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Abstract. As sustainability becomes one of the main challenges of the aerospace indus-
try, we need to find new ways to integrate it into the design phase of aerospace systems.
The Multidisciplinary Analysis and Optimization (MDAO) framework is a great host for
an environmental discipline thanks to its modularity. However current Life Cycle Assess-
ment (LCA) software do not integrate well with other computation tools, and are designed
for low amounts of simulations on massive databases, while MDAO requires often many
iterations with only slight variations. This work presents newly developed tools aiming at
bridging those two valuable methods to enable better use of LCA within MDAO. Symbolic
links between classic design variables and associated LCA parameter, python-based tools
compatible with OpenMDAO, and optimization of the LCA algorithms to allow for multiple
runs on variations of the same overall system makes it possible to integrate LCA consid-
erations inside an MDAO model at reduced performance cost. The resulting framework
makes ecodesign more accessible as environmental impacts can be used inside the design
process, possibly as main objectives or constraints.
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1 INTRODUCTION

Integrating environmental concerns in a Multidisciplinary Analysis and Optimisation
(MDAO) framework is challenging, for multiple reasons. The software, the language, and
the people are di↵erent between the technical design and Life Cycle Assessment (LCA) of
a project, which means that both tasks are performed at best with slow communication,
at worst completely independently and the environmental analysis is carried out only on
the already finished design. In that context, reducing environmental impact can be done
during an MDAO, but that requires identifying beforehand which variables will impact
the most relevant impacts, and the lack of integrated LCA can lead to important bias
with many variables impacting the environmental aspect of a design being ignored.

Integrating LCA as an environmental discipline inside an MDAO would solve those
problems, as it would give access to all relevant variables to the LCA module avoiding
biases and errors, and also give access to all relevant environmental impact to the rest of
the MDAO model, including as main constraint or objective, to directly optimise using
them and not just analyse the result. This however presents multiple challenges: an
LCA requires access to a lot of data and variables, which increases the links between the
disciplines in the model. Also, as mentioned previously, those two processes are usually
carried out by di↵erent departments, and there is an extremely limited choice of tools
that uses the same programming language to be used together. This work presents the
specificity of LCA in an MDAO context, the developed structure to integrate into python,
and two simple examples to illustrate some of the potential benefits of this integration.

2 LIFE CYCLE ASSESSMENT

2.1 Principles

Life Cycle Assessment (LCA, also called Life Cycle Analysis) is a standardized method
to evaluate the environmental consequences of a product or activity across its entire
life. It’s defined by a family of ISO norms [1], from ISO 14040 to ISO 14044, that
can be extended by di↵erent standard guidelines, such as the European ILCD [2]. It’s
a very powerful tool to establish impact assessment, compare di↵erent products, and
create environmental certifications as the defined methodology ensures the results are as
complete as possible, and that every product tested for comparison or certification will
go through the same fare analysis. LCA methodology is split into four main parts, as
described in Figure 1. All of those need to be carried out properly. [3, 4]

2.1.1 Goal and Scope Definition

The first thing when conducting an LCA is to define correctly the problem. [5] Why
is the study performed? What is the product studied and its purpose? Which impact
are studied? Will it be compared to something else? Answering those questions requires
looking at:

• Choosing a functional unit: the functional unit is a quantitative description of the
service or utility for which the LCA is performed, and will be used as the reference
to scale the output of the impacts and inventory analysis. It will be also the scaling
definition for comparison. For example, when studying a wind turbine or any other
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Figure 1: LCA methodology and ISO norms [1]

source of electricity, a common choice for the functional unit would be 1 kWh of
electricity sent to the network, as it’s the primary product of that wind turbine.
Therefore, every impact would be listed ”per kWh produced” and if compared to
another source of electricity, each output would be scaled to that 1 kWh. [6]

• Defining the scope of the LCA: defining which activities and processes belong to
the life cycle of the product or service that is studied. The life cycle is core to
the LCA methodology, and in this phase, it’s important to consider every step that
will be relevant for the impact assessment, like the conception, extraction of raw
materials, transformations, manufacturing, logistics, utilisation, disposal, recycling,
and others.

