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1. Introduction

In the context of the current climate debate, the risk of re-
source and water scarcity, increasing amounts of waste, air pol-
lution, and global warming are frequently mentioned. A grow-
ing environmental awareness both in politics and in society is
thus indispensable for implementing innovative solutions and
is an essential criterion in the development, approval, and ac-
ceptance of new technologies. Air transportation in particular
has become the focus of attention, as it is an important part of
our globalised and modern world, but also contributes a rela-
tively large share to the anthropogenic greenhouse effect. De-
spite the technological developments in improving efficiency,
which will continuously reduce the average fuel consumption
per flown passenger kilometre, aircraft emissions (in particu-
lar carbon dioxide (CO2), nitrogen oxides (NOX), and water
vapour) are a major contributor to climate change. They are
emitted into sensitive areas of the atmosphere during flight [1]
and in some cases have very long residence times in the at-
mosphere, which can have major influences on decadal time
scales [2]. Furthermore, there are several ground activities, such
as regular maintenance and overhaul of aircraft, which cause

high energy consumption on the ground. In the future, it will
thus become increasingly important to design and evaluate air-
craft not only in terms of their direct operating costs but also
based on their environmental impact and its consequences.

A so-called Life Cycle Assessment (LCA) can be applied to
assess the environmental impact throughout the aircraft life cy-
cle and to identify key ecological drivers. LCA is described in
ISO 14040 [3] and 14044 [4] and provides information on the
environmental performance of a product taking into account its
entire life cycle - from manufacturing to the end-of-life. The
operational phase of aircraft is of particular interest, as aircraft
have very long service lives of around 20 to 30 years and at
the same time a high utilisation rate of up to ten flight hours per
day [5]. These and the associated complex interactions between
flight and maintenance events could make an additional exten-
sion of conventional LCA with temporally dynamic aspects rea-
sonable to include long-term effects alongside the static results.

In the existing literature, no such temporal dynamics could
be found in the field of aviation. However, there are numer-
ous different approaches to implementing and executing time-
dependent aspects in conventional LCA from other technology
areas. Most studies that address that issue deal with application
examples in the building [6–8] and energy sector [9–11]. Build-
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ings are particularly interesting for temporal aspects, as they
have very long lifetimes and thus introduce time-dependent ef-
fects, such as technological processes or delayed emissions,
which can be well covered within a time-induced LCA [12].
In the energy sector, the advantage is that a lot of data is al-
ready available on conventional energy networks, which can
often change in the course of a single day (e.g., intermittent
renewable energy sources or varying energy consumption in in-
dustry and private households). This allows temporal changes
down to an hourly time resolution to be assessed and analysed.
Furthermore, a large amount of historical energy data can be
adapted to future scenarios, thus enabling prospective LCA. In
addition, use cases that consider different end-of-life scenarios
provide good requirements for the inclusion of temporal as-
pects, as these can often be assessed for centuries after the con-
sidered product system has reached the end of its life [13, 14].

Despite the lack of publications in the field of aviation, there
are some parallels that can be transferred from the existing lit-
erature. On top of the long life cycles of aircraft, the impact of
different end-of-life scenarios is becoming increasingly impor-
tant due to the growing number of ageing aircraft [15]. The high
residence time of emissions in the atmosphere, especially CO2
emissions, causes additional impacts that may last for decades
or even centuries to come. In addition, flight and maintenance
schedules already provide a useful benchmark for temporal
analysis with high resolution, existing timestamps, and data
availability, similar to that of energy systems. For these reasons,
applying temporal aspects to the environmental assessment of
aircraft can be a good way to introduce additional complexity
and increase the understanding of dynamic interconnections.

This paper therefore addresses the extension of conventional
LCA methods to allow a detailed consideration of the aircraft
operational phase, especially over such long lifetimes. In partic-
ular, existing temporal dynamic approaches are to be evaluated
and compared for the application in aviation. The remainder of
this paper is divided into four sections. First, a general overview
of existing time-dynamic LCA methods is given in Section 2. A
comparison of the respective advantages and disadvantages will
show which are particularly suitable for the application to air-
craft. Subsequently, a case study from aviation will be used in
Section 3 to show how and whether these dynamic methods can
be adapted to aircraft, using the wash of a jet engine as an ex-
ample. In Section 4, a possible approach for implementing the
findings in a real simulation framework is briefly described and
finally, the results of this work are summarised and conclusions
are drawn.

