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Abstract
With global aluminum demand on the rise and the sector’s high energy intensity, the development of energy and resource-
efficient manufacturing strategies has become increasingly important. During aluminum production, a large portion 
of material is lost before reaching the final product, making near-100% material reuse a key objective. Conventional 
recycling methods, based on remelting, offer advantages over primary production in terms of energy savings; however, 
they still present significant limitations, particularly when dealing with machining waste such as chips, which are prone to 
oxidation and quality degradation. In this context, industrial symbiosis emerges as a promising approach, to reduce waste 
generation by promoting circular material flows within and across manufacturing systems. However, implementing such 
strategies poses several challenges, including the need to manage material quality and compatibility. This study presents 
a comprehensive environmental and economic model of the entire process chain, from material process scrap recovery to 
final component production. The analyses are applied to compare four manufacturing routes: subtractive manufacturing, 
WAAM-based production, and two industrial symbiosis configurations integrating a solid-state recycling process, namely 
Friction Stir Extrusion, to generate WAAM-based feedstock. The analysis demonstrates that symbiotic strategies can 
significantly reduce energy use, material consumption and resource depletion. However, further process optimization is 
required to fully unlock their cost-effectiveness and industrial scalability.
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Potential primary energy and cost savings through industrial 
symbiosis: Aluminum chips-to-feedstock strategies for additive 
manufacturing
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remains a critical issue: data from 2024 reveal that approxi-
mately 15% of the aluminum produced becomes manufac-
turing scrap (also called “new scrap”) before reaching the 
final product stage [3]. This material is recyclable; how-
ever, as highlighted by Atherton [4], although recycling is 
the most effective strategy for managing metals, offering 
both economic and environmental benefits, its conventional 
implementation relies predominantly on remelting. While 
remelting is considerably more energy-efficient than pri-
mary production, it still presents a major challenge due to 
the high oxygen affinity. This challenge is particularly criti-
cal in the case of machining waste, such as aluminum chips 
(also called turning scrap), which, due to their morphology 
are characterized by a high surface-to-volume ratio [5]. 
During the production of this type of manufacturing waste, 
the fraction of the material that wasn’t exposed to the atmo-
sphere comes into contact with the oxygen in the environ-
ment and forms the Al2O3 as a thin oxide layer on the chip 

1  Introduction

In recent years, global aluminum demand has continued 
to increase, with a steady growth in production volumes 
largely driven by industrial development in Asia [1]. Due 
to the energy-intensive nature of the aluminum indus-
try worldwide, this trend has a significant impact on the 
environment. Currently, the sector generates an estimated 
270  million tons of CO₂ emissions annually, accounting 
for nearly 3% of global direct CO₂ output [2]. About 62% 
of these emissions are associated with the energy required 
for production processes. Furthermore, material efficiency 
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surface. This fraction of material cannot be recycled and 
represents an initial share of permanent material loss. Once 
the chips are introduced into the aluminum melt, their low 
bulk density causes them to float on the melt, resulting in a 
permanent loss close to 16% when flux treatment is applied 
[6] or even higher losses ranging from 20 to 25% with alter-
native remelting strategies [7]. To address this limitation, 
SSR techniques have emerged as a viable alternative: since 
these processes consolidate aluminum chips below the melt-
ing point, the formation of Al2O3 and the related material 
losses are inherently avoided [8, 9]. Evolving from the Fric-
tion Stir Welding (FSW) process, SSR enables the recov-
ery of metallic materials without the need for remelting. 
These methods are fundamentally based on the solid bond-
ing phenomenon, which requires (i) the application of high 
pressure, (ii) elevated temperatures, often generated by fric-
tional heat between process components, and (iii) sufficient 
processing time to allow proper material consolidation [10].

