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Abstract
The traditional method of manufacturing propellant tanks for rockets and spaceships involves significant amounts of forg-
ing, and machining, making it expensive and environmentally unfriendly. A novel approach for manufacturing propellant 
tanks that reduces the need for machining and friction stir welding processes has been presented in this paper. This approach 
involves manufacturing a tank half starting from a single metal plate, using innovative and advanced metal forming processes 
such as hot stretch forming, magnetic pulse forming, hub forming, and integrated stiffened cylinder (ISC) flow forming fol-
lowed by orbital welding of two tank halves. A life cycle assessment (LCA) study was conducted in accordance with ISO 
14044:2006 standard using the ReCiPe 2016 Midpoint (H) method to compare the environmental impacts of the traditional 
and newly developed approaches for manufacturing propellant tanks. The results of the LCA study showed that the new 
approach based on advanced forming technologies reduced carbon footprint by 40%, cumulative energy demand by 35%, 
water footprint by 17%, and materials waste by 4% compared to traditional manufacturing. The lower environmental impact 
of the new approach was attributed to a decrease in friction stir welding requirements due to the implementation of advanced 
forming techniques that enable integrated tank production. This lowered the overall energy consumption in the novel approach 
by a factor of 1.5 and in turn resulted in lower environmental impact compared to traditional forging and machining-based 
method. Furthermore, a futuristic scenario that involves in-house tank production using the novel approach with minimal 
transportation of inventories was also simulated. Based on the LCA results, it was seen that the newly developed approach 
for manufacturing propellant tanks was more environmentally friendly than the traditional approach and its environmental 
footprint could be further reduced by implementing the futuristic scenario with minimal transportation. This novel approach 
is also expected to reduce the lead time and production cost of manufacturing a propellant tank. Hence, future efforts in cost 
assessment and further optimization of raw material and energy usage are recommended.
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1 Introduction

In the aerospace industry’s highly competitive global mar-
ket, one of the major trends is to enhance the efficiency 
of current space vehicle technology. This necessitates a 
constant improvement of its components, along with an 
increase in their reliability and operational safety, making 
it essential to update their design and manufacture [1]. One 
such important component of space vehicles is a propeller 
tank. The propellant tanks are pressure vessels that store 
the liquid propellant and enable propulsion. These tanks are 
typically built from materials like aluminum alloys, titanium 
alloys, high-strength steels, or composite materials, which 
are chosen for their light weight, strength, durability, and 
resistance to extreme conditions in the harsh environment 
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of space [2]. Due to their large sizes, these tanks account for 
a significant share of a spacecraft’s total weight [3]. Hence, 
the design and manufacturing of these tanks is an important 
step, affecting the consumption of material and energy, pro-
duction time, and manufacturing costs of a space vehicle.

A propellant tank consists of two hemispherical domes 
and one cylindrical section. The current method used to 
manufacture propellant tanks involves the production of 
forgings of domes and cylinders, which are then subjected 
to machining processes to achieve final thicknesses. As final 
thicknesses are small, their machining from thicker forgings 
generates extensive amounts of material waste. Following 
machining, the components are welded together using either 
a fusion or solid-state method. An assembled tank is dis-
played in Fig. 1. Although this route is reliable, it requires 
longer lead times and generates significant material wastage 
[4]. It is a well-established fact that a lot of finished and 
semi-finished parts are scrapped due to machining-related 
defects such as surface integrity, deformation, cutting chat-
ter [5], and non-conformances in machining processes that 
result in heavy material, time, and financial losses to the 
aerospace industry every year [6]. Additionally, machining 
processes require mineral oil-based cutting fluids for cooling 
and lubrication that contain harmful chemicals causing skin 
irritations and degradation of soil, if disposed of improperly 
[7]. Toxic fumes are released during welding processes and 
welders are susceptible to cardiovascular and pulmonary 
disorders on over exposure to these fumes [8–10]. There-
fore, more sustainable manufacturing solutions that lower 

resource consumption, environmental impact, and produc-
tion costs without compromising the structural integrity of 
tanks during their operation need to be implemented [11].

In general, sustainable manufacturing solutions include 
product design for sustainability, reduced use of materials, 
remanufacturing, energy-efficient manufacturing, develop-
ment of emission reduction technologies, and predictive 
maintenance, among others [13]. Realizing the need for sus-
tainable manufacturing, the European Space Agency (ESA) 
has launched initiatives like “Clean Space” and “Design to 
Produce” to minimize the environmental impact, lead time, 
and cost of its space systems [14, 15]. Some researchers have 
attempted to develop sustainable alternatives to address the 
limitations of traditional routes for manufacturing propel-
lant tanks [4, 12, 16–18]. To mitigate the harmful effects of 
traditional machining, several sustainable strategies, such as 
minimum quantity lubrication (MQL), dry cutting, cryogeni-
cally treated tools, solid-lubricant assisted machining, air/
gas/vapor cooling, cryolubrication, optimization of cutting 
parameters, paths, adaptive cutting, and high-speed machin-
ing, have been reported [17–19]. These strategies do not 
require mineral oil-based cutting fluids and show a reduction 
in environmental impact along with improved cutting tool 
life [20], lower cutting tool wear [21] better surface qual-
ity, lower cutting forces cutting energy [22], and improved 
productivity and cycle times [23, 24].

As the traditional forging-based approach is not suit-
able for manufacturing large propeller tanks owing to the 
forging press force limitations as well as its higher material 
requirement, Radtke [16] developed a net-shape forming 
route, combining suitable sheet metal forming and welding 
processes. In this method, the domes were manufactured by 
subjecting Ti-15–3 sheet metal blank to a counter-roller spin 
forming process. The cylinder was fabricated by bending 
sheet metal followed by its tungsten inert gas welding. Con-
ventional electron beam or tungsten inert gas welding was 
used to integrate the tank, resulting in considerable material 
savings.