2. Dynamic Life Cycle Assessment

This section will first show which temporal aspects exist in
the field of LCA and how they can be implemented. A common
keyword when researching temporal aspects in LCA is the term
Dynamic Life Cycle Assessment (DLCA). Collinge et al. [16]
describe a DLCA as an approach that takes into account tem-
poral and spatial variations in industrial and environmental sys-
tems. DLCA is thus a suitable method for the dynamic imple-

mentation of environmental impact assessments, although no
unified definition exists to date.

Within a review by Lueddeckens et al. [17], six dynamic ap-
proaches that could introduce a temporal component into the
traditional LCA were identified, namely time horizon, discount-
ing, temporal resolution of the inventory, time-dependent char-
acterisation, dynamic weighting, and time-dependent normali-
sation. These six approaches each act in one of the four steps of
a classic LCA (goal and scope, life cycle inventory, life cycle
impact assessment, and interpretation) and can be assigned ac-
cordingly. The authors conclude with a consensus that temporal
aspects in LCA, especially temporally differentiated inventories
and time-dependent characterisation, can significantly increase
the accuracy of the assessment. However, a better understand-
ing as well as the inclusion of sensitivity analyses are crucial
for a further improvement in dynamic aspects.

Figure 1 illustrates the set-up of a classical LCA. The tem-
poral methods summarised by Lueddeckens et al. are attached
to the corresponding steps. For instance, the time horizon is de-
fined in the goal and scope definition before the actual assess-
ment, whereas the dynamisation of the inventory accordingly
occurs during the compilation of the life cycle inventory. The
dynamic characterisation takes place during the calculations in
the life cycle impact assessment and the interpretation, which is
performed after the assessment, allows for additional dynami-
sation in the form of dynamic weighting or interpretation.

Goal and Scope

Life Cycle Inventory

Life Cycle Impact 
Assessment

Interpretation
Time Horizon

Dynamic Inventory

Dynamic Characterisation

Dynamic Weighting

Dynamic Normalisation

Dynamic Interpretation

Fig. 1. The four steps of an LCA with possible temporal dynamisation aspects.

In the following, the temporally dynamic approaches are
described as part of their corresponding LCA phase. A short
literature review will describe the application as well as the
advantages and disadvantages.

Dynamic Goal and Scope

The goal and scope phase of an LCA serves to determine
an appropriate time horizon for the assessment, alongside
the system boundaries, the functional unit, and limitations as
well as assumptions. According to Dyckhoff and Kasah [18],
choosing a suitable and sophisticated time horizon is a chal-
lenge. A distinction must be made between whether the time
horizon should cover the duration of the product life cycle,
the duration of the inventory modelling, or the duration of
the impact assessment. Typical time horizons are identified
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by the Intergovernmental Panel on Climate Change (IPCC) as
20, 100, and 500 years [19]. Short time horizons emphasise
the short-term processes of climate change with the risk that
the ecological impacts are overestimated, while long time
horizons tend to focus on the long-term processes and can lead
to an underestimation [17]. The selection of an appropriate
time horizon influences the calculation and interpretation of
the results, but not the assessment process itself. For this
reason, the choice of a time horizon is mainly dependent
on the LCA practitioners and their application case, which
is why it already takes part in the beginning of the assess-
ment. In most studies, a time horizon of 100 years is chosen
based on an informal 100-year standard, as defined in ISO stan-
dard 14067 on carbon footprinting and the Kyoto Protocol [20].

Dynamic Life Cycle Inventory

The subsequent inventory analysis is the most time-
consuming part of an LCA, in which all processes that belong
to the product system and information on resource inputs and
emissions is collected. The result of the inventory analysis is
called the Life Cycle Inventory (LCI). A very frequently used
dynamisation option is the introduction of Dynamic Life Cycle
Inventory (DLCI). A DLCI is performed by collecting tempo-
rally differentiated data at each point in time. Therefore, the life
cycle of a product is divided into small time steps or segments
and simulated based on, e.g., historical data or prospective sim-
ulations of future developments and scenarios [7]. However,
creating such a dynamic inventory can be very time-consuming
for the practitioner. Not only is it necessary to collect a lot of in-
formation (on background and foreground processes), but also
to consider certain temporal aspects in order to place them in
the timeline of a product’s life cycle. For this reason, Collinge
et al. [16] claim, that there is a method deficiency because the
duration and timing of the process units are not always known.