Therefore, considering the current production scenarios 
and the growing environmental concerns associated with 
manufacturing processes and recycling strategies, there is 
a pressing need to reimagine industrial streams from new 
perspectives [11]. Industrial symbiosis, first proposed by 
Frosch and Gallopoulos in 1989 [12], drawing inspiration 
from natural ecosystems, emerges as a promising strategy. 
What is waste for a process becomes a resource for another. 
Through this circular lens, over the years, several processes 
(including SSR) have been identified as potential “sink” for 
waste to create symbiotic links between different produc-
tion systems, enabling near 100% reuse of materials [13]. 
However, industrial symbiosis implementation continues to 
face several important challenges. First, despite its recog-
nized potential, the number of systematically investigated 
symbiotic process chains remains limited, and many pos-
sible source–sink combinations are still unexplored. Then, 
the lack of standardized methodologies, particularly in 
Life Cycle Assessment (LCA), makes it difficult to con-
sistently quantify environmental benefits and compare 
alternative solutions, as the symbiotic processes implies 
the multi-functionality problem, since the waste is reclas-
sified as by-product. In addition, significant technological 
barriers persist, especially those related to the variability, 
contamination, and quality of manufacturing scrap, which 
often require additional pre-processing steps (e.g., clean-
ing, re-alloying), potentially increasing both environmental 
and economic burdens. In this regard, the cost-effectiveness 
of symbiotic strategies, along with their energy-efficiency, 
remain critical factors for industrial adoption. These limi-
tations highlight that, although industrial symbiosis rep-
resents a promising pathway toward more sustainable 
manufacturing, further research is needed to systemati-
cally identify viable symbiotic links and to overcome both 

methodological and technological gaps. Recent research has 
shown that a closed-loop industrial symbiosis approach can 
be implemented by integrating friction stir extrusion (FSE) 
with friction-based additive manufacturing [14]. This strat-
egy facilitates the immediate recycling of production waste, 
such as AA6082 heat-treatable aluminum alloy chips, within 
the same factory setting, through a two-step process that 
promotes a more sustainable and resource-efficient produc-
tion cycle. Moreover, it has been confirmed that aluminum 
rods produced via FSE from recycled chips are suitable for 
single-bead additive deposition; however, multilayer builds 
remain constrained by severe porosity (density ≈ 77%), 
indicating that stricter control of hydrogen-related effects 
and further process optimization are still required [15]. The 
observed porosity trends further indicate that defect concen-
tration increases in regions that solidify at later stages of 
the deposition process, a behavior that can be attributed to 
the high solubility of hydrogen in liquid aluminum. Opti-
mization of wire deposition process parameters remains an 
area of investigation, showing promising potential. From 
the economic perspective, preliminary evaluations, such as 
those involving the use of chip-compacted bars as AFSD 
feedstock [16], have begun to address this issue, though 
comprehensive assessments are still limited in literature. 
Furthermore, machining waste is frequently poorly man-
aged, with aluminum chips from different alloys commonly 
collected in a single container. These mixed scraps are typi-
cally sent to recycling facilities, where the material under-
goes what is often commonly referred to in literature as 
open-loop recycling. Such an approach inevitably leads to 
a loss of the original alloy quality, known as downcycling 
[17]. Strategies like dilution can be employed to restore 
the desired alloy composition. An alternative pathway is 
the closed-loop approach, which involves remelting chips 
originating from a single alloy type, thereby preserving the 
chemical balance and enabling the recovery of the original 
alloy composition after remelting [18].

