which the results of LCI and/or LCIA are
summarized and analysed for conclusions, recommendations and decision-making in line with

the goal and scope definition.

Finally, since data quality and sources may affect the obtained results from an LCA, an uncertainty
analysis (UA) should always be part of the study. The main aspects of uncertainty and sensitivity
analysis (SA) will be outlined.

The two main LCA types are namely attributional LCA (Attributional Life Cycle Assessment
(ALCA)) and consequential (Consequential Life Cycle Assessment (CLCA)). While ALCA outlines
an estimate of what part of the global environmental burdens belongs to the study object, CLCA
addresses an estimate of how the production and use of the object in scope affect the global
environmental burdens. [11]]

ALCA examines a snapshot of the current or past state of affairs to adress the environmental impacts
that can be attributed to the product in scope, i.e., assuming a static system. CLCA examines future
scenarios to determine the impacts that may occur as a consequence of a change in the use, method
of production, production level of a product. ALCA is defined as a 'retrospective’ study for hot-
spot identification, whereas CLCA is "prospective’ study to evaluate the consequences of future
changes. [12]
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Goal and Scope

Life cycle assessment enables holistic comparisons among possible systems or optimizing an
existing system. For achieving a successful result from an LCA study, it is necessary to define an
clear and unambiguous purpose (goal definition) from the start. This will help define the scope
and boundaries of the study. In turn, the scope should be sufficiently defined so that the depth
and level of detail of the study are compatible and enough to achieve the intended goal. [13]

The goal of an LCA must state the intended application, the reasons to perform the study, and the
intended audience. The scope, on the other hand, includes the product system to be analysed, the
functions of such system or systems, the functional unit, the system boundary, the selected impact
categories as well as the methodology of IA, data requirements, limitations, data and initial data
quality requirements. [10]

The functional unit defines the product or process being studied properly. It aims to provide
a reference to which the inputs and outputs are related. The reference is necessary to ensure
comparability between LCA results. This is specially critical when different systems are being
assessed. The functional unit ensures that the comparisons are made on a common basis. [10]

The system boundary defines where the analysis of the specific life cycle begins and where it
ends, and outlines the activities included within the technical system. There should be spatial and
temporal boundaries. Data collection for each process and sub-process should be representative
of the defined goal, within the time and geographic boundaries. [13]

Depending on which phase the system boundaries are set to start and to end, the LCA can be
either a cradle-to-gate, cradle-to-grave, gate-to-gate or cradle-to-cradle study, as shown in figure
The cradle-to-gate approach is comprised of the raw material extraction phase until the factory
gate, i.e., until the product is ready to be used in the operation phase, while a cradle-to-grave
LCA study goes from the raw material extraction through the product use/operation phase and
disposal. The gate-to-gate system boundary starts at one defined point along the life cycle to a
second defined point further along the life cycle. At last, the cradle-to-cradle is usually referred to
as a cradle-to-grave approach in which the product is recycled at end of life phase. [14]
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Product’s

Life Cycle

cradle-to-gate cradle-to-grave — cradle-to-cradle

Figure 2.3: Cradle-to-gate vs. cradle-to-grave vs. cradle-to-cradle [14]

The data quality requirements define in general terms the characteristics of the data needed for
the LCA conduction. The reliability of the study results as well as the correct interpretation of the
study outcomes depend on the descriptions of data quality. [10]

Life Cycle Inventory Analysis

The Life Cycle Inventory Analysis is usually the most time-consuming phase of an LCA. The
analysis is guided by the goal and scope definition. The main objective is to collect and compile
the data on elementary flows from all processes on a combination of different sources. The results
of the LCI analysis phase is a compiled inventory of elementary flows, which are used subsequently
in the Life Cycle Impact Assessment phase. [15]

The LCI analysis process is iterative, since as data are collected and more is known about the
system, new data requirements or limitations may appear. This requires that the data collection
procedures be updated in accordance with goal of the study. [10]

The object of study in an LCI analysis is the product system, which is a set of processes which
are connected by energy or material flows and should perform the functions defined during the
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goal and scope definition phase. The functional unit is the quantified performance of the product
system, and is the reference unit to which all flows are scaled in the LCI analysis. The system
boundary is the border between a product system, the natural environment, and other product
systems, i.e., it delimits the product system to be studied. [16]]

In addition, the unit process is the smallest element in a LCI model for which input and output
data are quantified. The input and output data are organized into six categories of physical flows.
The input flows are divided into materials, energy and resources. The output flows are divided
into products, waste to treatment and emissions. Usually, unit processes do not gain or lose mass
through time and the sum of all input flows should be equal to the sum of all outputs flows. [15]

An output flow such as product or waste to treatment from a previous unit process can be the input
flow to the categories materials and energy for a different unit process. Resources and emissions
are not exchanged between unit processes, and are denominated as elementary flows. Figure
shows a unit process of steel sheet rolling and the respective examples of flows for each of the six
categories (input and output flows). [15]

Materials Product
Ex: Steel, unalloyed Steel sheet R
Energy Waste to treatment

Unit process: Ex: Mineral oil

Ex: Electricit
Y 7 Steel sheet rolling >

| Resources Emissions i
Ex: Water Ex: Particulates to air |
Elementary flows

______________________________________________________________________________________________

Biosphere (nature)

Figure 2.4: Unit process of steel sheet rolling [15], [17]

Life Cycle Impact Assessment

The impact assessment phase of LCA focus on the evaluation of the significance of environmental
impacts using the LCI results, associating inventory data with determined impact categories and
category indicators. This phase also provides information for the life cycle interpretation phase,
as well as revises the goal and scope definition phase, to check whether the objectives of the study
have been met. If not, the goal and scope would then be reviewed. [10]

The LCIA phase provides a holistic interpretation of the elementary flows provided in the LCI
phase and translation into relevant impact scores, representing the product’s system impact on
global warming, acidification, among others. This can support decision-making as well as answer
the questions stated in the goal and scope definition phase. [18]

The mandatory elements for the LCIA phase are:
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1. Selection of impact categories, category indicators and characterization models;
2. Assignment of LCI results (classification);
3. Calculation of category indicator results (characterization)

At last, the output is the category indicator results and the LCIA results (LCIA profile). The
optional elements are normalization, grouping and weighting. [10]

The selection phase is where the impacts to be analysed are selected according to the chosen goal
and a method chosen for each impact category. In the classification phase, the elementary flows
of the inventory (resource consumption and energy to air or water) are designated to the relevant
impact categories previously selected in step 1. In the characterization phase, for each elementary
flows, previously assigned to an impact category, the value is multiplied with a characterization
factor, which gives a quantitative representation of its importance for a specific impact category.
18]

The main aspects as well as the units of the impact categories are shown in table

10
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Table 2.3: Environmental impact categories [19]

Impact category

Climate change
(CO)

Ozone depletion

Acidification

Eutrophication -
freshwater

Eutrophication -
marine

Eutrophication -
terrestrial

Photochemical
ozone formation

Depletion of abiotic
resources - minerals
and metals
Depletion of abiotic
resources - fossil
fuels
Human toxicity -
cancer, non-cancer

Eco-toxicity
(freshwater)

Water use

Land use

Ionising radiation,
human health

Particulate matter
emissions

Unit

kg CO2-eq

kg CFC-11-eq

kg mol H+

kg PO4-eq

kg N-eq

mol N-eq

kg NMVOC-eq

kg Sb-eq

M]J, net calorific
value

CTUh

CTUe

3

m> world eq.

deprived

kBq U-235

Disease incidence

Description

Indicator of potential global warming due to
emissions of GHG to the air: (1) fossil resources,

(2) bio-based resources and (3) land use change.

