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Abstract

As the environmental impact of the aviation industry becomes increasingly significant, there is a growing demand for detailed Life Cycle As-
sessments (LCAs) of aircraft components. Despite the evident necessity, comprehensive LCAs for turbofan engines remain relatively scarce. This
is primarily due to the technical complexity of such engines and the lack of publicly available information on their detailed composition. The
objective of this research paper is to present an LCA of an IAE V2500 engine, addressing its environmental footprint of its production. In order to
determine the material composition and weight distribution for the LCA, a reverse engineering approach was employed. The resulting values were
then employed in an LCA study. This included the extraction of raw materials and the manufacturing of the engine’s components. The findings
of this study indicate that the production of a turbofan engine has a considerable environmental impact, emitting over 65,000 kg CO, equivalents,
with more than 61,000 kg CO, equivalents attributed to the materials used. Furthermore, we propose a model-agnostic methodology that can be

applied to other engine models, thereby ensuring adaptability and scalability.
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1. Introduction

In the context of the growing relevance of the environmental
impact of aviation, it is increasingly important to perform com-
prehensive Life Cycle Assessments (LCAs) of individual air-
craft components [1, 2]. Although such analyses are essential,
detailed life cycle assessments of turbofan engines are rarely
found in the academic literature [3]. This gap can be attributed
to the technical complexity of these engines and the lack of de-
tailed, publicly available information on their design and man-
ufacturing processes [3].

The majority of existing studies concentrate on individual
engine components (e.g., [4—6]), such as the High Pressure Tur-
bine (HPT) blisks analyzed by Bergs et al. [5] and Fricke et al.
[6], who considered aspects like raw material extraction and
machining parameters. The study by Bergs et al. [5] concluded
that in addition to the operational phase of an aircraft compo-
nent, the manufacturing phase also has a significant environ-
mental impact. Other studies offer only general, approximate
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evaluations of the entire engine as part of an aircraft, which
rely on cost estimates [7, 8] or rough mass approximations [9—
11], and typically neglecting to consider the specifics of alloy
compositions and the energy required for component manufac-
turing. These studies compared different aircraft or flight sce-
narios, focusing less on engine details to maintain a broader
scope.

The current study builds on previous assessments of the en-
vironmental impact of turbofan engines, addressing limitations
in areas, such as material usage, alloying and manufacturing en-
ergy, and offers a more nuanced approach to these challenges.
Therefore, the objective is to provide a more detailed evaluation
of the environmental footprint of turbofan engines, contributing
to a broader understanding of their true environmental impact
and providing a model-independent methodology for future as-
sessments of turbofan engines as for instance needed in the sim-
ulation of the environmental impact of aircraft fleets.

The TAE V2500 engine is used as a case study to demon-
strate an LCA methodology for aircraft engines. The method-
ology starts with a comprehensive data collection, including
mass estimation for each component of the engine (Chapter
3.1), followed by an analysis of the materials and resources
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involved (Chapter 3.2). The subsequent phase examines manu-
facturing processes, whereby the specific production techniques
and their associated energy requirements are evaluated (Chap-
ter 3.3). These processes are then correlated with component
specification to finally conduct an LCA for quantifying the en-
vironmental impact of each component. While the current study
specifically evaluates the climate change impact, all other en-
vironmental data are provided in the supplementary material.
This study follows the established LCA method of DIN EN
ISO 14040 [12] and DIN EN ISO 14044 [13], consisting of
four steps: goal and scope definition (Chapter 2), data collec-
tion (Life Cycle Inventory (LCI), Chapter 3), impact evaluation
(Life Cycle Impact Assessment (LCIA), Chapter 4) and result
interpretation (Chapter 5).

2. Goal and Scope Definition

The goal of this study is to provide a detailed methodology
for conducting an LCA of common turbofan engines, focusing
on the production phase from cradle-to-gate. To achieve this,
an extensive and openly available dataset was compiled, en-
abling a more accurate LCA than those currently available. The
IAE V2500 engine, widely used in A320 aircraft, was selected
due to its relevance in the aviation industry and its use in re-
lated research. The analysis includes all metallic components,
covering both raw material extraction and manufacturing pro-
cesses. Coating processes were excluded and it was assumed
that all manufacturing, apart from raw material extraction, oc-
curs in Germany. Furthermore, certain accessories and systems
of the engine were not included in the analysis, as well as the
gearbox, due to the difficulty in formulating assumptions or cal-
culations regarding these components.