This work aims to assess both the environmental and eco-
nomic impact of industrial symbiosis strategies compared to 
traditional manufacturing methods. Although the aforemen-
tioned studies including SSR techniques, a clear gap exists 
regarding the development of a unified modelling approach 
capable of capturing the full process chain, from material 
recovery to final component production, while simultane-
ously accounting for material losses, energy consumption, 
environmental impact, and production costs. Most of the 
existing studies are limited either to specific process stages 
or to the production of semi-finished products, without 
extending the analysis to the complete manufacturing path-
way and the final component. A first environmental impact 
assessment of the FSE process was presented in [19], focus-
ing on the production of a rod; however, the symbiotic link 
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was not considered. In that study, indeed, a 5 mm diameter 
rod was produced, and no subsequent processing steps were 
included in the analysis. Similarly, previous research on the 
environmental impact of chips recycling through SSR has 
typically been limited to the production of semi-finished 
products [20], such as billets or wires. Although some tech-
nological demonstrations of symbiotic approaches have 
been reported in literature [15], these studies do not provide 
a comprehensive modelling of the entire manufacturing 
pathway from both environmental and economic perspec-
tives. In this context, the present study aims to develop and 
apply a comprehensive model of the full process chain for 
the proposed symbiotic strategies, focusing on the AA6082 
alloy. The objective is to quantitatively assess the environ-
mental and economic performance of the proposed strategy 
through the combined evaluation of environmental impacts 
and production costs, and to compare these results with 
those of conventional manufacturing routes. Differently 
from previous studies, the proposed approach adopts a cra-
dle-to-gate perspective and extends the assessment from the 
recycling stage to the final component production, enabling 
a more comprehensive evaluation of the environmental 
and economic implications of the symbiotic manufacturing 
pathway.

Specifically, the assessment focuses on two distinct sym-
biotic pathways for producing feedstock for the Wire Arc 
Additive Manufacturing (WAAM) process compared with a 
pure subtractive approach and a WAAM process performed 
with conventionally manufactured wire. The two symbi-
otic configurations differ based on the origin of the recy-
cled material: one uses externally sourced aluminum chips, 
while the other relies on chips generated in-situ (therefore 
internally) during the machining process. It is important 
to emphasize that the novel internal approach proposed in 
this work aims to monitor and control internal scrap flows, 
avoiding the mixing of waste from different aluminum 
series. This is a key factor in preventing the aforementioned 
downcycling phenomenon, thereby preserving the qual-
ity of recycled material and promoting a more effective, 
high-value circular economy. In a real industrial context, re-
alloying could be necessary if the alloy information is lack-
ing. However, in the symbiotic approaches considered here, 
re-alloying is not required, as all input alloys are assumed to 
be fully traceable. Ensuring transparency of symbiotic flows 
is one of the main challenges of industrial symbiosis imple-
mentation. The analysis is initially performed on two fixed 
geometry shapes, then it is decided to extend the analysis 
to a wide range of shape complexities, with a focus on the 
Solid-to-Cavity Ratio (SCR) measure. This choice is moti-
vated by the well-established relevance of SCR when com-
paring additive and conventional manufacturing processes. 
Generally, lower SCR values imply high energy efficient 

performance in AM processes due to reduced material usage 
[21, 22].

The findings of this study provide insights into the poten-
tial benefits and trade-offs of industrial symbiosis imple-
mentation in the manufacturing environment. Indeed, the 
introduction of symbiotic practices yields environmental 
benefits on three levels: a significant reduction in energy 
consumption throughout the production cycle, a decrease in 
the use of raw materials, and a reduction in chip generation, 
whether from internal processes or third-party industries. 
This approach promotes a more resource-efficient manu-
facturing process aligned with global sustainability goals. 
From an economic standpoint, however, further improve-
ments in the process setup are still required for symbiotic 
approaches to become the most convenient option, even 
when considering only production costs.

2  Methodology

A comparative analysis is conducted to evaluate the sus-
tainability performance of the manufacturing processes 
examined in this study (see paragraph 2.3). Both the envi-
ronmental and economic dimensions are deepened, using 
Cumulative Energy Demand (CED) and total production 
cost as key metrics. Specifically, CED was chosen due to 
its widespread use, ease of implementation, and straight-
forward interpretability. Then, to further investigate the 
environmental performance of the proposed manufacturing 
routes, an LCA under a different metric was conducted in 
accordance with ISO 14,040/44 standards, and the results 
are presented in Sect. 5.