Inidicator of emissions to ar that causes the
destruction of the stratospheric ozone layer

Indicator of the potential acidification of soils and
water due to the release of NO, and SO,

Indicator of the enrichment of the freshwater
ecosystem with nutritional elements, due to

nitrogen and phosphorus compounds emission

Indicator of the enrichment of the marine
ecosystem with nutritional elements, due to the

emission of nitrogen compounds

Indicator of the enrichment of the terrestrial
ecosystem with nutritional elements, due to the

emission of nitrogen compounds

Indicator of emissions of gases that affect the
creation of photochemical ozone in the lower

atmosphere (smog) catalysed by sunlight
Indicator of the depletion of natural non-fossil

resources

Indicator of the depletion of natural fossil fuel

resources

Impact on humans of toxic substances emitted to
the environment. Divided into non-cancer and
cancer-related

Impact on freshwater organisms of toxic
substances emitted to the environment

“"Indicator of the relative amount of water used,

based on regionalized water scarcity factors

Measure of the changes in soil quality (biotic
production, erosion resistance, mechanical

filtration)
Damage to human health and ecosystems linked
to the emissions of radionuclides
Indicator of the potential incidence of disease due

to particulate matter emissions

11
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Interpretation

The interpretation is the final phase on an LCA study, in which the results of the previous phases
are reviewed and analysed, considering the assumptions made throughout the study as well as
the data uncertainties. [15]

The interpretation phase should follow three steps. The first is the identification of significant
issues (for instance, main processes and assumptions and most relevant elementary flows) from
the other LCA phases are identified. The second is the evaluation of such issues, regarding
their influence on the general results of the study, as well as to the completeness, sensitivity and
consistency with which they have been regarded throughout the LCA study. The last step is
drawing conclusions, limitations and recommendations based on the evaluation of the results.

Uncertainty and Sensitivity Analysis

The uncertainty analysis in LCA aims to evaluate the uncertainty of LCA output results (LCIA)
considering the uncertain input parameters (LCI). Significant uncertainties can results from data
sources from measurements or from models, missing data and deficient model assumptions. [20]

The term "uncertainty" which is widely used in LCA can be divided into uncertainty and variability.
Uncertainty can be reduced or eliminated via more reliable and more accurate data acquisition,
while variability cannot be reduced but better characterized by improved sampling (it refers to the
inherent heterogeneity or diversity of data in an assessment). [20, 21]

The sources of uncertainty in LCA are split into three main categories: model, scenario and
parameter uncertainty. The first, parameter uncertainty (stochastic or data uncertainty) is defined
as uncertainty in observed or measured values deriving from inherent variability in the sampled
population as well as related to data quality. Scenario uncertainty relates to uncertainty associated
to normative choices such as choice of functional unit, time horizon, geographical scale, among
others. Model uncertainty arise from the structure of and the mathematical relationships defining
models themselves (such as models for deriving emissions and characterization factors in impact
assessment models). [12]]

Sensitivity analysis can be used along with uncertainty analysis in order to assess the robustness of
theresults and their sensitivity to data, assumptions and models. The two main types of the method
are local sensitivity analysis (LSA) and global sensitivity analysis (GSA). LSA investigates how a
small perturbation around a reference input value affects the output value, while GSA analyses
the effects of uncertain factors when such factors vary over a significant range of uncertainty. [20]

12
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Priorities for data improvement

Mid Priority

Uncertainty

Low Priority Mid Priority

Sensitivity

Figure 2.5: Priorities for data improvement

Figure [2.6|illustrates the procedure of a global sensitivity analysis with a schematic LCA model
which contains four input parameters. First, the input parameters and the respective uncertainties
are represented by density functions (step 1). Second, uncertainty propagation is performed (e.g.
Monte Carlo simulation), which propagates uncertainty through the LCA model (step 2) to obtain
a distribution function of the output. Third, the variance of the output is calculated (step 3).
Then, once the uncertainty propagation is done, a method for GSA is chosen (step 4). This step
determines how much each input parameters contributes to the output variance (step 5). The
example in figure[2.6|shows that parameters 1 and 2 are the ones which contribute the most to the
output variance. [23]

Step 1: Define input
distributions

sensitivity analysis

/

E Step 4: Global

Parameter 1 i Step2:
1 Propagate
__1_1_nce_r_t_a_1£1_t_y ______ Step 3: Calculate output
distribution Parameter 4
w Parameter 1 ) A
Parameter 2 LCA . ?araﬁmeter 3
Model

5
3
@
o
]
=
N

Parameter 3 Step 5: Determine
contribution to output
variance

2

Parameter 4

Figure 2.6: Global sensitivity analysis in LCA

13
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2.2.2 Strengths and Limitations

The comprehensiveness of LCA in terms of its life cycle perspective and coverage of environmental
issues can be seen as a strength and a limitation. It allows the comparison of environmental impacts
of different product systems - which are comprised of hundreds of processes and thousands of
resource uses and emissions, in different places and times.

On the other hand, the comprehensiveness can be a limitation, since it requires simplifications
and generalisations in the modelling of a product system and the environmental impacts. Since
the necessary amount of data required to conduct an LCA study is great and it is not feasible to
gather such high quantity of data, it is thus needed to consider simplifications and generalisations.
This, on the other hand, prevents LCA from calculating the actual environmental impacts. Since
there are considerable uncertainties associated to an LCA study, while mapping of resource use
and emissions, it is more precise to say LCA calculates impact potentials. [15]

In addition, while LCA can compare and tell which product system is better for the environment,
it cannot tell if better is "good enough". For that reason, it is not correct to conclude that a product
is environmentally sustainable, in absolute terms, in the case of an LCA study stating that a certain
product has a lower environmental impact than another product.

14
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3 Literature Research

The purpose of this literature research is to provide an overview of published papers regarding
life cycle assessment in aviation, with a strong focus on Life Cycle Inventories and holistic studies
(cradle-to-grave). Hence, the search terms are gathered and then fed into common search engines,
such as Scopus and Web of Science (WoS). At last, a detailed overview of the found publications is
given.

3.1 Determination of Search Terms

The following section outlines the search terms used in the present literature search. Such terms
are relevant in order to identify relevant publications regarding both life cycle assessment and
aviation. The suitable synonyms were identified and the number of matches in the databases
Scopus and Web of Science is presented in the following tables.

Aviation - search terms

As means to find the suitable search terms to aviation, different synonyms to aviation are analysed
and used. The complete list of all search terms can be found in Appendix A, whereas the six most
frequent results are presented in table

Table 3.1: Aviation search terms

Search Term Scopus Web of Science Sum
aircraft 336,142 100,175 436,317
aerospace 156,801 47,299 204,100
aviation 99,380 25,657 125,037
aeronautic* 83,388 15,672 99,060
airplane 30,713 9,847 40,560

flight operation* 3,642 1,383 5,025

Comparing the number of matches in Scopus and Web of Science, it yields that Scopus returns
significantly more results. The sum in the right column represents the total of the entries in the two
databases, without taking any duplicated publications into account. The most commonly used
terms in literature are aircraft, aerospace and aviation. These three search terms are in the following
used in combined form:

15
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Search Term
aircraft OR aerospace OR aviation
— 521,001 publications in Scopus (02/2023)

Life Cycle Assessment - search terms

Similarly to aviation search terms, the suitable LCA synonyms are defined and then used to
determine the number of publications in the two search engines. The numbers are shown in table
It is important to note that the term LCA was previously used to denominate light combat
aircraft in the late 1990s and early 2000s.

Table 3.2: Life cycle assessment search terms

Search Term Scopus Web of Science Sum
life cycle assessment 35,052 29,827 64,879
LCA 37,541 22,580 60,121
life cycle analysis 18,558 3,294 21,852
life cycle inventory* 3,214 2,005 5,219
lifecycle inventory* 48 25 73

The combination of the different search terms yields:

Search Term
life cycle assessment OR LCA OR life cycle analysis OR lifecycle assessment
— 55,987 publications in Scopus (02/2023)

Life Cycle Assessment - Synonyms

Since the term Life Cycle Assessment can limit the scope of the results, different terms regarding
ecological impacts were analysed. The synonyms of LCA in Scopus and Web of Science are shown
in table The complete list of the investigation is presented in Appendix B.