One time-distributed LCI is mentioned by Collet et al. [21],
who divided the impact categories of an LCA study into
different time scales and only considered the most relevant
and contributing processes in terms of time. Other studies
use special dynamic tools, such as the temporalis tool [22],
which is implemented as part of the open-source framework
Brightway2, or the web-based tool DyPLCA developed by
Pigné et al. [23], which takes a first step towards the temporal
distribution of LCIs, but only for certain processes or life
cycle phases. Filleti et al. [24], for instance, used the DyPLCA
tool to conduct an LCA for the case study of a grinding
machine and were able to see large differences in electricity
and water consumption as well as in environmental impacts
when compared to static approaches. Beloin-Saint-Pierre et
al. [25] proposed an Enhanced Structural Path Analysis (ESPA)
method that is able to assign time stamps to the respective
entries of the inventory. An additional temporal information of
the unit processes in the LCI database allows a very accurate
ecological assessment, even if the large additional effort of
collecting temporal LCI is not justified for every type of LCA
study and must be decided on an individual basis [26].

Dynamic Life Cycle Impact Assessment

Another dynamic possibility is to apply dynamic characteri-
sation factors within the Life Cycle Impact Assessment (LCIA).
During the LCIA, the environmental impacts are assessed based
on the collected LCI data. In this process, the inputs and outputs
of the inventory are assigned to different impact categories. The
dynamic characterisation factors are strongly dependent on the
time horizon and change the sensitivity of the ecosystem over
time. This means that emissions early in the life cycle are given
higher weighting due to their decay characteristic than emis-
sions near the end of the considered time horizon [17].

Levasseur et al. [27] have developed a dynamic carbon
footprint calculator named dynCO2, which allows the calcu-
lation of greenhouse gas emissions for specific time periods
in terms of radiative forcing. The radiative forcing determines
the change in the Earth’s atmospheric energy budget due to
the changing effect of radiation from space [28]. This change
is caused, for example, by emissions of CO2, NOX, or water
vapour (H2O), whose temporal profiles can be considered using
the aforementioned approach, so that the result of LCA for
each emission is a function of time rather than a single value.
However, the use of dynamic characterisation is very time-
dependent and requires the application of multiple temporal
horizons for a holistic assessment. Despite the emergence of
new perspectives that can be given by the dynamic characteri-
sation factor, especially for long life cycles, it is important that
this dynamic method transparently maps the sensitivities of
different temporal assumptions. Furthermore, time-dependent
characterisation is primarily limited to Global Warming Poten-
tial (GWP) and toxicity [7] and entails a lot of uncertainties
which makes a comparison with static results very difficult [29].

Dynamic Interpretation

In the fourth and final step, all questions from the goal and
scope are answered in order to formulate conclusions and rec-
ommendations. In addition, important questions from the other
phases are identified and evaluated in terms of their influence on
the overall result. Here, several dynamic approaches can be as-
signed. The dynamic interpretation depends solely on the users’
perception and includes, for example, the choice and consider-
ation of the time horizon as well as the considered lifetime.

According to Yuan and Dornfeld [30], the longer the life of
a product, the higher the uncertainty on the time scale. This
is mainly due to the unpredictability of technological advance-
ments or to unforeseeable political measures that, for example,
prescribe certain actions or restrict processes. In order to in-
clude this effect in the calculation, a so-called weighting or dis-
counting can be introduced. With dynamic weighting (and very
similar dynamic normalisation), the emissions are calculated on
a time scale for each year. In contrast to the real emission trajec-
tories, which are considered as a function over time in the case
of dynamic characterisation, an absolute value of the emission
is assumed and weighted using an annually defined discount
rate. This is done according to the principle that the ecological
impacts that occur earlier are ”more important” than those that
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occur later [7]. The discount rate thus increasingly lowers the
weighting factor for emissions further in the future and repre-
sents the probability of an emission reduction technology.

According to Lueddeckens et al. [31], the choice of an
appropriate discount rate has a very high impact on the final
result, as for instance a too high discount rate can lead to an
underestimation of the environmental impact and further harm
the environment [30]. Frequently used discounting rates in
the literature are often between 1-10 % [30–32], however, the
usefulness of a discount rate and whether this rate should be
time-dependent must be discussed in detail depending on the
specific use case [7]. Fearnside [33], for example, proposes
an approach called generations weight index, which lowers
the discount rate after each generation. It might also be useful
to create a model that reflects the real behaviour of life cycle
emissions in the environment, a so-called environmental degra-
dation mechanism [34]. Due to the general lack of consensus
on existing dynamic weighting and normalization factors,
the introduction of, e.g., discount rates leads to a number of
further uncertainties that, in the worst case, trivialise the actual
environmental impacts. Therefore, the application of a dynamic
weighting or discounting is still a controversial issue in the
field of LCA [35].