• Choosing the studied impacts: selecting and defining the impacts that would be
studied as the output of the LCA. [7] Those can be local ones like local pollution
with micro particles, global ones like the global warming potential (GWP), or even
very application-specific ones, like the space debris generation for an orbital activity.

• Selecting the geographical and time boundaries of the study: most of the impacts
will be time and space dependants, so it’s necessary to define for each aspect in the
scope a time window and a physical location when relevant.

• Identifying the additional requirements for a certification or an o�cial public release:
if the LCA is carried out in order to certify a product or to prove that it fits
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environmental standards defined by an external entity, those can require additional
steps or requirements. If the LCA is intended to be publicly disclosed, the results
need to be reviewed externally.

The goal and scope definition is very important and will influence every other step that
comes after. It will determine the validity of the conclusions based on the LCA results.

2.1.2 Inventory Analysis

After the definition of goals and scope, every flow of any resource within the scope
needs to be collected in an inventory analysis and scaled based on their contribution to
the final functional unit. The analysis often relies on external databases of either generic
flow and products, like Ecoinvent [8], or more specialized ones like the SSSD [9] for the
space sector. The inventory analysis outputs a life cycle inventory, which contains a list
of physical flows for the product or service described by the functional unit.

2.1.3 Impact Assessment

The impact assessment is the translation of the elementary flows of the inventory
analysis into relevant environmental quantities or impacts. The three main steps described
in the ISO 14040 norm are:

• Selection of the impact categories relevant to the choices made during the goal
definition. Those impact categories need to have an environmental model and an
associated indicator that can be quantified from the elementary flows of the inven-
tory analysis.

• Classification of the elementary flows, by selecting the relevant flows for the selected
impact categories and assigning them to the relevant impact.

• Characterisation of the impacts, by converting the classified elementary flows into
values used in the impact categories indicators and environmental models, and then
measuring the value of those impact indicators.

2.1.4 Interpretation

The results of the LCA and the values of the impact indicators are used as described
after the goal definition. In most cases, the previous steps and especially impact assess-
ment will add uncertainties due to the lack of information about an activity or the di�cult
correlation between raw outputs and environmental models. [10] Those uncertainties will
also be interpreted. [11]

2.2 Challenges for aerospace

LCA is a generic technique and can be used for any project or object, including
aerospace systems. However, it is mostly used for systems whose environmental impact is
important for the general public. This includes the past years of civilian aviation, espe-
cially commercial aviation, as it has a significant contribution to climate change. [12, 13]
Various LCA had been made for di↵erent aspects of civilian aviation. [14, 15] LCA on a
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commercial aircraft reveals that most of the impact, especially on climate change, is due
to the usage of kerosene during flight. [16] For that reason, further studies focus on the
LCA of the fuel itself [17] or the usage of completely di↵erent technologies like hydrogen
[18] or electric [19] plane engines.

There is far less available data for space and military projects. Military activities are too
secret to share enough data for an LCA study, and space activities used to be considered
too niche to have a significant impact, thus explaining the lack of extensive LCA. While
an aircraft is not a launcher, the technologies used in aviation are often related to the
ones used in space and this extensive research is a useful starting point for the LCA of a
launcher. A state of the art of LCA in the space sector [20] shows that LCA for launchers
is recent but expanding rapidly. Some reports have been made in the United States [21]
or Russia [22], but ESA [23] is the major agency with the most involvement in LCA.

Space is a growing sector, on its influence on the environment is not negligible anymore
[24, 25], on di↵erent impacts like the GWP [26] or the ozone layer destruction [27, 28].
Knowing the impacts of launchers in the high atmosphere has a lot of uncertainties [20],
due to the di�culty of simulating or measuring gas propagation there. [29] This makes it
di�cult to know the impact of high atmosphere burning of kerosene [30, 31], the influence
of black carbon [32] or other chemical residues, and the impacts of solid boosters [33–35]
with non-carbon-based fuels.