16



Life Cycle Assessment Methodologies and Life Cycle Inventories for Aviation #
DLR

Table 3.3: Life cycle assessment synonyms

Search Term Scopus Web of Science Sum
enviromental impact* 235,026 77,853 312,879
carbon footprint 26,756 10,476 37,232
environmental assessment 27,162 8,214 35,376
ecological impact 19,839 2,876 22,715

ecological footprint 5,584 2,863 8,447

environmental footprint 5,209 2,657 7,866

The combination of the different terms yields a total of 287,614 publications in Scopus. In the
following section, the relevant results are analysed statistically.

Search Term
life cycle assessment OR LCA OR life cycle analysis OR lifecycle assessment OR environmental
impact OR environmental assessment

— 287,614 publications in Scopus (02/2023)

The combination of the following search terms results in 27,885 publications.

Search Term
(lifecycle OR life cycle) AND (assessment OR analysis) AND LCA
— 27,885 publications in Scopus (06/2023)

3.2 Statistics

In order to identify relevant papers regarding both LCA and aviation, the following search terms
were used:

Search Term
(aircraft OR aerospace OR aviation) AND (life cycle assessment OR LCA OR life cycle analysis OR
lifecycle assessment)

— 592 publications in Scopus (05/2023)

The search resulted a total of 592 publications. Due to the holistic nature of the present study, an
additional search field was used in order to exclude the studies regarding biofuels or aviation fuels
(AND NOT). Hence, the search term yielded 337 publications.
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Search Term
(aircraft OR aerospace OR aviation) AND (life cycle assessment OR LCA OR life cycle analysis OR
lifecycle assessment) AND NOT (biofuel* OR fuel*)

— 337 publications in Scopus (05/2023)

The abstracts of such publications were then read and sorted to be either relevant or disregarded.
From the 337 papers, 122 were found to be irrelevant or inconsistent with the intended goal of
the present study. In addition, the term LCA was used to denominate light combat aircraft during
the 1990s and 2000 (34 publications were then disregarded). The 180 remaining publications were
then grouped in the different subjects. Figure[3.1]illustrates the main findings:

Other (8%)

Transportation
modes (8%)

Engine (6%)
Airport (4%) Manufacturing/
Materials
(55%)
Recycling (6%)
Design 4 /
(13%) //
7

Figure 3.1: Life cycle assessment studies in aviation

Since publications regarding the study of aviation fuels and biofuels were out of scope, the greatest
share of papers were focused in manufacturing and materials (55%), followed by early stage LCA
during the design phase (13%) and transportation modes. The remaining publications were
comprised of recycling, engine and airport infrastructure, respectively. Studies considering a
holistic analysis of the aircraft life cycle, i.e. a cradle-to-grave LCA, were analysed in detail and
will be described in the following section.
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3.3 Detailed Literature Review

Faganha et al. [24] conducted an LCA study on the transportation of goods by road, rail, and
air (Boeing 747-400) in the U.S., including the manufacturing, use, maintenance and end-of-life
stages for both vehicle and infrastructure life cycle. The authors used a hybrid LCA methodology,
combining both process-based LCA and economic input-output analysis-based LCA (Economic
Input-Output Life Cycle Assessment (EIO-LCA)) and the functional unit is of grams of air pollutant
per ton-mile of freight activity.

The manufacturing phase was assessed via EIO-LCA method, considering the total aircraft costs,
while the fuel consumption and emissions are calculated with pLCA with data from IPCC (1996)
[27]. The results show that fuel combustion accounts for around 70% of life-cycle CO; emissions.
The manufacturing phase has a relatively high energy demand (19% of the total).

Similarly, Chester [30] compares the environmental impacts of different transportation modes in
the United States. The system boundaries include the entire life-cycle (vehicle, infrastructure,
fuel production) except for the end-of-life phase, using a hybrid LCA assessment approach to
estimate the components in the inventories. Aircrafts with different ranges were analysed in the
study: Embraer 145 (short-haul), Boeing 737 (medium-haul) and Boeing 747 (long-haul). For
the manufacturing phase, EIO-LCA was used considering the sectors Aircraft Manufacturing and
Aircraft and Engine Parts Manufacturing for representing the manufacturing processes. As for the
operation phase, emissions at non-cruise stages (at or near-airport) and cruise phase are considered
separately.

The GHG emissions associated to aircraft manufacturing are significantly different between the
aircrafts in scope. The lowest manufacturing emissions are experienced with the Boeing 737,
whereas 747 shows the highest impact (43% larger than non-cruise operational emissions and 6%
of total). The cruise phase accounts for between 55% (Embraer 145) and 74% (Boeing 747) of total
energy consumption and GHG emissions. As for fuel production, this phase accounts for about
8% of total energy consumption for all aircraft and 10% for GHG emissions.

Lopes [36] performed an LCA of an Airbus A330-200 in a cradle-to-grave approach. The inventory
is comprised of confidential data from an airline and the results were obtained using the SimaPro
software. The chosen functional unit was Passenger-Kilometre (PKM). The material and weight
breakdown was gathered by the author based on both manufacturer data (Weight and Balance
Manual (WBM)) and literature (specially for the engine material breakdown), as well as with
inputs from industry partners such as TAP Airlines. The author compares the sum of the weight
from the different materials to the actual Manufacturer Empty Weight (MEW), extracted from the
WBM. The value corresponds to 98%, which is reasonably approximate. Aircraft elements such as
electronics, navigation instruments and closed system fluids (e.g. hydraulic fluids) were not taken
into account, which can explain the 2% difference.

Subsequently, the author transferred the information into materials available in the ecoinvent
database. However, the necessary information for Carbon Fibre Reinforced Polymer (CFRP) was
not included, and for that reason the author modelled the production of 1 kg of CFRP based on
[63], considering both the material and energy consumption.
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The operation phase was based on confidential information provided by an airliner, comprised of
number of flights, passengers transported, travelled distances, among others as well as the fuel
consumption. The author then used the ecoinvent database for aircraft operation. At last, the end-
of-life phase was modelled according to [38]. The operation stage accounts for 99,9% of the aircraf
environmental burden, whereas the manufacturing stage is responsible for only 4.86 X 107°%,
followed by end-of-life (1.23 X 107°%). From this study, the relevance of reliable input data arises,
since material breakdown, CFRP production and flight operations data are not detailed enough or
are not available via open access due to airline data confidentiality. Both aspects of the aircraft life
cycle are increasingly becoming more important.

Howe [39] conducted an LCA of an Airbus A320 during all the life-cycle stages (manufacturing,
operation, decommissioning), with a strong focus on materials and components breakdown. For
the manufacturing phase, the assembly masses were obtained (split into wings, fuselage, engines,
main and nose landing gear, as well horizontal and vertical stabilizers) as well as the material
composition data, divided into aluminium, composites, steel, titanium and miscellaneous. The
authors split the aircraft into major structural components, which can be divided into separate
sub-assemblies. Transportation between production sites (except for the engine) are taken into
account. The ecoinvent database is used for characterizing all materials and components, except
for CFRP and aviation biofuel production. In that case, custom unit processes were built based on
sources for biofuel [63] and CFRP [64]. In addition, the authors rely on Operational Empty Weight
(OEW) data for the A320, and assume that systems aboard the plane account for 10% of overall
OEW.

As for flight operations, the fuel consumption data was modelled considering a 20-year aircraft
lifespan. Similarly to the previous studies, the end-of-life stage was based on PAMELA (2008)
[38]. The results show that the main contribution for an aircraft environmental impact is from
the operations phase, accounting for 99% of all impacts. The manufacturing phase accounts for
less than 0.1%, with the disposal scenario providing a 10% positive return. Similarly, the authors
Howe (2013) [60] and Kolios (2013) [65] develop further studies using the same approach.

Dallara [46] develops a streamlined LCA tool called "qUWick" applicable to multi-disciplinary
design optimization of aircraft, in a cradle-to-grave perspective combining both process-based
LCA and EIO-LCA. The results from the tool are then compared to previous LCA studies such as
[30], [36] and [39]. For aircraft manufacturing and operation phases, the author uses the ecoinvent
database for "aircraft production, medium haul" and “operation, aircraft, passenger, Europe”, from [48].
Each aircraft is assumed to be composed of 90% aluminum and 10% and the buy-to-fly ratio is
assumed tobe 1. Such assumptions and simplifications can interfere in the resulting environmental
impacts, since the material breakdown as well as the BTF are parameters which have high influence
on LCI analysis and consequently the final results.