The total environmental impact is assessed based on the
functional unit of one IAE V2500 engine produced’ using a
hotspot analysis to identify the most impactful stages of the
production process. For the LCA calculation, the open-source,
python-based brightway2 framework [14] and the ecoinvent
3.9.1. database [15] are used. Furthermore, the Environmental
Footprint (EF) 3.1 method [16] is employed for the LCIA.

3. Inventory Generation

The data collection and analysis for this reverse engineer-
ing approach is based on the process flow illustrated in Fig-
ure 1. The reverse engineering process begins with defining
the engine and breaking it down into modules and components.
Subsequently, the weight and dimensions of these components
are estimated to determine the material quantities and compo-
nent sizes. This is followed by analyzing the material gener-
ation, which encompasses the extraction of raw materials and
the evaluation of alloying processes. The manufacturing phase
consists of two distinct stages: rough manufacturing, which en-
compasses techniques such as forging and casting, as well as
fine manufacturing, which includes machining. Finally, an as-
sessment of the environmental impact is employed to evaluate
the environmental consequences of the manufacturing process.

|
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sion Estimation
Fig. 1. Process flow of the reverse engineering approach.
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The following subsections detail each step of the inventory
generation process, highlighting the methodologies and tech-
niques used. A total of 85 components across six modules were
identified for the IAE V2500 engine assessment. Critical en-
gine parts and their quantities, listed in Table 1, were compiled
from technical documents, training manuals [17], construction
guides [18] and lecture materials [19].

3.1. Engine Weight and Dimension Estimation

A comprehensive mass estimation was conducted for all
components within the engine, with alloy identifications and
dimensional estimates to serve as a foundation for the manufac-
turing process. For the mass estimation, the following methods
were employed and the resulting data are presented in Table 1:

e Modeling axially symmetrical parts in CAD
e GasTurb Blade Calculator [20]
o NASA’s WATE method for frames and housings [21]

ple et pen Fahad
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Fig. 2. Combined cross-section of the IEA V2500 engine, which was used to
model the axially symmetrical parts, obtained from various sources [17, 18].

CAD Modeling. Axially symmetrical parts were modeled us-
ing a CAD program with a scaled cross-section of the IAE
V2500 engine. The cross-section, shown in Figure 2, was de-
rived from sub-cross-sections obtained from various sources,
including training manuals [17] and technical documents [18].
The scaling of the cross-section was achieved by using the
known height of the Low Pressure Turbine (LPT) blades as a
reference point. The volume was calculated by obtaining the
radius, length and width from the cross-section.

GasTurb Blade Calculator. Simplified calculations were per-
formed according to the GasTurb Manual [20]. The mass of a
single airfoil m,y, composed of a material with density py, is
calculated as follows:
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Table 1. Evaluated engine parts and materials with calculated weight and energy consumption during manufacturing.

Module Parts Module Weight Materials Energy Manufac-
kel turing [kWh]
Fan Module Fan Blades, Fan Disc 165 Ti-6A1-4V (100%) 331
Low Pressure Com-  Fan Case, Inlet Guide Vanes, Fan Frame, Disc Stg. 1.5 674 Ti-6Al1-4V (97%) 3,688
pressor (LPC) to 2.5, Blades Stg. 1.5 to 2.5, Vanes Stg. 1.5 to 2.5, LP CrMoV Steel (3%)
Stub Shaft
High Pressure Com-  Disc Stg. 3 to 8, Disc Stg. 9 to 12, Rear Rotating Seal, 284 Ti-6Al-4V (58%) 975
pressor (HPC) HPC Blades Stg. 3 to 12, Variable Inlet Guide Vanes, Inconel 718 (30%)
HPC Vanes Stg. 3 to 11, Front Compressor Case, Rear Hastelloy X (12%)
Inner & Outer Case, Rear Shaft
Diffuser & Combus-  Diffuser Case, No. 4 Bearing Compartment, Inner & 151 Hastelloy X (61%) 639
tor Outer Combustion Liner, HPC Diffusor Inconel 718 (32%)
Haynes 188 (6%)
HPT HPT Case, Duct Segment Stg. 1 & 2, HPT Blades Stg 191 Inconel 718 (78%) 648
1 & 2, HPT Vanes Stg. 1 & 2, Discs Stg. 1 & 2, Stg. 1 Haynes 188 (9%)
Inner & Outer Seal, Stg. 2 Seal & Plate PW 1480 (8%)
Inconel 713 (4%)
Low Pressure Tur-  Disc Stg. 3 to 7, Seal Stg. 3 to 7, Stg. 6 Inner Seal, LPT 492 Inconel 718 (60%) 1,610