2.1  System boundaries for environmental 
assessment

A life cycle approach is adopted to assess the environmental 
impact, with a cradle-to-gate plus End of Life (EoL) sys-
tem boundary. The impact of raw material production, pre-
manufacturing, manufacturing (including post-processing 
when needed) and recycling have been evaluated. Recycling 
benefits are included into the embodied energy of mate-
rial production according to the well-established recycled 
content method proposed by Hammond and Jones [23]. In 
accordance with this method, the benefits associated with 
recycling are allocated to the upstream stage of the prod-
uct system, thereby reducing the embodied energy relative 
to that of virgin materials, as the input material contains a 
recycled fraction. The use of recycled material is thus con-
sidered beneficial due to the lower impact of its production. 
Use phase was neglected as it is assumed to be the same 
for the different manufacturing scenarios focus of this study. 
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This is justified by the nature of DED processes, which, dif-
ferently from powder bed technologies, typically do not 
allow for topology optimization. The limited potential for 
lightweight structural design cuts back any significant envi-
ronmental benefits during the use phase, such as reduced 
fuel consumption in transportation applications [24]. Con-
sequently, in the absence of weight reductions enabled by 
design optimization, the impact during use phase is consid-
ered negligible and is excluded from the comparative evalu-
ation. The selected methodological approach allows for a 
detailed allocation of environmental burdens within each 
life cycle stage within the defined system boundaries and 
facilitates the comparison of the alternative manufacturing 
routes.

2.2  Case study presentation

The functional unit used for environmental and economic 
assessment consists of a T-shaped cross-sectional compo-
nent. The material used is a 6xxx series aluminum alloy, 
as the aim of this study is to explore the environmental and 
economic feasibility of industrial symbiosis strategies. This 
alloy facilitates the establishment of symbiotic links, as 
both experimental and literature data are available for the 
selected manufacturing processes. Its geometry and dimen-
sions are provided in Fig. 1. It comprises two main elements: 
a substrate and a vertical wall. This distinction is important 
as, based on the manufacturing route selected, the substrate 
will be treated as conventionally manufactured while only 
the vertical wall will be additively deposited, an arrange-
ment that reflects the hybrid nature of the considered pro-
cess. The substrate dimensions remain constant, while the 
wall thickness varies depending on the scenario. The analy-
sis is indeed initially performed considering two distinct 
wall thicknesses, 7 and 28 mm, representing two geometry 

complexity levels, which can be described by the Solid-to-
Cavity Ratio (SCR) measure. As defined by Morrow et al. 
[22], the SCR is the ratio of the final part volume to the 
volume of its bounding box (represented by the dashed line 
in Fig. 1). This factor is particularly significant in the con-
text of subtractive manufacturing, where a low SCR implies 
a high amount of material removal, increased machining 
operations, and consequently greater part complexity. In 
Fig. 2, the correlation between the wall’s thickness and the 
SCR value is shown, highlighting the two reference cases 
analyzed (SCR = 0.2 and SCR = 0.8). These geometric con-
figurations define the functional units adopted for the LCA. 
Then, to further investigate the influence of geometry com-
plexity on environmental and economic performance, the 
thickness value has been varied over a broader range. This 
allowed for the evaluation of energy and cost trends associ-
ated with varying SCRs.

2.3  Manufacturing approaches considered

In the present study, four manufacturing approaches are 
evaluated and they can be grouped into two main categories: 
conventional machining and additive-based processes. The 
latter category involves the deposition of the wall through 
a direct energy deposition (DED) technique, specifically 
WAAM, widely used with different structural alloys [25, 
26]. Within this category, three scenarios are explored, 
two of which incorporate the principles of the industrial 
symbiosis.