Jordao [51] analyses the contributions to climate change of an Airbus A330-200 and a Boeing 777-
200, covering the whole lifespan of each aircraft (embodied CO; emissions during manufacturing
and maintenance and CO; eg emissions during the operational phase). The defined functional unit,
as most of LCA studies in aviation, is the PKM (referring to the transportation of one passenger
through a travelled distance of 1 km). Due to data scarcity, the end-of-life phase as well as airport
construction are not in the scope of the study. The approach used is based on the calculation of
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embodied energy (M]) and embodied emissions (kg CO; eq). For manufacturing phase, the author
refers to different sources for A330-200 and Boeing 777-200 material breakdowns, embodied energy
and emission factors, respectively ([36, 52,53, 54, 55]). As most previous LCA studies have shown,
flight operations have the highest contribution to the environmental impacts when compared to
manufacturing and maintenance phases.

Lewis [59] compares three different flight scenarios for the Airbus A320, A330 and A380, consid-
ering fuel production, aircraft manufacturing and operation and airport construction and oper-
ation. The author combines two LCA methods: Economic Input-Output Life Cycle Assessment
(EIO-LCA), utilizing U.S. economic input-output data and Process-based Life Cycle Assessment
(pLCA), based on the ecoinvent database. The functional unit is also PKM. For the manufacturing
phase, [36] was adopted as baseline for the materials input in the pLCA and then translated into
ecoinvent input flows. As for the EIO-LCA, similarly to [30], the author utilized the sectors Air-
craft Manufacturing and Aircraft and Engine Parts Manufacturing for representing the manufacturing
processes in SimaPro software. As for the aircraft operation, the author uses the Eurocontrol’s
Advanced Emissions Model (AEM) [61]. This tool calculates the total emissions generated by a
specific aircraft type over a defined distance, based on flight profile data.

Timmis [66] performs a life cycle assessment of a Boeing-787 Dreamliner considering an all-
composite airplane. The author utilizes SimaPro software in combination with ecoinvent databases
and the LCIA method is Eco-indicator 99. The study shows the comparison of equivalent sections
manufactured from CFRP and aluminium alloy through manufacturing and disposal phases as
well as operational emissions. CFRP manufacturing represents the most prominent environmental
impact, since the manufacturing processes are more energy-intensive due to complexity. How-
ever, during the use phase, the introduction of composite materials to the airframe architecture
represents a reduction of carbon emissions due to reduced material weight.

Jemioto conducts a life cycle assessment of air transportation, using a generic aircraft model
created based on certain characteristics and parameters. The author uses the ecoinvent database
and Lopes [36] as a reference while assessing the manufacturing phase. As for the operating phase,
the author refers to the European Environmental Agency (EEA) inventory guidebook [75]. The
study compares the results obtained for CO; eq/PKM emissions with other publications as [30],
[36], [59] and [48].

Similarly, in his doctoral thesis, Cox [77] compares the environmental impact of current and future
passenger transportation by motorcycle, aircraft, urban bus, and passenger car. The ecoinvent
datasets are used by the author for the different transportation modes. For aircraft production,
the dataset aircraft production, medium haul is used in combination with the Operational Empty
Weight (OEW). In addition, for fuel production, the market for kerosene dataset is applied. Aircraft
emissions are calculated based on the EEA/EMEP inventory guidebook [75].

In her publication, Bongo [80] addresses the environmental impact of utilizing aircrafts of various
types. The author performs a life cycle assessment of an Airbus A320 and A330. Since the scope
of the study focuses on commercial air travel, the functional unit is the operation of an aircraft
delivering air passengers to and from the same airport. The system boundaries are comprised
of fuel production, cruise phase and respective emissions (other flight phases are out of scope).
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The aircraft construction, maintenance and end-of-life are excluded from the study. For the flight
operations phase, the author utilizes the ecoinvent database as well as data gathered by [77], based
on [75].

Lastly, Fabre [81] performs a life cycle assessment for overall aircraft design. The reference aircraft
used is an Airbus A320 and the non-CO; effects are not considered in the study. As for the
manufacturing phase, the material breakdown is gathered based on [36, 73, 83, [82] and then
ecoinvent database is used to consider the extraction, transportation and transportation of raw
materials. For composite materials such as CFRP and Glass Fibre Reinforced Polymer (GFRP), the
data available in the ecoinvent dataset regards to injection moulded manufacturing process, which
does not translate well the processes used in the aviation industry. For the operation phase, the
author addresses the fuel production as well as the fuel combustion and tyre and brake emissions.

Table 3.4/ shows an overview of the literature presented previously, including the study objective
and a brief summary of the inclusion of manufacturing, flight operations and end-of-life phases.
In addition, table (3.5 presents the different references used in each publication. At last, table
summarizes the different software, databases and LCIA methods used in each study:.
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4 Research Gap

This literature review aimed to provide an overview of publications concerning the life cycle
assessment applied to aviation. A greater focus was given to life cycle inventories for aviation-
specific studies, considering the manufacturing and flight operations phases. The publications
which were considered relevant in this context were described and analysed in detail in Chapter
3.

Regarding the studies’ scope, most authors conducted an LCA with a holistic approach for specific
commercial aircraft types [36, 39, 51} 59, 60, 80, |81], while others focus on the comparison of the
environmental impacts for different transportation modes [24, 30, 77] or air transportation [73, 76]
as well as on the manufacturing phase only [65, 66].

For the Life Cycle Inventory phase, most of the data was gathered either from confidential data,
aircraft manuals (such as WBM), expert knowledge, or from estimates using the OEW from the
aircraft. The material breakdown presented by Lopes [36] is later used by most of the subsequent
studies [51} 59,73, |76, |77, 81]. Hence, a better characterisation of materials applied to the different
structures, components and systems in the aircraft is relevant for achieving more accurate results.
When analysing the environmental impacts from novel technologies, it is important to build
a framework which allows more adaptable and flexible calculations based on new inputs on
materials and components weight.

In addition, some authors used the hybrid LCA, combining Economic Input-Output LCA and
Process-based LCA [24, 30, 59]. The EIO-LCA combines the economic output of a given sector (for
the aviation case, Aircraft Manufacturing and Aircraft and Engine Parts Manufacturing). Nevertheless,
since this method is relying mostly on economic datasets, the accuracy and transparency of such
results can represent an issue. Lewis [59], while comparing the results obtained via EIO-LCA and
PLCA, explains the significant difference due to the high level of uncertainty associated to the
EIO-LCA method.

Most studies, however, were conducted using the so-called Process-based LCA combined with
the ecoinvent database. Ecoinvent provides a good level of information on materials production,
however the most frequently used such as CFRP or some Aluminum alloys are not yet well defined
in the database. For instance, the available activity for CFRP is based on the injection moulded
manufacturing process, which does not represent well aviation-specific production chains. In
addition, most publications have a high-level approach and do not specify how the different
components are manufactured or assembled. Including this information may lead to more detailed
and complete results.

The operations phase is defined using different methods. The ecoinvent activity for aircraft
operation is applied by some authors [36, 46, 80], while the EEA /EMEP inventory guidebook [75]
is referenced by [73,|77]]. Most authors also refer to ecoinvent for kerosene production.
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Table4.1|illustrates the connection between the different studies analysed in this literature review.
The publications shown in the column are the seen as the "origin" and are referenced by the
subsequent studies. They can either be referenced, not referenced, be used as comparison basis or
act as primary/secondary source (referenced by other studies used by the author). It can be seen
that Lopes [36] is frequently cited by other researchers. Since the author relies on either confidential
or aircraft manual data, as well as expert knowledge, specially regarding material breakdown and
components weight, such source may not be as transparent. Such issue could be solved combining
data models for virtual product design such as DLR’s Common Parametric Aircraft Configuration
Schema (CPACS) and environmental impacts calculations tools. This can also be beneficial while
assessing current and novel technologies and parametric design approaches.