3 INTEGRATION

3.1 Environment as a discipline

In all previously mentioned studies, and in most LCA studies in general, the environ-
mental assessment is carried out once, on a finished design. This makes it possible to
compare existing products or check for example the compliance of a proposed design with
environmental requirements. However, this means that the environmental parameters are
not optimised directly, as objectives. If we consider an MDAO problem, this out-of-loop
LCA would be modeled as shown in Fig.2. In this example, the LCA is only done after
optimisation and its outputs are entirely decoupled from the design process.

This common approach is generally used because LCA software doesn’t allow integra-
tion of a project in some external development or optimisation tool. This means that in
order to optimise the environmental impact using this structure, one must either do a very
slow iterative optimisation process or extract from the LCA process the main contributing
factors and add them manually in the optimisation loop.

The goal of this work is to integrate directly the entire LCA model inside the opti-
misation loop, to allow for quick and easy access to all of the environmental output of
the LCA and use them as objectives, constraints, or simply internal variables. In that
scheme, an MDAO problem with coupled LCA would have the structure presented in
Fig.3. There, the LCA is fully integrated into the MDAO framework and is usable as any
normal discipline module, which means that its outputs can be used in the optimiser or
another function.
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Figure 2: Generic XDSM diagram with decoupled LCA

To manage both aspects in one single environment, and stay compatible with a lot of
existing projects, this development uses the Brightway 2 [36] and OpenMDAO [37] python
modules. Those are currently the only compatible tools for MDAO and LCA respectively.

3.2 Database linking

Linking LCA with a technical MDAO model still requires following the LCA principles
described in Sec.2. Any database in Brightway 2 [36] format would work.

3.2.1 Goal and Scope Definition

The Goal and Scope Definition has to be carried out like a normal LCA study. It’s
especially important to think of the intended coupling between the environment and other
disciplines, and thus considering the following points:

• the functional unit should be directly related to the output of the overall MDAO
model;

• the scope should integrate at least everything modeled in the MDAO;

• the studied impact may be used as constraints, objectives, or other variables within
the MDAO framework.
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LCA ȳe ȳe

ft , fe Objectives ft , fe

c̄t , c̄e Constraints c̄t , c̄e

Figure 3: Generic XDSM diagram with integrated LCA

3.2.2 Inventory Analysis

The Inventory Analysis is the most important part of the coupling between MDAO
and LCA. After completing the inventory analysis like a normal LCA, all of the inventory
values that link with a MDAO variable need to be identified. In their declaration inside
the MDAO framework, they need to be associated with the corresponding environmental
database entry from Brightway 2. [36] That way, every time the LCA computation is
done, those values are updated with their current value in the other MDAO discipline,
hence creating the link between the environmental discipline and the others.

3.2.3 Impact Assessment

The impact categories are selected based on the goal definition and should be fixed
throughout the optimisation process. The classification and characterisation is done using
Brightway 2. [36]

3.2.4 Interpretation

The results of the LCA and the values of the impact indicators are used as planned
in the scope definition, which means in most case converted into variables usable in and
MDAO framework.
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4 EXAMPLES

4.1 Sellar problem

4.1.1 Definition of the normal problem

The Sellar problem is a common example used to demonstrate and test the OpenMDAO
library [37]. It can be mathematically described as the following optimisation problem:

min : x
2
1 + z2 + y1 + e

�y2 (1)

w.r.t. : x1, z1, z2 (2)

subject to : (3)

3.16� y1 <= 0 (4)

y2 � 24.0 <= 0 (5)

4.1.2 Multi-objective environmental variant

We assume arbitrarily that the Sellar problem describes an actual physical product,
where y1 would describe a quantity of steel and y2 a quantity of wood. These two variables
will now be linked to their respective entries in the environmental database, here ecoinvent
v3.8 [8]. The new environment module is configured to output the GWP impact of that
system, only made of these masses of wood and steel, using the ReCiPe midpoint GWP100
method [38]. This integration gives us the new MDAO model highlighted on Fig. 4.