Inconel 713 (23%)
CrMoV Steel (9%)
MAR 247 (6%)
Inconel 100 (2%)

bine (LPT) Shaft, LPT Inner & Outer Duct, LPT Case, Turbine Ex-
haust Case (TEC) with No. 5 Bearing, TEC Struts, LPT
Blades Stg. 3 to 7, LPT Vanes Stg. 3 to 7
! 2
Mg = Pp * (rtip - rrout) * (E)b,mean * Cb,meun (1)

with

Ch.mean mean blade chord

Tiip — Troor  height of blade

(%)b,mwn mean blade material thickness ratio

Ob density of material

The values for ¢j, jpeqn and i, — 700, for all compressor blades
were taken from technical documents [17]. For turbine blades,
these dimensions were estimated based on scaled cross-section
measurements, incorporating a typical stagger angle to account
for the blade’s orientation. The thickness ratio #, was estimated
using standard assumptions from the GasTurb Manual [20],
with slight adjustments made for certain components like the
HPT blades. The vanes were calculated similarly, considering
both the compressor and turbine stages. The overall volume was
then determined by geometric parameters such as radius, length
and width, from the cross-sections.

WATE method. The frame and housing weight was estimated
using NASA’s WATE method [21], a tool designed to predict
the weight and dimensions of aircraft gas turbine engines. The
appropriate frame type was selected by evaluating various op-
tions to determine the best fit for the IAE V2500 engine de-
sign. The corresponding weight was then estimated using a ref-
erence chart that correlates the frame’s diameter and type with
its weight. The volume was calculated by reversing the process,
using the assumed material density. Depending on the available
data, the weight was either directly obtained from the WATE

method or calculated by multiplying the estimated volume by
the material density.

The calculated overall weight of an IAE V2500 engine type
is 1,956 kg, including all aforementioned components detailed
in Table 1. The discrepancy between the calculated overall
weight and the original weight of 2,404 kg as per EASA Type
Certificate [22] may be attributed to the exclusion of certain ac-
cessories and systems, as well as the non-inclusion of the gear-
box in our calculations. These components are challenging to
assume or calculate and thus were excluded from this study.

3.2. Material Generation and Alloying

This section addresses the energy consumption and environ-
mental impact associated with the materials used in the TAE
V2500 engine, covering the selection of suitable materials, the
extraction and processing of raw materials and the energy re-
quired for alloy production. The following subsections will de-
tail the methods and assumptions used in these calculations.

Material Selection. The material selection for the IAE V2500
engine components involved various sources. Some materials
were clearly specified in IAE V2500 documentation, while oth-
ers were identified through secondary sources. In certain cases,
engineering estimates based on literature information were used
to determine material choices. This method ensured that all ma-
terials were appropriately accounted for in the analysis.

Raw Material Extraction. The extraction and initial process-
ing of raw materials, which form the basis of the materials used
in the IAE V2500 engine, are critical stages that contribute to
the overall environmental impact. These processes, included in
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existing LCA datasets like the ecoinvent 3.9.1. database [15],
encompass the energy and resources required to extract raw ma-
terials from the earth and prepare them for further processing.

Alloy Melt Energy Calculator. Based on the theory of *Theo-
retical Minimum Energies’ [23], a calculator was developed to
estimate the physical energy required to heat all elements of
an alloy above their melting temperatures. This calculation re-
flects the energy necessary for the alloying process, where the
constituent elements are melted together to form the final al-
loy. The furnace efficiency, assumed to be 29.5% [24], is also
factored into the estimation. Although the results from this cal-
culator are likely conservative, they align with literature indi-
cating that the energy demands for melting various metals are
generally within a similar range.

3.3. Part Manufacturing

The manufacturing process for each engine component com-
prises several key steps, each influenced by various process pa-
rameters. The primary objective of this study is to achieve the
final macro geometry of the parts. For this assessment, three
major manufacturing methods were analyzed: forging, casting
and machining. It is assumed that each part undergoes either a
forging or casting process prior to being machined to its final
dimensions. The subsequent paragraphs will detail the process
chain for each method, examine the impact of the Buy-to-Fly
Ratio (BFR) on raw material consumption and explain how the
energy consumption values were determined.