Table 4.1: Publications on LCA in aviation overview

Study Dallara* Jorddo Lewis Howe [39, Timmis Jemiolo Bongo Fabre
[59] 60, 65] [66] [73,/77,/76] [80]  [81]

Spielmann [48]
Chester [30]
Lopes [36]

[46]
D
D
D
Lewis [59] O
D
O
O

o
O 000
O O000O0

Howe [139, |60, 65]

oo o000

Timmis [[66]

L BvlivEwEvEwilw,

O
O O

O )

Jemiolo [73,76,(77]

® referenced; O not referenced; D comparison basis; O primary/secondary source

As mentioned in the previous chapters, the different impact categories from LCA are able to cover
aviation-related environmental impacts until certain extent. The manufacturing and end-of-life
phases are well represented by such categories. However, the emissions caused during the flight
operations are not well defined using conventional metrics. For that reason, an aviation-specific
metric such as the Average Temperature Response (ATR) can be a powerful asset while analysing
the impacts caused by the sector.
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Appendix A

Search Term Scopus Web of Science Sum
aircraft 336,142 100,175 436,317
aerospace 156,801 47,299 204,100
aviation 99,380 25,657 125,037
aeronautic* 83,388 15,672 99,060
airplane 30,713 9,847 40,560
aeroplane 30,713 9847 40,560

air traffic 25,007 8,541 33,548

air transport* 27,705 4,954 32,659
aeronautical 14,552 6,368 20,920

air travel 5,301 2,659 7,960

flight operation* 3,642 1,383 5,025

airliner 2,504 938 3,442
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Appendix B

Search Term Scopus Web of Science Sum
enviromental impact* 235,026 77,853 312,879
life-cycle assessment 35,100 29,902 65,002
life cycle assessment 35,052 29,827 64,879
LCA 37,541 22,580 60,121
carbon footprint 26,756 10,476 37,232
environmental assessment 27,162 8,214 35,376
ecological impact 19,839 2,876 22,715
life cycle analysis 18,558 3,294 21,852
ecological footprint 5,584 2,863 8,447
environmental footprint 5,209 2,657 7,866
life-cycle inventory* 3,216 2,007 5,223
life cycle inventory* 3,214 2,005 5,219
ecological assessment 2,521 1,272 3,793
life cycle approach 1,766 861 2,627
lifecycle assessment 825 370 1,195
lifecycle analysis 579 190 769
lifecycle approach 338 117 455
life cycle evaluation 251 129 380
lifecycle inventory* 48 25 73
lifecycle evaluation 41 16 57

29



Life Cycle Assessment Methodologies and Life Cycle Inventories for Aviation #
DLR

Bibliography

[1]

2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

International Air Transport Association (IATA). Global Outlook for Air Transport: Sustained
Recovery Amidst Strong Headwinds. 2022.

European Comission. Reducing emissions from aviation. 2023. urL: https://climate. ec.
europa.eu/eu-action/transport-emissions/reducing-emissions-aviation_en (vis-
ited on 02/06/2023).

Hannah Ritchie. Climate change and flying: what share of global CO2 emissions come from aviation?
2020. urL: https://ourworldindata.org/co2-emissions-from-aviationl

Federal Aviation Administration (FAA). Aviation Emissions: A Primer. 2005. UrL: https :
/ /www . faa . gov/regulations _policies/policy_guidance/envir_policy/media/
aeprimer.pdf.

Ticiano Jorddo, Ernesto Sampedro, and Jana Duriova. “An Analysis of the Contribution of
Flight Route and Aircraft Type in Environmental Performance of Airlines Based on Life Cycle
Assessment: the Lutfhansa Case”. In: Scientific Papers of the University of Pardubice — Series D
21 (Dec. 2011), pp. 90-102.

D. Wuebbles et al. “Issues and Uncertainties Affecting Metrics For Aviation Impacts on
Climate”. In: Bulletin of The American Meteorological Society - BULL AMER METEOROL SOC
91 (Apr. 2010), pp. 491-496. por: 10.1175/2009BAMS2840. 1.

Emily Dallara, Ilan Kroo, and Ian Waitz. “Metric for Comparing Lifetime Average Climate
Impact of Aircraft”. In: AIAA Journal 49 (Aug. 2011), pp. 1600-1613. por: 10.2514/1. 3050763,
Michael Husemann et al. A Summary of the Climate Change Mitigation Potential through Climate-
Optimized Aircraft Design. May 2017. por: 10.13140/RG.2.2.32021.17127.

Liam Megill. Analysis of Climate Metrics for Aviation Title. 2022. urL: https://repository.
tudelft . nl /islandora/object /uuid : 9e84eedd - af69 - 4550 - 8938 - 2ccf4cacch8c ?
collection=education (visited on 06/19/2023).

European Committee for Standardization. Environmental Management — Life Cycle Assessment
— Principles and Framework. 14040:2006-07. Beuth Verlag GmbH. Berlin, July 2006.

Tomas Ekvall. “Attributional and Consequential Life Cycle Assessment”. In: Sustainability
Assessment at the 21st century. Ed. by Maria José Bastante-Ceca et al. Rijeka: IntechOpen, 2019.
Chap. 4. por: 10.5772/intechopen. 89202. urL: https://doi.org/10.5772/intechopen.
89202.

Nicole Bamber et al. “Comparing sources and analysis of uncertainty in consequential and
attributional life cycle assessment: review of current practice and recommendations”. In: The
International Journal of Life Cycle Assessment 25 (Jan. 2020). por:|10.1007/s11367-019-01663-
1.

M.A. Curran. Goal and Scope Definition in Life Cycle Assessment. LCA Compendium — The
Complete World of Life Cycle Assessment. Springer Netherlands, 2016. 1sBN: 9789402408553.
URL: https://books.google.de/books?id=jokgDQAAQBAJ.

International Council of Chemical Associations. How to Know If and When it’s Time to Com-
mission a Life Cycle Assessment: An Executive Guide. 2020.

30


https://climate.ec.europa.eu/eu-action/transport-emissions/reducing-emissions-aviation_en
https://climate.ec.europa.eu/eu-action/transport-emissions/reducing-emissions-aviation_en
https://ourworldindata.org/co2-emissions-from-aviation
https://www.faa.gov/regulations_policies/policy_guidance/envir_policy/media/aeprimer.pdf
https://www.faa.gov/regulations_policies/policy_guidance/envir_policy/media/aeprimer.pdf
https://www.faa.gov/regulations_policies/policy_guidance/envir_policy/media/aeprimer.pdf
https://doi.org/10.1175/2009BAMS2840.1
https://doi.org/10.2514/1.J050763
https://doi.org/10.13140/RG.2.2.32021.17127
https://repository.tudelft.nl/islandora/object/uuid:9e84ee4d-af69-4550-8938-2ccf4caccb8c?collection=education
https://repository.tudelft.nl/islandora/object/uuid:9e84ee4d-af69-4550-8938-2ccf4caccb8c?collection=education
https://repository.tudelft.nl/islandora/object/uuid:9e84ee4d-af69-4550-8938-2ccf4caccb8c?collection=education
https://doi.org/10.5772/intechopen.89202
https://doi.org/10.5772/intechopen.89202
https://doi.org/10.5772/intechopen.89202
https://doi.org/10.1007/s11367-019-01663-1
https://doi.org/10.1007/s11367-019-01663-1
https://books.google.de/books?id=jokgDQAAQBAJ

Life Cycle Assessment Methodologies and Life Cycle Inventories for Aviation #
DLR

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]
[26]

[27]

[28]

[29]

[30]

[31]

M.Z. Hauschild, R.K. Rosenbaum, and S.I. Olsen. Life Cycle Assessment: Theory and Practice.
Springer International Publishing, 2017. 1seN: 9783319564753. URL: https://books.google.
de/books?id=S7szDwAAQBAJ.