These identified and described dynamic approaches repre-
sent a very first selection and can be integrated either individu-
ally or in combination within an LCA. In the literature review
conducted by Sohn et al. [36], an additional distinction was
therefore made between full DLCA and partial DLCA. In full
DLCA, time-induced changes are incorporated throughout all
four steps of the assessment. However, the majority of observed
DLCA studies are limited to selected dynamisation aspects in
usually only one phase of the LCA, which is why they are re-
ferred to as partial DLCA.

3. Applicability in Aviation

To evaluate the application of the dynamic approach in avi-
ation and to see which methods are most appropriate, a theo-
retical use case of a jet engine wash is presented. The mainte-
nance event of an engine wash is carried out by the operator at
regularly scheduled intervals, and leads to an improved engine
performance and thus to lower fuel consumption on subsequent
flights. By regularly cleaning the engine, it is possible to elimi-
nate engine wear and reduce fuel consumption by up to 1.2 %.
A detailed description of the engine wash process, also with re-
gard to the ecological impact and saved emissions, can be found
in the publication by Rahn et al. [38].

To assess the environmental benefits of these engine wash
processes, it makes sense to consider the entire life cycle of an
aircraft. The choice of the appropriate time horizon of the study
is made in the first phase of the LCA and can be determined by
the practitioner. Since most studies dealing with LCA in avia-
tion choose a time horizon of 100 years, e.g., in the form of the
GWP 100, a comparison with other literature sources is there-
fore easiest and recommended.

The operating plan of an aircraft lists all performed and
planned flights and maintenance events and thus indicates ex-
actly at what time the aircraft was at which location. Based on
these individual time stamps, it is thus possible to specifically
track when, for example, an activity with negative ecological
impacts took place or emissions were emitted. This already lays
the foundation for the LCI’s dynamisation of the study. The to-
tal environmental impact of an aircraft can thus be determined
at any point in its life cycle by calculating the sum of all events
that have occurred up to that point. In the case of the engine
wash, it is thus possible to determine at which time the engine
wash (and thus the resulting ecological impact, e.g., due to the
equipment required or the contaminated water) is carried out
and which flights are subsequently affected by improved fuel
performance. Detailed evaluations and decision-making anal-
yses, e.g., whether the engine wash is reasonable, can thus be
carried out more easily and the effects can be mapped over time.

The use of a DLCI has the additional advantage that dynamic
characterisation or weighting can be applied more easily. Dy-
namic characterisation offers many advantages that might be of
importance in the field of aviation. Numerous emissions are re-
leased during flight as well as on the ground, which have differ-
ent effects on the environment. The assessment of the residence
time of these emissions could provide useful insights for com-
paring, e.g., different fuel types with each other. For the imple-
mentation of dynamic characterisations, a large number of as-
pects is therefore important, which requires expert knowledge
in the field of atmospheric physics. For each individual flight,
the emissions can thus be viewed individually and over time.
In the case of the engine wash, the relatively small changes in
fuel consumption per flight can thus also be analysed over a
longer period of time to observe long-term and secondary ef-
fects. Similarly, discounting functions are already used in eco-
nomic calculations, e.g., in life cycle cost models in aviation
that reflect annual changes in the value of cash flow [39]. The
introduction of an annual discount rate in LCA can be easily
implemented with the help of the aforementioned DLCI and
would mitigate the ecological value in a similar way as in eco-
nomic assessments. However, as mentioned above, there is no
consensus among experts on whether environmental discount-
ing is morally justifiable, as it tends to pursue policy targets and
does not take into account the true environmental impact. For
a successful and conscientious application, dynamic weighting
functions need to be further investigated.

Using the example of engine wash, it could thus be shown
that aviation is an excellent example for dynamic temporal ex-
tensions of classical LCA and that, under certain conditions,
all of the identified dynamisation methods can be applied. Dif-
ferent effects can be observed at certain points in the lifetime,
which has many advantages compared to existing LCA studies
in the literature, that often only use static environmental assess-
ments with average values per year or lifetime. In addition, the
complex interaction of flights and maintenance events is par-
ticularly interesting, as they are not only highly interdependent
in time, but can also influence each other, which is sometimes
only measurable when looking at long-term impacts.
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does not take into account the true environmental impact. For
a successful and conscientious application, dynamic weighting
functions need to be further investigated.