Substitution of traditional welding processes like tungsten 
inert gas and electron beam welding processes with fric-
tion stir welding (FSW) is another sustainable alternative 
for joining domes and cylinders [4, 25]. FSW is a solid-
state welding process where two components are plastically 
deformed and mechanically intermixed using a non-consum-
able rotating tool. FSW requires no filler material and hence, 
has no hazardous fumes [26], consumes significantly lower 
energy, and generates lower material waste compared to arc 
welding processes [27].

Norman et al. [12] demonstrated the application of the 
casting process for manufacturing Ti6Al4V domes and 
cylinders, followed by their machining and assembling 
by friction stir welding. The implementation of the new 
casting-based approach led to remarkable improvements Fig. 1  A prototype of a Ti6Al4V propellant tank [12]
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in terms of cost and lead time reduction in comparison to 
the traditional approach. With this new approach, the cost 
decreased by five times, and the lead time was significantly 
reduced by two-thirds. Also, the new approach imparted 
acceptable mechanical and corrosion properties, compa-
rable to those of forged Ti6Al4V.

In continuation of these efforts, two companies, 
Omnidea-RTG and MT-Aerospace, have developed a 
novel propellant tank manufacturing route by utilizing 
advanced metal forming processes that involve creating a 
tank half from a single metal plate. The process involves 
a combination of processes like hot stretch forming, mag-
netic pulse forming, hub forming, spinning, and integrated 
stiffened cylinder flow forming. Although the previous 
studies demonstrate the sustainability potential of their 
tank manufacturing solutions through material, energy, or 
cost savings, there is a lack of thorough quantitative study 
that calculates the environmental impacts associated with 
these tank manufacturing solutions. To become a com-
petitive technology for manufacturing propellant tanks, the 
newly developed approach must satisfy the quality, cost, 
and environmental requirements. Hence, the main goal 
of this study is to assess and compare the environmental 
impacts of the existing forging and machining intensive 
approach and the novel advanced forming technologies-
based approach to manufacturing propellant tanks, using 
the life cycle assessment (LCA) methodology. LCA is a 
well-known standardized method to calculate the environ-
mental impacts of a product or process and its framework 
is defined by ISO 14044:2006 standard [28]. LCA has been 
applied in the past by the European Space Agency (ESA) 
to quantify the environmental impacts of its space launch-
ers and space missions across their life cycles [29]. Hence, 
the novelty of this work is twofold: firstly, it introduces 
an alternative manufacturing route using advanced metal 
forming processes in contrast to conventional forging and 
machining-based routes for propeller tank manufacturing. 
Secondly, it also conducts a quantification and compari-
son of the environmental impact caused by the proposed 
and traditional manufacturing routes, identifying the most 
sustainable manufacturing route.

This paper is structured as follows: Section 2 presents 
a literature review of different manufacturing approaches 
of propellant tank manufacture and LCA studies of these 
manufacturing approaches. Section 3 summarizes the tra-
ditional and newly developed manufacturing routes for 
propellant tanks, used in this study. In Section 4, the life 
cycle assessment framework and its steps are outlined. In 
Section 5, an LCA case study using an aluminum alloy 
(AA2219) tank as a reference is conducted, and its results 
are discussed in Section 6. Finally, the conclusions of this 
study are summarized in Section 7.

2  Literature review

In this section, the LCA studies of manufacturing tech-
nologies involved in propellant tank manufacturing 
approaches are discussed. Finally, based on the analysis 
of the literature, a research gap is identified and motivation 
for the current study is formulated.

2.1  Life cycle assessment of machining, forming, 
and welding technologies

Although no LCA of machining/forming/welding tech-
nologies in the context of propellant tank manufacturing 
were found in the literature, the following LCA studies in 
general context have been reported in the literature. Has-
san [30] compared the machining performance, energy 
consumption, and carbon footprint for conventional flood, 
dry, and MQL machining of aluminum alloy 6061. The 
MQL machining strategy was observed to be most sustain-
able, demonstrating an improvement in cutting tool life by 
42–61%, a decrease in energy consumption by 27–38%, 
reduction in carbon footprint by 16–21% compared to dry 
and flood machining. Similarly, Campitelli [31] discovered 
that MQL milling of aluminum showed lower environ-
mental impacts than flood machining in all 14 environ-
mental impact categories analyzed due to the efficient use 
of energy, compressed air, and lubricant. Ingarao et al. 
[32] compared the environmental impact of machining, 
forming, and additive manufacturing of aluminum-based 
products. In general, forming was found to be the most 
environmentally friendly option, especially when used 
for batch production mode. CNC milling was seen to be 
the most sustainable option for producing fewer products 
while additive manufacturing (selective laser melting) 
was observed to be ecological only for highly complex 
part designs for weight reduction. Hence, it is evident 
that net-shape forming is an alternative for material and 
energy-intensive machining processes in propellant tanks, 
as discussed previously in the study by Radtke [16]. Kel-
lens et al. [33] analyzed the energy consumption for the 
sheet metal bending process at different loads and bending 
speeds, for four different machine tools. Ingarao et al. [34] 
examined the energy efficiency of Single Point Incremental 
Forming (SPIF) in the reuse of an aluminum sheet metal 
component and discovered that SPIF-based reshaping of 
a sheet metal part requires 26% lower energy compared to 
the traditional remelting route. Raugei et al. [35] carried 
out an LCA of a novel hot forming process “Solution Heat 
treatment, Forming and in-die Quenching” (HFQ) used for 
manufacturing a large aluminum sheet metal automotive 
part. Compared to the traditional route, the HFQ process 
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resulted in lower net environmental impact due to better 
reuse of scrap enabled by its elimination of rivetting and 
bonding requirements. Landi et al. [36] performed an LCA 
of the sheet metal stamping process using a boiler burner 
sheet metal part as a reference for the analysis. Similarly, 
Cooper et al. [37] conducted an LCA and cost assessment 
of sheet metal stamping for manufacturing aluminum 
alloy parts and emphasized the need to reduce the energy 
demand of the press as well as minimize the sheet metal 
scrap to improve its sustainability potential.