A.Cirothand R. Arvidsson. Life Cycle Inventory Analysis: Methods and Data. LCA Compendium
— The Complete World of Life Cycle Assessment. Springer International Publishing, 2021.
1sBN: 9783030622701. urL: https://books.google.de/books?id=FihAEAAAQBAJ.
Paul-Antoine Bontinck and Timothy Grant. Life cycle assessment of ethanol production from
bagasse using MicroBioGen yeast strains. Mar. 2021.

M.Z. Hauschild and M. A.J. Huijbregts. Life Cycle Impact Assessment. LCA Compendium —The
Complete World of Life Cycle Assessment. Springer Netherlands, 2015. 1sBN: 9789401797443
URL: https://books.google.de/books?id=kqOiBwAAQBAJ.

Ecochain. Impact Categories (LCA) — Overview. 2023. urL: https://ecochain. com/knowledge/
impact-categories-1ca/.

Wei Wei et al. “How to Conduct a Proper Sensitivity Analysis in Life Cycle Assessment: Tak-
ing into Account Correlations within LCI Data and Interactions within the LCA Calculation
Model”. In: Environmental Science & Technology 49.1 (2015). PMID: 25436503, pp. 377-385.
por (10 . 1021 /es502128k. eprint: https://doi.org/10.1021/es502128k. urL: https:
//doi.org/10.1021/es502128k.

U.S. Environmental Protection Agency (EPA). Uncertainty and Variability. 2022. urL: https:
//www.epa.gov/expobox/uncertainty-and-variability.

AssessCCUS. Detailed Process. 2023. urL: https://assessccus.globalco2initiative.org/
lca/detailed-process/.

Evelyne Groen et al. “Methods for global sensitivity analysis in life cycle assessment”. In:
The International Journal of Life Cycle Assessment 22 (July 2017), pp. 1125-1137. por: 10. 1007/
s11367-016-1217-3.

Christiano Facanha and Arpad Horvath. “Environmental Assessment of Freight Trans-
portation in the U.S.” In: The International Journal of Life Cycle Assessment 11.4 (2006). por:
10.1065/1ca2006.02.244.

Boeing. Boeing in Brief. 2005. urL: https://www.boeing. com/company/general-info/.
Bereau of Transportation Statistics. National Transportation Statistics 2004. 2004. urL: https:
//www.bts.dot.gov/archive/publications/national _transportation_statistics/
2004 /index (visited on 05/15/2023).

IPCC. Revised 1996 IPCC Guidelines for National Greenhouse Gas Inventories. 1996. URL: https:
//www.ipcc.ch/report/revised-1996-ipcc-guidelines- for-national-greenhouse-
gas-inventories/ (visited on 05/15/2023).

ICAO. Financial Data — Commercial Air Carriers. Digest of Statistics No. 517, Series F — no. 56.
2002. ure: https://www.icao.int/sustainability/Pages/Statistics.aspx|(visited on
05/15/2023).

B. Cantor, H. Assender, and P. Grant. Aerospace Materials. 2002.

Mikhail V. Chester. “Life-Cycle Environmental Inventory of Passenger Transportation in the
United States”. PhD Thesis. Berkeley: University of California, 2008.

L.R. Jenkinson, P. Simpkin, and D. Rhodes. Civil Jet Aircraft Design. AIAA education series.
American Insitute of Aeronautics and Astronautics, 1999. 1sn: 9780340741528. urL: https:
//books.google.de/books?id=W-ZGAQAATIAA].

31


https://books.google.de/books?id=S7szDwAAQBAJ
https://books.google.de/books?id=S7szDwAAQBAJ
https://books.google.de/books?id=FihAEAAAQBAJ
https://books.google.de/books?id=kqOiBwAAQBAJ
https://ecochain.com/knowledge/impact-categories-lca/
https://ecochain.com/knowledge/impact-categories-lca/
https://doi.org/10.1021/es502128k
https://doi.org/10.1021/es502128k
https://doi.org/10.1021/es502128k
https://doi.org/10.1021/es502128k
https://www.epa.gov/expobox/uncertainty-and-variability
https://www.epa.gov/expobox/uncertainty-and-variability
https://assessccus.globalco2initiative.org/lca/detailed-process/
https://assessccus.globalco2initiative.org/lca/detailed-process/
https://doi.org/10.1007/s11367-016-1217-3
https://doi.org/10.1007/s11367-016-1217-3
https://doi.org/10.1065/lca2006.02.244
https://www.boeing.com/company/general-info/
https://www.bts.dot.gov/archive/publications/national_transportation_statistics/2004/index
https://www.bts.dot.gov/archive/publications/national_transportation_statistics/2004/index
https://www.bts.dot.gov/archive/publications/national_transportation_statistics/2004/index
https://www.ipcc.ch/report/revised-1996-ipcc-guidelines-for-national-greenhouse-gas-inventories/
https://www.ipcc.ch/report/revised-1996-ipcc-guidelines-for-national-greenhouse-gas-inventories/
https://www.ipcc.ch/report/revised-1996-ipcc-guidelines-for-national-greenhouse-gas-inventories/
https://www.icao.int/sustainability/Pages/Statistics.aspx
https://books.google.de/books?id=W-ZGAQAAIAAJ
https://books.google.de/books?id=W-ZGAQAAIAAJ

Life Cycle Assessment Methodologies and Life Cycle Inventories for Aviation #
DLR

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]
[40]
[41]
[42]
[43]
[44]

[45]

[46]

[47]

[48]

[49]

[50]

P. Jackson. Jane’s All the World’s Aircraft. IHS Jane’s All the World’s Aircraft. Jane’s Infor-
mation Group, 2004. 1seN: 9780710626141. urL: https: //books . google . de /books ?id=
eS2yMQEACAA].

Aerospace Industries Association of America (AIA). Aerospace Facts and Figures 2006-2007.
2007. urL: https://www.aia-aerospace.org/| (visited on 05/15/2023).

Boeing. Current Products Services. 2007. urL: http: //www.boeing.com/commercial/prices
(visited on 05/15/2023).

Federal Aviation Administration’s (FAA). Emission Data Modeling System, 5.0.2. 2007. URL:
faa.gov/about/office_org/headquarters_offices/apl /research/models/edms _
model /media/EDMS_5.1.4_User_Manual.pdf (visited on 05/15/2023).

Jodo Lopes. “Life Cycle Assessment of the Airbus A330-200 Aircraft”. Master Thesis. Lisbon:
Universidade Técnica de Lisboa, 2010.

F.C. Campbell. Manufacturing Technology for Aerospace Structural Materials. Aerospace engi-
neering materials science. Elsevier Science, 2011. 1sn: 9780080462356. URL: https://books.
google.de/books?id=R7NHvVI{%5C_ZEC.

TRIMIS. Process for Advanced Management of End of Life of Aircraft (PAMELA).2008. urL: https:
//trimis.ec.europa.eu/project/process-advanced-management-end-life-aircraft
(visited on 05/15/2023).

Stuart Howe. “Environmental Impact Assessment and Optimisation of Commercial Air-
craft”. Master Thesis. Cranfield: Cranfield University, 2011.

Airbus. Aircraft Recovery Manual ARM. 2005. (Visited on 05/15/2023).

Airbus. Airplane Characteristics for Airport Planning. 2005. (Visited on 05/15/2023).

K. Rendigs and D. Knuwer. Metal Materials in Airbus A380. 2010. urL: http : / / www .
izmiraerospace.com/presentations/3_KARL_HEINZ_RENDIGS.pdf|/(visited on 05/15/2023).
European Environment Agency (EEA). EMEP/CORINAR Emission Inventory Guidebook. 2007 .
URrRL: https://www.eea.europa.eu/publications/EMEPCORINAIR4 (visited on 05/15/2023).
Carbon Independent. Aviation sources. 2007. URL: https : //www . carbonindependent . org
(visited on 05/15/2023).

Civil Aviation Authority (CAA). Aircraft Type and Utilisation: All Airlines 2010. 2007. (Visited
on 05/15/2023).