x , z1, z2 z1, z2 x , z1

Discipline 1

y1 = z
2
1 + z2 + x1 � 0.2y2

y1 y1 y1 y1

y2
Discipline 2

y2 =
p
y1 + z1 + z2

y2 y2 y2

Objective

f = x
2 + z1 + y1 + e

�y2
f

Constraint 1

g1 = 3.16� y1

g1

Constraint 2

g2 = y2 � 24.0
g2

LCA GWP

Figure 4: XDSM diagram of the Sellar problem augmented with an environment module

A multi-objective optimisation adding the newly computed GWP as the second objec-
tive is carried out. Using the NSGA-2 [39] algorithm implementation from the library
Pymoo [40], with 50 individuals in the population and using a tolerance of 10�2 on the
objectives as a termination criterion, it gives the Pareto front on Fig.5. The 2 extreme
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points of the front are the result of a single objective optimisation using COBYLA [41]
and are obtained with the values in Table 1.

Figure 5: Pareto front of the Sellar optimisation problem augmented with an environment module

Table 1: Design variable and objective values for the extreme points of the Pareto front

x1 z1 z2 GWP Sellar
(kgCO2eq) objective

3.52 7.88⇥ 10�9 3.04⇥ 10�8 15.50 15.69
(⇡ 0) (⇡ 0)

1.06⇥ 10�8 1.98 2.59⇥ 10�9 15.83 3.18
(⇡ 0) (⇡ 0)

Using this technique, we can immediately assess the compromise on our original objec-
tive function if choosing a solution better for our chosen environmental parameter. It’s
important to note here that the Sellar problem doesn’t represent any real problem and
that any entry in any environmental database could have been assigned to any accessible
variable from the OpenMDAO model. The next example presents an instance where the
database and entries used actually match the technical problem.
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4.2 Hybridised twin-turboprop aircraft

4.2.1 Hybrid Beechcraft King Air

The Beechcraft King Air is a line of twin-turboprop utility aircraft produced at more
than 3000 units over 60 years and is therefore a good base for a hybrid aircraft. The library
Openconcept [42, 43] proposes an architecture based on the King Air C90GT model, with
a 3.75t MTOW and originally two 550shp turboprop engines. This aircraft is modified
with the addition of an electric motor on each propeller, with a rating of at most 500hp
and alimented with a battery of at most 2250kg and a specific energy of 450Wh/kg. The
MTOW can be increased up to 5.70t.

4.2.2 Definition of the problem

The aircraft model of the King Air C90GT is modified with a hybrid system, which
adds 7 design variables to the problem: engine power, motor power, battery weight, fuel
capacity, cruise hybridisation, climb hybridisation, and descent hybridisation. To ensure
the aircraft still flies, the model adapted in Openconcept [42, 43] adds 2 more design
variables: MTOW and wing surface. The minimum and maximum values of these are
presented in Table 3, with the initial value in the optimiser.

Our study focuses on two main objectives, the range and the global warming potential
impact (GWP). The range is verified by simulating a trajectory. For the GWP, we use
a simple LCA analysis using the ecoinvent v3.8 [8] database. Like the previous example,
the output used is the ReCiPe midpoint GWP100 method [38]. The database links are
as shown in Table 2. When available, the location of the entry is set to Europe.

Table 2: Environmental coupling for the hybrid aircraft model

model parameter Ecoinvent v3.8 entry
battery weight ’battery cell production, Li-ion’
motor weight ’electric motor production, vehicle’
engine weight ’internal combustion engine production, passenger car’1

empty weight2 ’aluminium production, primary, ingot’
fuel used ’market for kerosene’
electricity used ’market group for electricity, low voltage’

It is assumed that the aircraft will fly a thousand cycles at maximum range after being
built. This model is obviously simplified here; but the idea of this example is that any
design team with a more precise model and a better-suited database, or with access to
a dedicated environmental study, can use those in a similar table to easily improve the
environmental model being computed.