Buy-to-Fly Ratio. The BFR quantifies the ratio between the
amount of material required at the start of the production pro-
cess and the amount of material in the finished part. Literature
indicates that BFR values can be substantial, with ratios reach-
ing up to 10 or more, meaning that ten times the initial material
is needed to produce certain components. These BFR values are
used to estimate the raw material requirements for each manu-
facturing method and provide a basis for calculating the energy
consumption associated with part manufacturing. For this as-
sessment, three different BFR values are considered:

e BFR of 2.5 for casting [25];
e BFR of 2.4 for forging [26];
e BFR of 1.2 for forged blades and vanes.

Although no direct evidence could be found for the values
of forged blades and vanes, observations from the research of
Cheng et al. [27] indicate that the ratio is likely to be lower for
gas turbine blades when compared to other BFRs.

Energy Consumption. The energy consumption for manufac-
turing each component was assessed based on different methods
and sources. The total energy consumption )’ E,,,, is the sum
of the energy required for forging, casting and machining, as
shown with Equation 2. The final results are shown in Table 1.

Z Eman = Z Eforg + Z Ecast + Z Emachi (2)

e Forging (Ejo,): The calculations for forged parts are
based on unit process LCI models for hot forming [28].
For superalloys, material parameters were adjusted ac-
cording to strain hardening exponents and strength coef-
ficients [29].

e Casting (E..s): The energy consumption for casting is
derived from sustainable casting guidelines [30] and in-
dustry reports on turbine blade manufacturing [31]. The
calculations for melting and injecting cobalt were extrap-
olated based on the density of Haynes 188, while dewax-
ing and firing energy were estimated using a constant fac-
tor. The melting energy was calculated using the specific
heat capacity, melting temperature (7,.;;) and an furnace
efficiency of 29.5%.

o Machining (Epqcni): The energy required for machining
each part was calculated using data from Mouritz et al.
[32]. Steel used in the engine was assumed to have the
characteristics of stainless steel, while cobalt was as-
sumed to have properties similar to nickel, based on liter-
ature suggesting comparable machining difficulties. The
amount of material machined was determined from the
BFR and the final volume of the component.

4. Life Cycle Impact Assessment

The LCIA results are derived by combining the environmen-
tal impacts associated with raw materials and the energy con-
sumed during manufacturing. The overall LCIA value is calcu-
lated using Equation (3). Each part is analyzed for raw material
usage and manufacturing energy, with the contributions aggre-
gated to calculate the total LCIA result for the engine.

ILCIA,mmI = Z(mmw,i * Imateria[,i) + Z(Eman,i * Ienergy) (3)
i i

with

Iicia final LCIA result

raw weight of part i

Lyateriar; ~ €nvironmental impact of the material for part i
Eon energy consumption for manufacturing of part i
environmental impact of energy (per kWh)

mraw,i

I energy

The environmental impacts of the manufacturing pro-
cesses in the category of Climate Change (CC) are summa-
rized in Table 2. This table highlights the predominant in-
fluence of material-related impacts I,4seria1, Which contribute
the largest portion of the total CC impact, accounting for
61,725 kg CO, eq. This is followed by the forging process
It with 2,270 kg CO, eq., the casting process I..; with
1,280 kg CO; eq. and the machining process I;,cni, Which is
responsible for 210 kg CO; eq. The total impact of the full man-
ufacturing process is 65,485 kg CO; eq., which reflects the cu-
mulative effect of all individual process steps. The LCA results
of all impact categories are summarized in the supplementary
material of this publication.

The pie charts in Figure 3 provide the overall results of the
environmental impact distribution related to the materials and
manufacturing processes used for all parts i of an IAE V2500
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Fig. 3. Distribution of the environmental impact of engine manufacturing related to CC across engine modules (e). The breakdown includes impacts from different

manufacturing steps: materials (a), forging (b), casting (c) and machining (d).

Table 2. Results of LCIA in the impact category of Climate Change (CC).

Process Step CC [kg CO; eq.] Distribution
Material Lyaterial 61,725 94.2 %
Forging 1I7org 2,270 3.5 %
Casting Ieqs 1,280 2.0 %
Machining Lpachi 210 0.3 %
Full Manufacturing I7.c1a oral 65,485 100 %

engine. The analysis summarizes the individual parts in the
generally known engine modules: Fan, LPC, HPC, Combus-
tor, HPT and LPT. In terms of materials, the LPC accounts for
the largest portion of the environmental impact, contributing
48.1%, followed by the HPC at 15.4% and the LPT at 13.5%.
When examining the forging process, the LPC dominates with a
significant impact of 57.2%, whereas the HPC adds 19.2% and
the Combustor 9.2%. The process of casting shows a different
distribution, with the LPT taking the main impact at 42.3%,
while the Combustor contributes 28.5% and the LPC 22.7%.
The machining process reflects a similar pattern to the previous
forging processes, with the LPC contributing 44.6% of the envi-
ronmental impact, the LPT 21.9% and the HPC 13.5%. Finally,
considering the full manufacturing process, the LPC emerges
as the largest contributor to the environmental impact at 48%,
followed by the HPC at 15.3% and the LPC at 13.9%.