Emily Dallara, Joshua Kusnitz, and Marty Bradley. “Parametric Life Cycle Assessment for the
Design of Aircraft”. In: SAE International Journal of Aerospace 6.2 (2013). por:|10.4271/2013-
01-2277.

M.Q. Wang. Development and Use of GREET 1.6 Fuel-Cycle Model for Transportation Fuels and
Vehicle Technologies. 2001. urL: https://publications.anl.gov/anlpubs/2001/08/40467.
pdf (visited on 05/15/2023).

Michael Spielmann et al. “Transport Services”. In: 2007. urL: https://db.ecoinvent.org/
reports/14_Transport.pdfl

Ann Arbor. AeroStrategy projects aerospace raw materials consumption to double. 2008. urL: ht tps:
//www .militaryaerospace . com/home /article/ 16717930 /aerostrategy - projects-
aerospace-raw-materials-consumption-to-double (visited on 05/15/2023).

Gregory A. Keoleian and Jeff Staudinger. Management of End-of-Life Vehicles (ELVs) in the US.
2008. urL: https://css.umich.edu/publications/research-publications/management-
end-1ife-vehicles-elvs-us (visited on 05/15/2023).

32


https://books.google.de/books?id=eS2yMQEACAAJ
https://books.google.de/books?id=eS2yMQEACAAJ
https://www.aia-aerospace.org/
http://www.boeing.com/commercial/prices
faa.gov/about/office_org/headquarters_offices/apl/research/models/edms_model/media/EDMS_5.1.4_User_Manual.pdf
faa.gov/about/office_org/headquarters_offices/apl/research/models/edms_model/media/EDMS_5.1.4_User_Manual.pdf
https://books.google.de/books?id=R7NHvVJf%5C_ZEC
https://books.google.de/books?id=R7NHvVJf%5C_ZEC
https://trimis.ec.europa.eu/project/process-advanced-management-end-life-aircraft
https://trimis.ec.europa.eu/project/process-advanced-management-end-life-aircraft
http://www.izmiraerospace.com/presentations/3_KARL_HEINZ_RENDIGS.pdf
http://www.izmiraerospace.com/presentations/3_KARL_HEINZ_RENDIGS.pdf
https://www.eea.europa.eu/publications/EMEPCORINAIR4
https://www.carbonindependent.org
https://doi.org/10.4271/2013-01-2277
https://doi.org/10.4271/2013-01-2277
https://publications.anl.gov/anlpubs/2001/08/40467.pdf
https://publications.anl.gov/anlpubs/2001/08/40467.pdf
https://db.ecoinvent.org/reports/14_Transport.pdf
https://db.ecoinvent.org/reports/14_Transport.pdf
https://www.militaryaerospace.com/home/article/16717930/aerostrategy-projects-aerospace-raw-materials-consumption-to-double
https://www.militaryaerospace.com/home/article/16717930/aerostrategy-projects-aerospace-raw-materials-consumption-to-double
https://www.militaryaerospace.com/home/article/16717930/aerostrategy-projects-aerospace-raw-materials-consumption-to-double
https://css.umich.edu/publications/research-publications/management-end-life-vehicles-elvs-us
https://css.umich.edu/publications/research-publications/management-end-life-vehicles-elvs-us

Life Cycle Assessment Methodologies and Life Cycle Inventories for Aviation #
DLR

[61] Costa Ticiano and Ticiano Jorddo. “Life Cycle Assessment oriented to climate change miti-
gation by aviation”. In: Nov. 2013.

[52] F. C.Campbell. Manufacturing Technology for Aerospace Structural Materials. 2006. urL: https:
//www.worldcat.org/de/title/manufacturing-technology-for-aerospace-structural-
materials/oclc/1264864836 (visited on 05/15/2023).

[53] Andrew Alcorn. EMBODIED ENERGY AND CO2 COEFFICIENTS FOR NZ BUILDING MA-
TERIALS. 2003. urL: https://www.wgtn.ac.nz/architecture/centres/cbpr/resources/
pdfs/ee-co2_report_2003.pdf| (visited on 05/15/2023).

[54] G. Hammond and C. Jones. Inventory Of Carbon Energy (ICE) Version 2.0 - Summary tables.
2011. urL: http://www.siegelstrain.com/site/pdf/ICE-v2.0-summary- tables.pdf
(visited on 05/15/2023).

[55] Kazuhiko Nishimura, Hiroki Hondo, and Yohji Uchiyama. “Estimating the embodied car-
bon emissions from the material content”. In: Energy Conversion and Management 38 (1997).
Proceedings of the Third International Conference on Carbon Dioxide Removal, S589-5594.
1ssN: 0196-8904. por: https://doi.org/10.1016/S0196-8904(97) 00001 -0. urL: https:
//www.sciencedirect.com/science/article/pii/S0196890497000010.

[56] TransportStudies Group. Dynamic Cost Indexing. 2008. urL: https://westminsterresearch.
westminster.ac.uk/item/90v28/dynamic-cost-indexing-managing-airline-delay-
costs| (visited on 05/15/2023).

[57] Europe’s Energy Portal. Fuel Prices. 2008. urL: https: //energy.eu/ (visited on 05/15/2023).

[58] Europe’s Energy Portal. 2010 Sustainability Performance Summary: Towards a sustainable Heathrow.
2011. urL: http://www.heathrowairport.com/static/Heathrow/Downloads/PDF/2010-
sustainability-performance-summary.pdf (visited on 05/15/2023).

[59] Ty Lewis. A Life Cycle Assessment of the Passenger Air Transport System Using Three Flight
Scenarios”. Master Thesis. Trondheim: Norwegian University of Science and Technology,
2013.

[60] S. Howe, Athanasios Kolios, and Feargal Brennan. “Environmental life cycle assessment of
commercial passenger jet airliners”. In: Transportation Research Part D: Transport and Environ-
ment 19 (Mar. 2013), pp. 34—41. por: 10.1016/j.trd.2012.12.004.

[61] Eurocontrol. Advanced Emissions Modeling- Kernel (Version Kernel): The European Organisation
for the Safety of Air Navigation. 2011. urL: http : / /www . heathrowairport . com/static/
Heathrow/Downloads/PDF/2010-sustainability-performance-summary .pdf (visited on
05/15/2023).

[62] ICAO. ICAO Carbon Emissions Calculator (Vol. 7, pp. 16): International Civil Aviation Orga-
nization. 2011. urL: https: //applications . icao . int/icec /Home / Index (visited on
05/15/2023).

[63] J.R. Duflou et al. “Environmental impact analysis of composite use in car manufacturing”.
In: CIRP Annals 58.1 (2009), pp. 9-12. 1ssnx: 0007-8506. por: https://doi.org/10.1016/
j.cirp.2009.03.077. urL: https://www.sciencedirect.com/science/article/pii/
S0007850609000304.

[64] Tetsuya Suzuki and Jun Takahashi. “LCA OF LIGHTWEIGHT VEHICLES BY USING CFRP
FOR MASS-PRODUCED VEHICLES”. In: 2004.

[65] Athanasios ]J. Kolios et al. “Environmental impact assessment of the manufacturing of a
commercial aircraft”. In: 2013.