Using the example of engine wash, it could thus be shown
that aviation is an excellent example for dynamic temporal ex-
tensions of classical LCA and that, under certain conditions,
all of the identified dynamisation methods can be applied. Dif-
ferent effects can be observed at certain points in the lifetime,
which has many advantages compared to existing LCA studies
in the literature, that often only use static environmental assess-
ments with average values per year or lifetime. In addition, the
complex interaction of flights and maintenance events is par-
ticularly interesting, as they are not only highly interdependent
in time, but can also influence each other, which is sometimes
only measurable when looking at long-term impacts.
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4. Future Work

An initial realisation of an DLCA has already been success-
fully implemented at the DLR Institute for Maintenance, Re-
pair and Overhaul. We started with the dynamisation of the in-
ventory, because, as mentioned above, flight and maintenance
schedules already provide optimal dynamic framework condi-
tions. Our DLCI is based on a discrete-event simulation which,
with the help of the imported operating plans, generates a series
of different events, each of which is assigned a discrete point in
time during a simulation. In this way, the entire life cycle can be
simulated and broken down into individual small intermediate
steps, which can then be evaluated in detail. A production event
at the beginning of the simulation and an end-of-life event at the
end complete the aircraft life cycle simulation. The resulting
event calendar contains (depending on the simulated lifetime)
thousands of individual events, which can then be evaluated in-
dividually from an ecological point of view.

For a time-saving and efficient calculation, the LCA is cal-
culated based on certain parameters that each individual event
contains. The parameters for the flights are, for instance, the
amount of consumed fuel with the associated emissions or the
travelled distance. The individual environmental impacts for
each of these events can thus be cumulated at the end of the
lifetime to obtain the total impact of the aircraft. The presented
approach for dynamising the inventory of a classical LCA thus
provides a solid basis for detailed ecological analyses and fur-
ther dynamisation. Figure 2 illustrates a segment of the simula-
tion over the duration of one day. The flight events (blue) and
maintenance events (red) are linked together to create the event
calendar. Attached to the first flight event is an example of the
parameters that can be used within the LCA calculation. In this
case, these are, among other things, the distance and the con-
sumed fuel.
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Fig. 2. Graphical visualisation of a discrete-event simulation based on a flight
plan including flight and maintenance events for an aircraft over the course of
one day. The attributes for a flight event are shown as an example.

Our next step is to adjust the discrete environmental impacts
for each event using a suitable dynamic characterisation and, if
appropriate, weighting method. A suitable tool for this could be
the tool dynCO2 by Levasseur et al. [27], as it already enables
the visualisation of emission profiles over time. However, this
is so far limited to a time resolution of one year, which is why

individual adaptations are necessary to apply it to the discrete-
event simulation. Moreover, the dynamic characterisation can
so far only be applied to the impact categories of GWP and
toxicity, which is why the transfer to other categories still needs
to be investigated.

The discrete-event simulation also allows the implementa-
tion of discounting functions, although we believe that for the
time being only conservative discounting rates should be cho-
sen in order not to underestimate the ecological impact.

5. Conclusion

The aim of this paper was to provide an overview of differ-
ent temporal dynamic approaches for LCA. As a basis for this,
an extensive literature research was carried out, with the help of
which different dynamisation options, such as dynamic weight-
ing or DLCI, could be clustered and evaluated. Based on the
literature, the advantages and limitations could be listed and,
by looking at a theoretical use case, the applicability for avi-
ation could be evaluated. It could be shown that aviation pro-
vides an ideal example for the application of dynamic methods
due to the aircraft’s relatively long lifetimes and the long res-
idence time of some emissions released during operation. In
particular, the dynamisation of LCI is a promising approach
in this context, as aircraft have a thoroughly scheduled oper-
ational phase with corresponding temporal information. This
offers a variety of different analysis possibilities for both short-
and long-term considerations. Furthermore, dependencies dur-
ing the operation, for example, between flight and maintenance
events, can be highlighted and mapped. A transfer to other long-
life means of transport or technologies is likewise imaginable.

However, for the use of other dynamic methods, such as dy-
namic characterisation, there are still shortcomings and uncer-
tainties, which is why, for the time being, they cannot be eas-
ily transferred to any air transport application. In some cases,
such as dynamic discounting, their use can even artificially re-
duce the ecological impact, which can have far-reaching con-
sequences. For future studies, it may be useful to look more
closely at the aforementioned gaps to develop a much better
understanding of these temporally dynamic methods.
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