As far as the LCA of welding technologies is concerned, 
few studies have been reported. Buffa et al. [38] conducted a 
preliminary study analyzing the electrical energy demand for 
friction stir welding (FSW) of an aluminum alloy (AA2024-
T4) sheets and suggested that the weld phase duration should 
be reduced by increasing the feed rate to decrease the energy 
demand of FSW. Similarly, Inácio et al. [39] carried out an 
energy assessment of FSW of AA7075 aluminum alloy and 
observed that about 60% of the total energy input is lost 
through the anvil plate of the system, drawing attention to 
address this energy loss for more sustainable applications of 
FSW. Shrivastava et al. [27] performed a comparative LCA 
between FSW and gas metal arc welding (GMAW) for weld-
ing aluminum AA6061-T6 workpieces. The results indicated 
that FSW consumed 42% less energy and 10% less material 
as compared to GMAW. Additionally, FSW also resulted 
in 31% lower greenhouse gas emissions, making it an eco-
friendlier welding process when compared to GMAW.

2.2  Motivation for the present study

Based on the above analysis of the existing literature, it can 
be concluded that the application of novel net-shape forming 
technologies, replacement of traditional welding processes 
with FSW, and casting-based manufacturing routes have 
demonstrated their sustainability potential through mate-
rial, energy, and cost savings in comparison with traditional 
forging and machining-based route. Some LCA studies ana-
lyzing the environmental impacts of sheet metal forming 
and FSW processes in a general context have been reported. 
However, no quantitative environmental impact assessment 
of these technologies or their products was carried out in 
the context of propellant tank manufacturing. Therefore, 
the main objective of this study is to conduct a comprehen-
sive LCA study comparing the environmental impacts of 
the existing forging and machining-based route and a novel 
advanced forming technologies-based route for manufactur-
ing propeller tanks. Based on the LCA results, the most sus-
tainable approach is suggested, environmental hotspots for 
each route are identified and recommendations for improv-
ing their environmental performance are made. The details 
of the novel advanced forming technologies-based route for 
manufacturing propeller tanks are given in the next section.

3  Summary of manufacturing approaches

This section summarizes three different approaches for pro-
pellant tank manufacturing. The first approach (S0) is the 
existing traditional approach, which involves machining and 
forging technologies to manufacture individual tank compo-
nents, followed by their assembly. The second approach (S1) 
proposes integrated manufacturing of the tank from a single 
raw material blank using advanced forming technologies. 
The third approach (S2) is a futuristic scenario that uses 
identical processes to S1 but with minimal transportation of 
the produced tank.

3.1  Traditional approach (S0)

The manufacturing of Sandwich Common Bulkhead (SCB) 
tank CRONUS is the basis of the traditional approach 
(S0), as demonstrated by MT Aerospace, Germany [40]. It 
involves the fabrication of domes, Y-rings, and the cylinder 
separately followed by their assembly to produce a unit tank.

To manufacture the domes, semicircular plates are flat-
tened using machining and then joined using the friction stir 
welding (FSW) process to form a flat circular disk. These 
joined plates are then machined for the spin forming process. 
The spin forming process is carried out at higher tempera-
tures where a roller is moved along the rotating plates in 
radial and axial directions to deform it into a dome (refer 
to Fig. 2). Once the dome of required curvature and wall 
thickness is achieved, a central hole on its top is machined.

For manufacturing Y-rings and cylinders, the material 
is initially precut and then milled to its final dimensions. 
Y-rings act as a connection between the cylinder and the 
domes. Finally, these individual parts are assembled using 
the friction stir welding process to obtain the final tank. This 
welding is performed for joining the dome and Y-ring as 
well as the Y-rings and cylinder.

All the processes involved in this scenario are per-
formed at the same production site at Ahlen in Germany. 
The process flow in this scenario is depicted in Fig. 3, 
which shows the sequence of operations involved in manu-
facturing the tank.

3.2  Proposed approach (S1)

In the proposed approach (S1), the process of manufactur-
ing the cylinder and domes is integrated, and it involves 
the application of advanced forming technologies. Initially, 
a disc-shaped blank is machined to produce a dome. This 
blank is then subjected to the hot stretch forming process, 
which deforms it into a dome shape using a punch and die. 
To achieve the desired dimensions of the dome, magnetic 
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pulse forming is used. Once the dome has been formed, 
a robotic arm is used to drill the center hole. Finally, the 
resulting dome profile is depicted in Fig. 4.

The process of manufacturing the cylinder of the tank 
involves a series of advanced forming techniques. To create 

the cylinder, the remainder flange area of the preform (as 
displayed in Fig. 4) is used. The first step is hub forming, 
where a rotating roller is used to extract some material from 
the remainder flange area in an axial direction (refer to 
Fig. 5a). The extracted material acts as a reference for form-
ing the remaining flange material into a cylindrical shape. 
After this, the spinning process is employed, which involves 
deforming the flange material into a thick-walled cylindri-
cal shape using a roller (see Fig. 5b). Finally, the integrated 
stiffened cylinder (ISC) flow forming process is applied, 
where the rollers are passed over the thick-walled cylinder 
to achieve the final desired wall thickness (as illustrated in 
Fig. 5c).

Fig. 2  a Schematic of spin forming; b dome and Y-rings (representative image) [40]

Fig. 3  Steps involved in the traditional approach (S0)

Fig. 4  Preform with the final dome profile
Fig. 5  Advanced forming technologies a hub forming; b spinning; c 
ISC flow forming
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It is important to note that the above processes are per-
formed separately at different locations. As a result, the 
unfinished part needs to be transported from one location 
to another. The transportation scenarios are discussed in 
detail in Section 5. Both halves of the tank are produced 
using the above sequence of processes, and they are then 
joined together using friction stir welding to create a unit 
of AFT tank. The manufacturing process flow is sum-
marized in Fig. 6.

3.3  Future scenario (S2)

Looking toward the future, it is anticipated that the proce-
dures involved in S1, which is a current production site, will 
be carried out at the same physical location. Therefore, a 
new and advanced scenario, S2, is taken into account where 
the transportation of the unfinished tank is eliminated, unlike 
in the current scenario S1. In S2, only the transportation of 
raw materials (T1) and the finished tank (T2) is considered, 
as displayed in Fig. 7. The processes involved in S2 are iden-
tical to those in S1, which means that all the steps will be 
carried out in the same order and manner.