This choice is motivated by the relevance of material 
efficiency and recycling in aluminum component manufac-
turing. The selected routes represent strategies that differ in 
material utilization, feedstock form, and process integra-
tion, while remaining comparable for discrete part manu-
facturing. Other manufacturing routes, such as casting and 

Fig. 2  Solid-to-cavity ratio as a function of the geometry shape

 

Fig. 1  Analyzed case study
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forging, were excluded as they are primarily suited for mass 
production and strongly influenced by batch size, limiting 
their comparability in this context. Similarly, alternative 
additive processes were not considered due to differences in 
material feedstock and limited data availability.

The manufacturing pathways analyzed are summarized 
below, with the corresponding process flows illustrated in 
Fig. 3:

(a)	 Machining approach: the desired T-shaped part is 
produced entirely through milling operations starting 
from an input workpiece, corresponding to the entire 
bounding volume of the final component. This process 
inherently results in high material waste, particularly 
as the wall thickness decreases. Most of the material is 
removed during a roughing stage, while the final 1 mm 

allowance on each surface is machined off by means of 
finishing operations.

(b)	 WAAM-based approach: the substrate of the compo-
nent is fabricated via conventional methods, while the 
vertical wall is deposited using WAAM. The feedstock 
employed is commercially available aluminum wire, 
which is typically manufactured through conventional 
processes such as hot extrusion followed by wire 
drawing.

(c)	 External symbiotic approach: in this case the wire feed-
stock for WAAM process is produced starting from 
aluminum chips generated originating from external 
industrial machining operations, outside the system 
boundaries of the current analysis. These external chips 
are then consolidated into wire using the Friction Stir 
Extrusion (FSE) process, which serves as the symbiotic 

Fig. 3  Cradle-to-gate system boundaries for the (a) machining, (b) WAAM-based, (c) external symbiotic and (d) internal symbiotic approaches
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link to convert waste material into usable WAAM 
feedstock.

(d)	 Internal symbiotic approach: here the aluminum chips 
used for wire production are produced internally dur-
ing the machining of the substrate component itself. 
The substrate is oversized in height, allowing for (i) 
machine a portion of the vertical wall and (ii) gener-
ate aluminum chips for wire production, in order to 
deposit the remaining wall’s height. Also in this case, 
the closed-loop material utilization is facilitated by 
the FSE process. A schematic representation of this 
approach is provided in Fig. 4. This approach helps to 
get over the uncertainties associated with the quality 
and composition of chips sourced from third-party sup-
pliers. By managing chip flows internally, it is possible 
to ensure the use of a single, well-defined aluminum 
alloy, thereby avoiding the risk of cross-contamination 
with other alloy types.

In the context of approaches b, c, and d, the semi-finished 
product corresponds to the component (the wall deposited 
onto the substrate), which requires subsequent finishing 
operations to reach its final form. In turn, when considering 
the approach a), coarse and fine machining operations are 
considered as a single step; therefore, in the corresponding 
process flow diagram, the input workpiece becomes directly 
the final product. It should be noted that Fig. 3 illustrates 
the mass and energy flows qualitatively; the corresponding 
quantitative values are discussed in Sect. 3.1.

The concept of industrial symbiosis in this study lays in 
the conversion of the aluminum chips, machining waste, as 
valuable input, thus resource, for another process. As men-
tioned, the selected intermediate process enabling the sym-
biotic link is the FSE, which transforms aluminum chips 
into wire feedstock for the sink process (WAAM deposition) 
with satisfactory mechanical properties and high material 
efficiency [19]. During FSE, once the chips are compacted 