5. Interpretation of LCIA results

Having outlined the methodology and the results, we now
discuss the detailed environmental implications of producing an
IAE V2500 engine. The results show a significant concentration
of the environmental impact on the LPC module. These com-
ponents are not subjected to as extreme stresses and tempera-
tures as compared to the HPC, Combustor and HPT modules.
Therefore, not as highly-alloyed superalloys are needed. How-
ever, these components are larger and heavier, requiring signif-
icantly more material. Consequently, they also demand more
manufacturing energy, which together increases the overall en-
vironmental impact. Similarly, the LPT module shows a high
environmental load, particularly in materials, casting and ma-
chining, as here the component sizes are again increasing and

more material and therefore manufacturing energy is needed.
Additionally it must be mentioned, that the fan case and frame
are included in the LPC module as well as the Turbine Exhaust
Case (TEC) is part of the LPT module, which alone accounts
for around 550 kg (LPC) and 130 kg (LPT) of the used material.
The HPC, Combustor and HPT modules, which are exposed to
extreme temperatures and pressures and therefore require more
specific alloys, contribute together a moderate share of 26.3%
to the environmental impact in the category of materials and
28.4% in forging as well as 28.5% in machining.

Overall, the concentration of the environmental impact on
specific engine modules does not only highlight the critical ar-
eas for reducing the environmental footprint of engine manu-
facturing but also underscores the value of our detailed analy-
sis. Unlike previous studies that often rely on indirect methods
like cost-based estimations, our approach involved a thorough
re-engineering of the engine. For instance, Chester [7] reports
a value of 5.92x10'! kg CO, eq. for an aircraft engine, signif-
icantly higher than our result of 65,480 kg CO, eq. The large
discrepancy likely stems from Chester’s use of an Economic
Input-Output LCA model, which converts economic costs to
environmental impacts. While useful for broad approximations,
this method can introduce substantial uncertainties, as it may
oversimplify complex processes and material flows. Other stud-
ies by Lopes et al. [9], Lewis [11] and Rahn et al. [33], re-
port values of 168,500 kg CO, eq., 62,514 kg CO, eq. and
202,108 kg CO, eq. per engine. These values are in a more suit-
able range for comparison with the current study. While Lopes
and Rahn conducted LCAs on other engine types (Lopes fo-
cused on CF6-80 engines, Rahn analysed CFM65-5 engines)
and especially Rahn included also the Nacelle of the engine,
which could result in different results. Lewis conducted his
study also on an IAE V2500 engine and gained similar results,
even while not including manufacturing processes.

In contrast, our reverse engineering approach provides a
more accurate reflection of the engine’s environmental impact.
The lower CO, eq. value aligns more closely with realistic ex-
pectations, highlighting the importance of detailed LCAs over
generalized estimation methods. However, consumables like
coolants and lubricants, engine accessories and other engine
systems were not included in the current calculations. An in-
clusion of these components, as well as composite materials in
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the fan module and coatings, would result in a higher environ-
mental impact.

6. Conclusion

This study analysed the environmental impact of the produc-
tion of an TAE V2500 engine to be 65,480 kg CO, eq. using data
gained from a re-engineering approach. It could be shown that
the LPC and LPT modules are the primary contributors to the
environmental impact due to the high amount of material used.

Our results highlight the critical need for precise,
component-level LCAs, as evidenced by the significant discrep-
ancies with studies that rely on broader, less detailed methods.
In fact, a comparison with existing literature clearly shows that
our LCA ranks among the most comprehensive assessments
currently available. The need of precise LCA methodologies
is given, especially for complex systems like aircraft engines
and are crucial for reliable engineering decisions and effective
environmental policy-making.

Furthermore, the methodology developed in this research
provides a model-independent framework that can be applied
to other engine types, thereby ensuring adaptability and scala-
bility for future assessments. This methodology provides a de-
tailed, component-specific analysis, enabling a more precise as-
sessment of the overall environmental footprint of an aircraft.
These insights are crucial for not only optimizing individual
components and the aircraft design, but also for simulating en-
tire aircraft fleets, which ultimately contributes to the reduction
of the environmental impact of the aviation industry.
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