4  Life cycle assessment methodology

Life cycle assessment (LCA) is a useful method to deter-
mine the environmental impacts of a product, process, or 
activity. A comparative life cycle assessment (LCA) can 
be used to evaluate the environmental effects of two or 
more functionally equivalent products or processes. For the 
impact assessment, the LCA approach prescribed by the ISO 
14044:2006 standard is used [28]. According to ISO 14044: 
2006 standard, LCA is carried out in the following steps 
(refer to Fig. 8):

1. Goal and scope definition: Defining the objective of the 
study, system boundaries, functional unit, environmental 
impact assessment method, impact categories, and con-
straints.

2. Life cycle inventory analysis: Collecting the life 
cycle inventory data like raw materials, energy, and 
wastes, among others, linked with each life cycle 
stage. The sources for these data include differ-
ent LCA databases, scientific literature, and public 
reports, among others.

Fig. 6  Steps involved in the proposed approach (S1)

Fig. 7  Steps involved in the future scenario (S2)
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3. Life cycle impact assessment: Building LCA model(s) 
based on the life cycle inventory data collected in the 
LCA software package and translating the environmen-
tal emissions into environmental impact categories using 
the characterization factors of the LCA method chosen.

4. Interpretation: Examining the results of impact assess-
ment; recognizing different environmental hotspots; 
and making suggestions to decrease the environmental 
impacts and improve products/processes.

5  Case study

This section presents a case study of AFT tank production, 
which compares the environmental impacts of three manu-
facturing scenarios. The study’s conclusions are relevant to 
a class of related products and are based on the analysis of 
the results obtained.

5.1  Goal and scope definition

The primary aim of this project is to carry out a comprehen-
sive study and analysis of the environmental impacts associ-
ated with the current and proposed manufacturing routes for 
an aluminum alloy AA2219 tank. This analysis will be done 
using the life cycle assessment (LCA) methodology. The 
present manufacturing process involves the manufacture of 
tank components separately using machining and forming 
technologies, which are then assembled using friction stir 
welding. In comparison, the proposed manufacturing pro-
cess will consist of an integrated manufacturing route for the 
tank using different metal forming processes.

To ensure that the analysis is thorough, the traditional 
approach (S0) of AFT tank manufacturing will be consid-
ered as the baseline for comparison of the proposed (S1) and 
future (S2) approaches. The results of this LCA study will 
help manufacturers identify the most sustainable alternative, 

understand environmental hotspots in all approaches, and 
formulate initiatives to mitigate environmental impacts in 
both routes. By comparing the environmental impacts of the 
existing and proposed manufacturing approaches, this study 
will provide valuable insights that will enable manufacturers 
to make informed decisions that will help minimize the envi-
ronmental impact of the manufacturing process. Ultimately, 
this will contribute to the development of a more sustainable 
and eco-friendly manufacturing of propellant tanks.

5.2  Functional unit

The functional unit refers to the reference that is used to 
map the input and output inventory flows [41]. In the context 
of an AFT tank, a single unit of a tank that comprises of 2 
domes and 1 cylinder is considered to be the functional unit, 
as shown in Fig. 9. The tank is constructed using a high-
quality AA2219 aluminum alloy that has been specifically 
chosen for its durability and strength. The cylinder has a 
total height of 710 mm, while the dome and cylinder have 
heights of 115 mm and 480 mm, respectively. The outer 
diameter of the cylinder measures 322 mm, and the wall 
thicknesses of the domes and cylinders are 1.6 mm and 
4.3 mm, respectively. Additionally, each dome has a central 
hole that is 50 mm in diameter. The chemical composition 
and mechanical properties of AA2219 are listed in Tables 1 
and 2, respectively. These details are important to gain a 
better understanding of the AFT tank and its construction.

5.3  System boundaries

The study aims to perform a comprehensive cradle-to-gate 
analysis that takes into account the lifecycle of the prod-
uct, from the initial production of raw materials to the final 
production of the functional unit at the factory gate (refer 
to Fig. 10). The scope of this study also includes the trans-
portation of raw materials from the supplier, as well as 

Fig. 8  LCA framework as 
defined by IS0 14044:2006 [28]
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the transportation of the unfinished tank between different 
production sites. It should be noted that both manufactur-
ing routes yield tanks that are identical in terms of utili-
zation and end-of-life phases, and therefore these aspects 
are excluded from the scope of this study. By analyzing the 
aforementioned lifecycle of the product, this study aims to 
provide a holistic picture of the environmental impact of 
production processes.

5.4  Life cycle inventory analysis

In this particular step, inventories of different life cycles 
such as raw materials, energy, consumables, and wastes 
are mapped for each process within the set system bounda-
ries. The raw material composition, which in this case is 
AA2219 alloy, has been considered and is made up of 
93% aluminum and 6% copper. Additionally, the AA2219 
blank is assumed to be fully produced within the EU-27 
region, as there was no available data regarding the loca-
tion of production and transportation to the supplier. The 
data relating to material, energy, and transportation were 
calculated based on the information provided by industrial 
partners namely FormTech, MT Aerospace, and Omnidea. 
The material, energy, and consumables mapping for S0, 
S1, and S2 scenarios are depicted in Figs. 11, 12, and 13, 
respectively. Furthermore, the transportation scenarios, 
which include the mass transported, origin, and destination 

Fig. 9  AFT tank: a 3D model, b 
dimensions of the AFT tank

Table 1  Chemical composition 
of the AA2219 sheet used in 
this study

Element Si Fe Cu Mn Mg Cr Ni Zn Ti Ga V Al

Actual (% wt) 0.05 0.11 6.11 0.3 0.001 0.002 0.015 0.06 0.05 0.01 0.08 base

Table 2  Mechanical properties of the AA2219 sheet used in this 
study

Material Specification Ultimate 
tensile 
strength 
(MPa)

Yield 
strength 
(MPa)

Elonga-
tion (%)

Hardness 
(HV)

AA219 AMS-QQ-A-
250/30A

369–376 233–238 17.1–
18.1

52–54

Fig. 10  System boundaries 
considered in this study [42]
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of the mass transported, as well as the mode of transporta-
tion considered in these scenarios, have been summarized 
in Tables 3, 4, and 5. The detailed life cycle inventory 

analyses for each scenario, including the input flows used 
from the Ecoinvent 3.0 database, are listed in Tables 6, 
7, and 8 in the 8. section located at the end of this paper.