1Ecoinvent does not include an entry for aircraft engine.
2Excludes motors, engines, and batteries.
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4.2.3 Single objective optimisation

Table 3 presents the design variables values and results after optimisation for this
problem, with the range fixed at 400NM and using the GWP as the sole objective, using
COBYLA [41]. Figure 6 presents the resulting trajectory and energy consumption for
this 400 nautical miles range solution.

Table 3: Example of hybrid aircraft optimisation for a range of 400NM

variable min init max value units
MTOW 4000 5000 5700 5700 kg

wing surface 15 25 40 34 m
2

engine power 0 1000 3000 298 kW

motor power 450 1000 3000 652 kW

battery weight 20 1000 3000 1607 kg

fuel capacity 500 1000 3000 500 kg

cruise hybridisation 0 0.5 1 0.71
climb hybridisation 0 1 1 0.785
descent hybridisation 0 0.5 1 0.337

GWP 0.712 kgCO2eq/km

As expected, the electrification reduces both the fuel consumption and the range of
the aircraft. In order to minimise the size of the engine and stay in the best e�ciency
window, the engine will run almost always at the same power setting while the di↵erences
in throttle setting will be absorbed by the electric system, which is always close to 100%
e�ciency.
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Figure 6: Optimal trajectory and energy utilisation for a hybrid aircraft with 400 nautical miles range

4.2.4 Multi-objective optimisation results

A multi-objective optimisation of the same aircraft design problem adding the range
as the second objective instead of a fixed parameter is carried out. Using the NSGA-2
[39] algorithm implementation from the library Pymoo [40], with 12 individuals in the
population and using a tolerance of 10�2 on the objectives as a termination criterion, it
gives the Pareto front on Fig.7.

As expected, to increase the range of the aircraft the electric part of the hybrid system
has to decrease, which leads to higher fuel consumption and in the end higher impact on
the climate. With a range of 300NM or less, the cruise and descent are fully electric and
the engine is only used for takeo↵. For a range of more than 500NM, the engine produces
more than half of the power during cruise.
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Figure 7: Pareto front for the multi-objective hybrid aircraft optimisation

A reduction of the range from 500NM (1.1kgCO2eq/km, 50% hybridisation) to 370NM
(0.56kgCO2eq/km, 78% hybridisation) means a 26% reduction in range implies a 50%
reduction in CO2 emissions. And because our model uses life cycle assessment and not
just fuel consumption, this includes other e↵ects that penalise the hybrid aircraft, such
as the production of the aircraft itself, with costly batteries and a shorter lifespan for the
shorter range design.

5 CONCLUSION

The two simple examples presented highlight the potential of linking directly LCA to
a MDAO model. By having access to the environmental impact in the main optimiser,
we can use them as the main objective, like the GWP here, but given that they behave
like other variables, they could have also been used as constraints or within another
discipline and propagated further into the model. This approach also eliminates many
biased in ecodesign, as the environment-related variables are computed using a proper
methodology. In the aircraft example, that means including manufacturing, electricity,
and other greenhouse gases instead of focusing on simply the carbon dioxide emitted by
burning fuel in-flight.

Some limitations still appear: the added complexity may impair the computational
performance of the MDAO model, and LCA result can be given with an associated un-
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certainty, for which the amplitudes can vary enormously depending on the given problem;
this uncertainty would be ignored when used as MDAO variables. Furthermore, the lim-
ited choice of common tools limits the application to only work with OpenMDAO and
Brightway 2, which also limits the number of potential users. But the test results are
promising, and further development may reduce uncertainties and performance penalties,
and simplify the process to make it more accessible to inexperienced users. This idea will
be applied in the future to complete aerospace models, especially realistic launchers, with
extensive LCA to promote this ecodesign methodology for ambitious projects.
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