33


https://www.worldcat.org/de/title/manufacturing-technology-for-aerospace-structural-materials/oclc/1264864836
https://www.worldcat.org/de/title/manufacturing-technology-for-aerospace-structural-materials/oclc/1264864836
https://www.worldcat.org/de/title/manufacturing-technology-for-aerospace-structural-materials/oclc/1264864836
https://www.wgtn.ac.nz/architecture/centres/cbpr/resources/pdfs/ee-co2_report_2003.pdf
https://www.wgtn.ac.nz/architecture/centres/cbpr/resources/pdfs/ee-co2_report_2003.pdf
http://www.siegelstrain.com/site/pdf/ICE-v2.0-summary-tables.pdf
https://doi.org/https://doi.org/10.1016/S0196-8904(97)00001-0
https://www.sciencedirect.com/science/article/pii/S0196890497000010
https://www.sciencedirect.com/science/article/pii/S0196890497000010
https://westminsterresearch.westminster.ac.uk/item/90v28/dynamic-cost-indexing-managing-airline-delay-costs
https://westminsterresearch.westminster.ac.uk/item/90v28/dynamic-cost-indexing-managing-airline-delay-costs
https://westminsterresearch.westminster.ac.uk/item/90v28/dynamic-cost-indexing-managing-airline-delay-costs
https://energy.eu/
http://www.heathrowairport.com/static/Heathrow/Downloads/PDF/2010-sustainability-performance-summary.pdf
http://www.heathrowairport.com/static/Heathrow/Downloads/PDF/2010-sustainability-performance-summary.pdf
https://doi.org/10.1016/j.trd.2012.12.004
http://www.heathrowairport.com/static/Heathrow/Downloads/PDF/2010-sustainability-performance-summary.pdf
http://www.heathrowairport.com/static/Heathrow/Downloads/PDF/2010-sustainability-performance-summary.pdf
https://applications.icao.int/icec/Home/Index
https://doi.org/https://doi.org/10.1016/j.cirp.2009.03.077
https://doi.org/https://doi.org/10.1016/j.cirp.2009.03.077
https://www.sciencedirect.com/science/article/pii/S0007850609000304
https://www.sciencedirect.com/science/article/pii/S0007850609000304

Life Cycle Assessment Methodologies and Life Cycle Inventories for Aviation #
DLR

[66]

[67]
[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

Andrew J. Timmis et al. “Lifecycle Assessment of CFRP Aircraft Fuselage”. In: Proceedings of
the 16th European Conference on Composite Materials. 2014.

Boeing. “787 Dreamliner: program fact sheet.” In: 2013. (Visited on 05/15/2023).

A.]. Beck et al. “Influence of implementation of composite materials in civil aircraft industry
on reduction of environmental pollution and greenhouse effect”. English. In: IOP Conference
Series: Materials Science and Engineering 26.1 (2011). 1ssn: 1757-8981. por: 10 . 1088 /1757 -

899X/26/1/012015.

F.C. Campbell. Manufacturing Processes for Advanced Composites. Elsevier Science, 2004. 1sBN:
9780080510989. urL: https://books.google.de/books?id=VkX5NXymelEC.

M. Wagner and G. Norris. Boeing 787 Dreamliner. Zenith Press, 2009. 1sBN: 9781616732271.
URL: https://books.google.de/books?1d=8LIDROK1IS7EC.

H.M. Flower. High Performance Materials in Aerospace. Springer Netherlands, 2012. 1spn:
9789401106856. urL: https://books.google.de/books?id=tcvoCAAAQBAJ.

International Energy Agency. Energy Technology Transitions for Industry. 2009. urL: https:

//www.iea.org/reports/energy-technology- transitions- for-industry (visited on
05/15/2023).

Wojciech Jemioto. “Life Cycle Assessment of Current and Future Passenger Air Transport in
Switzerland”. Master Thesis. Bode: University of Nordland, 2015.

Andrew J. Timmis et al. “Environmental Impact Assessment of Aviation Emission Reduction
through the Implementation of Composite Materials”. In: The International Journal of Life Cycle
Assessment 20.2 (2015). por: 10.1007/s11367-014-0824-0.

European Environment Agency (EEA). EMEP/EEA air pollutant emission inventory guidebook.
2013. UrL: https://www. eea. europa.eu/publications/emep- eea-guidebook-2013/
download (visited on 05/15/2023).

Chris Mutel Brian Cox Wojciech Jemiolo. Data for: Life cycle assessment of aircraft and the
Swiss commercial air transport fleet. 2017. urL: https://data.mendeley . com/datasets/
2psysvvig8/2|(visited on 05/15/2023).

Brian Cox. “Mobility and the Energy Transition: A Life Cycle Assessment of Swiss Passen-
ger Transport Technologies Including Developments until 2050”. PhD Thesis. Zurich: ETH
Zurich, 2018. por: 10.3929/ethz-b-000276298.

Bundesamt fiir Zivilluftfahrt. Luftverkehr und Nachhaltigkeit: Update 2015. 2015. urL: https://
www.infras.ch/media/filer_public/13/83/1383c11b-c096-4854-b36d-49ed5592bd18/
2747_update-nhl_sb_19mail5_finf.pdf| (visited on 05/15/2023).

J.S. Fuglestvedt et al. “Transport impacts on atmosphere and climate: Metrics”. In: Atmo-
spheric Environment 44.37 (2010). Transport Impacts on Atmosphere and Climate: The AT-
TICA Assessment Report, pp. 4648-4677. 1ssN: 1352-2310. por: https://doi.org/10.1016/
j .atmosenv. 2009.04.044. urL: https://www.sciencedirect.com/science/article/
pi11/S1352231009003653.

Miriam Bongo and Alvin Culaba. “A life cycle analysis of commercial aircraft fleets”. In:
Dec. 2020, pp. 1-6. por:|10.1109/HNICEM51456. 2020 . 9400064.

Alice Fabre et al. “Life Cycle Assessment models for overall aircraft design”. In: Jan. 2022.
por:|10.2514/6.2022-1028.

Andreas Johanning and Dieter Scholz. “A First Step Towards the Integration of Life Cycle
Assessment into Conceptual Aircraft Design”. In: Proceedings of the German Aerospace Congress.
2013.

34


https://doi.org/10.1088/1757-899X/26/1/012015
https://doi.org/10.1088/1757-899X/26/1/012015
https://books.google.de/books?id=VkX5NXymelEC
https://books.google.de/books?id=8L9DR0KlS7EC
https://books.google.de/books?id=tcvoCAAAQBAJ
https://www.iea.org/reports/energy-technology-transitions-for-industry
https://www.iea.org/reports/energy-technology-transitions-for-industry
https://doi.org/10.1007/s11367-014-0824-0
https://www.eea.europa.eu/publications/emep-eea-guidebook-2013/download
https://www.eea.europa.eu/publications/emep-eea-guidebook-2013/download
https://data.mendeley.com/datasets/2psysvvfg8/2
https://data.mendeley.com/datasets/2psysvvfg8/2
https://doi.org/10.3929/ethz-b-000276298
https://www.infras.ch/media/filer_public/13/83/1383c11b-c096-4854-b36d-49ed5592bd18/2747_update-nhl_sb_19mai15_finf.pdf
https://www.infras.ch/media/filer_public/13/83/1383c11b-c096-4854-b36d-49ed5592bd18/2747_update-nhl_sb_19mai15_finf.pdf
https://www.infras.ch/media/filer_public/13/83/1383c11b-c096-4854-b36d-49ed5592bd18/2747_update-nhl_sb_19mai15_finf.pdf
https://doi.org/https://doi.org/10.1016/j.atmosenv.2009.04.044
https://doi.org/https://doi.org/10.1016/j.atmosenv.2009.04.044
https://www.sciencedirect.com/science/article/pii/S1352231009003653
https://www.sciencedirect.com/science/article/pii/S1352231009003653
https://doi.org/10.1109/HNICEM51456.2020.9400064
https://doi.org/10.2514/6.2022-1028

Life Cycle Assessment Methodologies and Life Cycle Inventories for Aviation #
DLR

[83] Jeroen Verstraete. “Creating a Life-Cycle Assessment of an Aircraft”. Project Thesis. Ham-
burg: Hamburg University of Applied Sciences, 2012.
[84] SAE. “Procedure for the Calculation of Aircraft Emissions”. In: 2009. urL: https: //www.

sae.org/standards/content/air5715/|(visited on 05/15/2023).

35


https://www.sae.org/standards/content/air5715/
https://www.sae.org/standards/content/air5715/

	Introduction
	Fundamental Concepts
	Enviromental Impacts in Aviation
	Life Cycle Assessment
	Definition and Elements
	Strengths and Limitations


	Literature Research
	Determination of Search Terms
	Statistics
	Detailed Literature Review

	Research Gap
	Appendix A
	Appendix B
	Bibliography