Fig. 11  Life cycle inventory analysis for the traditional approach (S0)

Fig. 12  Life cycle inventory analysis for the proposed approach (S1)
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5.5  Assumptions and limitations in life cycle 
inventory analysis

During this study, certain simplifications and assumptions were 
made in all three scenarios due to the unavailability of data in 
some cases. To provide clarity, these assumptions are listed as 
follows:

• The scope of this study has been limited to the raw 
material and production phases of the AFT tank. This 

means that the use, maintenance, and end-of-life phases 
of the tank have been excluded from the study.

• The production of machine tools and tooling such as 
punches, dies, coils, fixtures, etc., and the environmental 
impacts arising from their production have been excluded 
from the scope of this study.

• The material composition considered for AA2219 alloy 
is as follows: Al-94%, Cu-6%

• The AA2219 alloy is assumed to be completely pro-
duced in the EU-27 region. The transportation aspects 

Fig. 13  Life cycle inventory analysis for the future scenario (S2)

Table 3  Transportation 
scenarios for the traditional 
approach (S0)

Scenario Origin Destination Mass trans-
ported (kg)

Distance (km) Mode

T1 Augsburg, DE Ahlen, DE 66.3 584 Road
T2 Ahlen, DE Augsburg, DE 55.5 584 Road

Table 4  Transportation 
scenarios for the proposed 
approach (S1)

Scenario Origin Destination Mass trans-
ported (kg)

Distance (km) Mode

T1 Augsburg, DE Gallin, DE 66 764 Road
T2 Gallin, DE Weyhne, DE 60 172 Road
T3 Weyhne, DE Caparica, PT 60 2700 Road
T4 Caparica, PT Ahlen, DE 60 2400 Road
T5 Ahlen, DE Augsburg, DE 55.5 584 Road

Table 5  Transportation 
scenarios for the future scenario 
(S2)

Scenario Origin Destination Mass trans-
ported (kg)

Distance (km) Mode

T1 Augsburg, DE Ahlen, DE 66 584 Road
T2 Ahlen, DE Augsburg, DE 55.5 584 Road
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of its production have been excluded from this study 
due to a lack of data.

• The cleaning agent considered for this study is 50% 
Acetone + 50% Isopropanol.

• Google Maps has been used to determine transportation 
distances.

• The life cycle inventory data regarding AA2219 alloy 
production and energy mixes in Germany and Portugal 
are taken from the Ecoinvent 3.0 database.

• Data uncertainty with a standard deviation of ± 10% of 
the mean value, following a normal distribution, has been 
considered for all inputs and outputs to the system con-
sidered in all three scenarios.

• In the baseline scenario (S0), the energy consumption for 
the manufacturing of the CRONUS tank [40] was scaled 
down to that of the AFT tank. This was done by down-
scaling the energy for friction stir welding proportionally 
to the weld length, and down-scaling the energies for 
machining and forming processes volumetrically, pro-
portional to the volume of material removed/deformed.

• Additionally, the transportation scenario in S2 is consid-
ered assuming that it is feasible to perform all the pro-
cessing steps at the same production site.

• To safeguard the intellectual property of the companies, 
the process parameters related to all AFT tank manu-
facturing processes are not disclosed, restricting the 
transparency of this study. In reality, process parameters 
do affect the energy consumption and consequently the 
environmental performance of a manufacturing process 
[42, 43].

• It should be noted that the results of LCA are beneficial 
for comparisons, identifying hotspots, and selecting eco-
logical processes. The interpretation of LCA results in 
absolute terms should be approached with caution [44].

5.6  Modeling in LCA software

To evaluate the environmental impact of scenarios S0, S1, 
and S2, life cycle inventory data was collected and analyzed 
in the previous sub-section. Using this data, LCA models 

were created in a widely used commercial LCA package 
called SimaPro 9.2 [45]. To conduct the environmental 
impact assessment, the ReCiPe 2016 (Hierarchist) method-
ology [46] was implemented. The ReCiPe 2016 method is 
chosen as it expresses environmental footprint in a broad 
set of 18 environmental impact categories, incorporates the 
latest environmental data, facilitates environmental impact 
calculation at country, continental, and global scales, and 
accounts for potential impacts from future extraction of 
resources, unlike other impact assessment methods like 
Eco-Indicator 99, EPS method, Impact 2002 + , among oth-
ers [44, 46]. Moreover, the ReCiPe 2016 method has been 
widely used in LCAs in the context of manufacturing tech-
nologies [42, 47, 48], facilitating comparability and bench-
marking of environmental performances across the manu-
facturing sector. To create a model for each scenario, all 
the unit processes involved were first modeled (see Fig. 14). 
These unit processes included different input flows such as 
materials, energy, and other consumables, which were taken 
from the Ecoinvent 3.0 database [49]. Once all the individual 
unit processes were defined, they were compiled to create a 
complete model of a given scenario, as illustrated in Fig. 15. 
This allowed for a detailed analysis of the environmental 
impact of each scenario, taking into account all the unit pro-
cesses involved.

6  Results and discussion

An in-depth environmental assessment has been con-
ducted to evaluate the environmental impact of the pro-
posed approach (S1) and two other scenarios—a baseline 
traditional approach (S0) and the future scenario (S2). 
The assessment involved evaluating the impact of these 
approaches expressed in 18 different environmental impact 
categories using the ReCiPe 2016 Midpoint (Hierarchist) 
method. The 18 environmental impact categories considered 
in the assessment include global warming, ozone depletion, 
particulate matter formation, acidification, and eutrophica-
tion, among others. The results of the assessment, displayed 

Fig. 14  Modeling of a unit process in the SimaPro 9.2 LCA software
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impact category-wise in Fig. 16, reveal that the proposed 
approach (S1) is more environmentally friendly than the tra-
ditional approach (S0) in 17 out of the 18 categories, except 
for the “terrestrial ecotoxicity” category.

It must be noted that the excess impact of S1 in the “ter-
restrial ecotoxicity” category is due to additional transpor-
tation of the unfinished tank between different locations, 
compared to S0. The tank is transported over a distance of 

Fig. 15  Modeling of a scenario in the SimaPro 9.2 LCA software

Fig. 16  Comparative environmental assessment results for S0, S1, and S2 using ReCiPe 2016 (H) method
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1168 km in S0 while in S1, the total transportation distance 
is 6620 km (refer to Tables 3 and 4). However, in S2, the 
transportation is reduced to 1168 km (refer to Table 5), mak-
ing it the environmentally cleanest scenario in all 18 impact 
categories, including “terrestrial ecotoxicity.” It is also worth 
mentioning that in the other 17 environmental impact cat-
egories, both S1 and S2 exhibit an impact reduction in the 
range of 5–50% compared to S0. This implies that S1 and 
S2 are more environmentally friendly than the baseline sce-
nario (S0) in most of the environmental impact categories 
considered in the assessment.

The assessment of environmental impact is an important 
aspect of any production process. In addition to the ReCiPe 
Midpoint (Hierarchist) assessment, further assessment is 
conducted for critical single-issue indicators such as global 
warming potential, cumulative energy demand, water con-
sumption, and raw material wastes. These indicators are 
calculated using the Intergovernmental Panel on Climate 
Change (IPCC) method and are expressed in the appropri-
ate units such as kg CO2 equivalents, MWh, cubic meters, 
and kg of waste alloy. Figure 17 illustrates the results of the 
assessment, which show that S1 has a significantly reduced 
environmental impact when compared to S0. Specifically, S1 
exhibits a 40% reduction in carbon footprint, a 35% saving 
in cumulative energy demand, and a 17% reduction in water 

footprint. Additionally, there is a marginal reduction in raw 
material waste by 4%.

Furthermore, S2 shows a slight reduction in carbon, 
energy, and water footprints compared to S1. This is due 
to a reduction in transportation distances, which results in 
fewer emissions and less energy and water consumption.

The environmental impacts of different steps involved in 
the production of S0, S1, and S2 were carefully analyzed to 
identify the areas that contribute the most to the overall envi-
ronmental footprint of each product. The results of this analysis 
have been presented in Figs. 18, 19, and 20 for S0, S1, and S2, 
respectively. In the case of S0 (as shown in Fig. 18), the con-
sumption of AA2219 alloy and friction stir welding during the 
assembly process of AFT tank components have been identi-
fied as the major hotspots in terms of environmental impact. 
The contribution of AA2219 alloy consumption to the overall 
environmental footprint of S0 varies between 13 and 93%, 
depending on the environmental impact category. Meanwhile, 
the contribution of friction stir welding during assembly ranges 
from 5 to 56%. Other processes that contribute to the overall 
environmental impact of S0, including milling of Y rings, fric-
tion stir welding in dome production, and spin forming, have 
relatively minor contributions (less than 5% each). However, 
even these minor contributions are important to consider as 
part of a comprehensive environmental impact assessment.

Fig. 17  Comparison between S0, S1, and S2. a Global warming potential, b cumulative energy demand, c water consumption, d raw material 
wastes
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In the analysis conducted on S1, it was found that the 
primary driver of each environmental impact category was 
the consumption of AA2219 alloy, as shown in Fig. 19. This 
alloy’s contribution is significant, ranging from 26 to 96% 
for different environmental impact categories. Another sig-
nificant contributor identified was the friction stir welding 
used in assembling two tank halves, which was also observed 
in S0. However, its contribution to different environmental 
impact categories was lower (< 30%) than that of S0. Addi-
tionally, transportation was found to be a noteworthy con-
tributor to the “terrestrial ecotoxicity” and “land use” impact 
categories, accounting for 38% and 21%, respectively. The 
analysis also revealed that several other processes, like hot 
stretch forming, hub forming, spinning, and ISC flow form-
ing, had minor contributions, each being less than 10%.

The environmental impact of S2, similar to S1, is mainly 
attributed to the consumption of AA2219. This has been 
identified as the primary environmental hotspot for S2, as 
depicted in Fig. 20. Additionally, the friction stir welding 
process employed in assembling the AFT tank has also been 
identified as a significant contributor to the environmental 
impact of S2. On the other hand, the contribution of the 
transportation phase in the “terrestrial ecotoxicity” and 
“land use” impact categories has decreased to 11% and 5%, 

respectively. This decrease in contribution can be attributed 
to the optimization of transportation distances.

It is worth noting that other processes, such as hot stretch 
forming, hub forming, spinning, and ISC flow forming, 
although they contribute to the environmental impact of S2, 
have minor contributions of less than 10% each. Overall, the 
analysis suggests that the consumption of AA2219 and the 
friction stir welding process are the key areas for improve-
ment in reducing the environmental impact of S2.

The analysis conducted reveals that the consumption of raw 
material in the form of AA2219 alloy and the use of friction 
stir welding for assembling the AFT tank are the major con-
tributors to environmental hotspots in each scenario. Friction 
stir welding does not require any filler material, but its envi-
ronmental impact can be attributed to the energy consumed 
during the process. Further analysis shows that the reduction 
in environmental impacts in scenarios S1 and S2 is primarily 
due to their decreased consumption of energy in friction stir 
welding when compared with S0. This reduction in energy 
consumption for friction stir welding in S1 and S2 is a result 
of the use of advanced forming technologies that enable inte-
grated manufacturing of the tank from a single AA2219 blank, 
thereby reducing the need for friction stir welding in assem-
bling. Based on the process-wise analysis of the cumulative 

Fig. 18  Process-wise analysis of environmental impacts of S0
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energy demand for each scenario, it is evident that the energy 
for friction stir welding in S1 and S2 has been reduced by 
almost four times that of S0 (refer to Fig. 21).

7  Conclusions

This study performed an in-depth study to assess the envi-
ronmental impact of the AFT tank throughout its lifecy-
cle, from cradle to gate. The study analyzed three different 
scenarios: the existing traditional approach (S0), which 
involved conventional machining and forming technolo-
gies; the proposed approach (S1), which incorporated 
advanced forming technologies and the future scenario 
(S2), which considered minimal transportation of the tank. 
To gather the necessary data, the life cycle inventory infor-
mation, including raw material, energy, and process con-
sumables, was collected from various partner industries. 
An LCA model was built in the commercial LCA software 
SimaPro 9.2. To assess the environmental impact, the ReC-
iPe 2016 Midpoint (Hierarchist) method was employed. 
After analyzing the results, the authors arrived at several 
conclusions. These conclusions are summarized as follows:

• In all 3 scenarios compared, the raw material, i.e., 
AA2219 alloy, and energy consumed in friction stir weld-
ing during the assembly of the tank are the major drivers 
of environmental impacts.

• In comparison to the traditional approach (S0), the pro-
posed approach (S1) showcases significant reductions in 
carbon, energy, and water footprints, by 40%, 35%, and 
17%, respectively.

• The reduction in environmental impacts of S1 is primar-
ily due to the reduced energy consumption by 300% in 
friction stir welding, which is utilized in the assembling 
of tanks. This reduction in energy consumption leads to 
a 40% lower carbon footprint and an eco-friendlier out-
come overall.

• The future scenario (S2) further demonstrates an eco-
friendlier approach in comparison to the proposed 
approach (S1) by further reducing the cumulative energy 
demand and carbon footprint by 5% and 4%, respectively. 
This is due to the reduction in transportation distances 
compared to the proposed approach. Hence, it can be 
concluded that the future scenario (S2) is a highly sus-
tainable option that should be given serious consideration 
for its realization.

Fig. 19  Process-wise analysis of environmental impacts of S1
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According to the above outcomes, it has been determined 
that the newly developed method for producing propellant 
tanks is more environmentally sustainable in comparison 
to the existing traditional approach. This is attributed to 

the considerably reduced energy requirements, which 
stem from the minimized demand for friction stir welding. 
Moreover, the reduced necessity for friction stir welding is 
predicted to reduce the lead time and cost of manufacturing 
a propellant tank. Moving forward, the next steps in this 
should involve exploring various techniques, such as mate-
rial optimization and reduction in transportation distances, 
to make the newly developed tank manufacturing approach 
even more ecologically and economically viable. Future 
developments should continue to reduce the environmental 
footprint by simultaneously increasing material efficiency 
and cost-effectiveness. With continuous advancements in 
LCA methods, the study should be updated as the inclu-
sion of future environmental impacts that might have been 
overlooked previously, may bring additional insights to 
results of this study. Also, a cost assessment of implement-
ing the newly proposed approach needs to be performed to 
understand its cost drivers and take measures to reduce its 
implementation cost.

Fig. 20  Process-wise analysis of environmental impacts of S2

Fig. 21  Process-wise analysis of CED for S0, S1, and S2
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Appendix   Tables 6, 7 and 8

Table 6  Detailed life cycle inventory analysis for the traditional approach (S0)

Manufacturing step Inventory Input from Ecoinvent 3 database Quantity

Raw material AA2219 alloy Aluminum, primary, ingot {IAI Area, EU27 & EFTA}| production 
| Cut-off, U

62.32 kg

Copper, cathode {RER}| treatment of copper scrap by electrolytic 
refining | Cut-off, U

3.98 kg

Dome manufacturing
  Machining for friction stir welding Energy Electricity, low voltage {DE}| electricity voltage transformation 

from medium to low voltage | Cut-off, U
16.56 kWh

  Friction stir welding Energy Electricity, low voltage {DE}| electricity voltage transformation 
from medium to low voltage | Cut-off, U

165.45 kWh

  Machining for spin forming Energy Electricity, low voltage {DE}| electricity voltage transformation 
from medium to low voltage | Cut-off, U

82.84 kWh

  Spin forming Energy Electricity, low voltage {DE}| electricity voltage transformation 
from medium to low voltage | Cut-off, U

82.84 kWh

  Center hole machining Energy Electricity, low voltage {DE}| electricity voltage transformation 
from medium to low voltage | Cut-off, U

16.56 kWh

Cleaning agent Acetone, liquid {RER}| acetone production, from isopropanol | 
Cut-off, U (50%); Isopropanol {RER}| production | Cut-off, U 
(50%)

0.06 kg

Cylinder manufacturing
  Precut for machining Energy Electricity, low voltage {DE}| electricity voltage transformation 

from medium to low voltage | Cut-off, U
32.2 kWh

Cleaning agent Acetone, liquid {RER}| acetone production, from isopropanol | 
Cut-off, U (50%); Isopropanol {RER}| production | Cut-off, U 
(50%)

0.01 kg

  Machining of cylinder Energy Electricity, low voltage {DE}| electricity voltage transformation 
from medium to low voltage | Cut-off, U

279 kWh

Cleaning agent Acetone, liquid {RER}| acetone production, from isopropanol | 
Cut-off, U (50%); Isopropanol {RER}| production | Cut-off, U 
(50%)

0.01 kg

Y-ring manufacturing
  Precut for machining Energy Electricity, low voltage {DE}| electricity voltage transformation 

from medium to low voltage | Cut-off, U
85.9 kWh

Cleaning agent Acetone, liquid {RER}| acetone production, from isopropanol | 
Cut-off, U (50%); Isopropanol {RER}| production | Cut-off, U 
(50%)

0.01 kg

  Machining of Y ring Energy Electricity, low voltage {DE}| electricity voltage transformation 
from medium to low voltage | Cut-off, U

858.8 kWh

Cleaning agent Acetone, liquid {RER}| acetone production, from isopropanol | 
Cut-off, U (50%); Isopropanol {RER}| production | Cut-off, U 
(50%)

0.01 kg

Assembly
  Friction stir welding Energy Electricity, low voltage {DE}| electricity voltage transformation 

from medium to low voltage | Cut-off, U
1391.7 kWh

Cleaning agent Acetone, liquid {RER}| acetone production, from isopropanol | 
Cut-off, U (50%); Isopropanol {RER}| production | Cut-off, U 
(50%)

0.39 kg

  Transportation (T1–T2) Weight × distance Transport, freight, lorry 16–32 metric ton, EURO6 {RER}| trans-
port, freight, lorry 16–32 metric ton, EURO6 | Cut-off, U

71.13 tonnes.km
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Table 7  Detailed life cycle inventory analysis for the proposed approach (S1)

Manufacturing step Inventory Input from Ecoinvent 3 database Quantity

Raw material AA2219 alloy Aluminum, primary, ingot {IAI Area, EU27 & EFTA}| production | 
Cut-off, U

62.04 kg

Copper, cathode {RER}| treatment of copper scrap by electrolytic refin-
ing | Cut-off, U

3.96 kg

Machining for hot stretch forming Energy Electricity, low voltage {DE}| electricity voltage transformation from 
medium to low voltage | Cut-off, U

10 kWh

Hot stretch forming Energy Electricity, low voltage {DE}| electricity voltage transformation from 
medium to low voltage | Cut-off, U

140.8 kWh

Water water, decarbonised {DE}| water production, decarbonised | Cut-off, U 0.002 m3
Magnetic pulse forming Energy Electricity, low voltage {PT}| electricity voltage transformation from 

medium to low voltage | Cut-off, U
68kWh

Center hole machining Energy Electricity, low voltage {PT}| electricity voltage transformation from 
medium to low voltage | Cut-off, U

0.016 kWh

Hub forming Energy Electricity, low voltage {DE}| electricity voltage transformation from 
medium to low voltage | Cut-off, U

120 kWh

Cleaning agent Acetone, liquid {RER}| acetone production, from isopropanol | Cut-off, 
U (50%); Isopropanol {RER}| production | Cut-off, U (50%)

0.1 kg

Machining for spinning Energy Electricity, low voltage {DE}| electricity voltage transformation from 
medium to low voltage | Cut-off, U

10 kWh

Spinning Energy Electricity, low voltage {DE}| electricity voltage transformation from 
medium to low voltage | Cut-off, U

120 kWh

Cleaning agent Acetone, liquid {RER}| acetone production, from isopropanol | Cut-off, 
U (50%); Isopropanol {RER}| production | Cut-off, U (50%)

0.1 kg

Machining for ISC flow forming Energy Electricity, low voltage {DE}| electricity voltage transformation from 
medium to low voltage | Cut-off, U

10 kWh

ISC flow forming Energy Electricity, low voltage {DE}| electricity voltage transformation from 
medium to low voltage | Cut-off, U

120 kWh

Cleaning agent Acetone, liquid {RER}| acetone production, from isopropanol | Cut-off, 
U (50%); Isopropanol {RER}| production | Cut-off, U (50%)

0.1 kg

Friction stir welding-assembly Energy Electricity, low voltage {DE}| electricity voltage transformation from 
medium to low voltage | Cut-off, U

347.9 kWh

Transportation (T1–T5) Weight × distance Transport, freight, lorry 16–32 metric ton, EURO6 {RER}| transport, 
freight, lorry 16–32 metric ton, EURO6 | Cut-off, U

367 tonnes.km
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Table 8  Detailed life cycle inventory analysis for the future scenario (S2)

Manufacturing step Inventory Input from Ecoinvent 3 database Quantity

Raw material AA2219 alloy Aluminum, primary, ingot {IAI Area, EU27 & EFTA}| production | 
Cut-off, U

62.04 kg

Copper, cathode {RER}| treatment of copper scrap by electrolytic 
refining | Cut-off, U

3.96 kg

Machining for hot stretch forming Energy Electricity, low voltage {DE}| electricity voltage transformation from 
medium to low voltage | Cut-off, U

10 kWh

Hot stretch forming Energy Electricity, low voltage {DE}| electricity voltage transformation from 
medium to low voltage | Cut-off, U

140.8 kWh

Water water, decarbonised {DE}| water production, decarbonised | Cut-off, U 0.002 m3
Magnetic pulse forming Energy Electricity, low voltage {DE}| electricity voltage transformation from 

medium to low voltage | Cut-off, U
68kWh

Center hole machining Energy Electricity, low voltage {DE}| electricity voltage transformation from 
medium to low voltage | Cut-off, U

0.016 kWh

Hub forming Energy Electricity, low voltage {DE}| electricity voltage transformation from 
medium to low voltage | Cut-off, U

120 kWh

Cleaning agent Acetone, liquid {RER}| acetone production, from isopropanol | Cut-
off, U (50%); Isopropanol {RER}| production | Cut-off, U (50%)

0.1 kg

Machining for spinning Energy Electricity, low voltage {DE}| electricity voltage transformation from 
medium to low voltage | Cut-off, U

10 kWh

Spinning Energy Electricity, low voltage {DE}| electricity voltage transformation from 
medium to low voltage | Cut-off, U

120 kWh

Cleaning agent Acetone, liquid {RER}| acetone production, from isopropanol | Cut-
off, U (50%); Isopropanol {RER}| production | Cut-off, U (50%)

0.1 kg

Machining for ISC flow forming Energy Electricity, low voltage {DE}| electricity voltage transformation from 
medium to low voltage | Cut-off, U

10 kWh

ISC flow forming Energy Electricity, low voltage {DE}| electricity voltage transformation from 
medium to low voltage | Cut-off, U

120 kWh

Cleaning agent Acetone, liquid {RER}| acetone production, from isopropanol | Cut-
off, U (50%); Isopropanol {RER}| production | Cut-off, U (50%)

0.1 kg

Friction stir welding-assembly Energy Electricity, low voltage {DE}| electricity voltage transformation from 
medium to low voltage | Cut-off, U

347.9 kWh

Transportation (T1–T2) Weight × distance Transport, freight, lorry 16–32 metric ton, EURO6 {RER}| transport, 
freight, lorry 16–32 metric ton, EURO6 | Cut-off, U

71.13 tonnes.km
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