Fig. 4  Schematic representation of the Internal symbiotic approach
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within a closed die, the rotation of a tool featuring a Ø1.2 mm 
hole at the interface with the material, combined with the 
application of a vertical load, creates the conditions neces-
sary to trigger solid bonding. The combined effect of heat, 
pressure, and strain rate, after the required processing time, 
leads to the fracture of the thin aluminum oxide layers that 
naturally form when aluminum and its alloys come into con-
tact with oxygen. These specific process conditions promote 
oxide fragmentation, enabling intimate metal-metal contact 
between chips. During the bonding phase, aluminum oxide 
residues remain entrapped within the wire produced by the 
extrusion process, making it impossible to completely elim-
inate them. Moreover, it requires less energy than conven-
tional recycling routes involving the remelting process [27]. 
Previous investigations conducted by one of the authors 
have highlighted that, in aluminum alloys, the combined 
influence of frictional heating and severe plastic deforma-
tion during FSE not only assists in breaking up the oxide 
layer but also induces substantial microstructural transfor-
mations within the extruded material. These results showed 
that, under appropriately selected processing conditions, the 
extruded wire can undergo full recrystallization and develop 
a fine and equiaxed grain structure throughout the section. 
Such refinement arises from the interplay between high 
deformation levels and localized thermal input, which can 
bring the alloy to a condition comparable to the T3 temper, 
although the absence of post-extrusion cold working limits 
further precipitation strengthening.

For clarity, both the external and internal symbiotic 
approaches are WAAM-based, as the wire produced through 
FSE is deposited using the same method as in the standard 
WAAM scenario (indicated as b). The alternative naming 
is adopted just for conciseness and to emphasize the dif-
ferent feedstock sourcing strategies. Although the four 
approaches may lead to components with different mechani-
cal responses, it is assumed, consistent with common prac-
tice in literature [21], that each manufactured part satisfies 
the intended functional requirements and conforms to the 
geometric specifications defined in the original design.

2.4  Models used to quantify energy and costs

This section describes the models employed to assess energy 
consumption and production costs. The modeling frame-
works used in this study have been adapted from established 
approaches presented in previous studies [21, 28].

The metric used to evaluate the environmental impact is 
CED. Concerning the costs, a model comprising production 
cost for a single part is considered. Therefore material, indi-
rect, labour and processing costs are summed together.

Since there are no economies of scale involved in the pro-
cesses analyzed in this work, only one part to be produced 

is considered as a functional unit. The evaluation of the 
selected metrics, both CED and costs, is based on the cumu-
lative contributions of each phase defined within the system 
boundaries (as drawn in Sect. 2.1) for each manufacturing 
route analyzed in this work.

2.4.1  CED modeling framework

The CED associated with each manufacturing strategy is 
evaluated as the sum of contributions coming from each 
manufacturing stage, accounting therefore for the total 
energy required throughout the production stages within 
the defined system boundaries, ranging therefore from raw 
material production to manufacturing and post-processing. 
For clarity, the analysis is carried out at a primary energy 
level by using the conversion factor η, to include transmis-
sion losses occurring during the conversion from primary to 
delivered energy [29]. In each approach the material feed-
stock mass, which corresponds to the mass to be purchased 
in the next cost modeling, is calculated accounting for pro-
cess inefficiencies (through input/output ratios) and scrap, 
as chips and allowances.

The total primary energy per part manufactured by con-
ventional machining was computed as detailed in Eq.  (1). 
A conventional milling process has been considered, in line 
with the geometric complexity of the required features.

Emachining

=

Ematerial production+pre−manufacturing︷ ︸︸ ︷[(
mp + mrough

c + mfin
c

)
· yHR

]
· (EE + EHR) +

Emanufacturing︷ ︸︸ ︷[(
mrough

c · SECrough
milling

)
+

(
mfin

c · SECfin
milling

)
+ ECM

idle

]
· 1

η
+ Ecf

� (1)

 Where:

	● mp (kg): mass of the part to be produced;
	● mc (kg): mass of the chips differentiated by roughing 

and finishing operations;
	● yHR: input/output ratio of Hot Rolling process;
	● EE (MJ/kg): embodied energy for material production;
	● EHR (MJ/kg): energy demand for hot rolling;
	● SECmilling (MJ/kg): Specific energy consumption of 

milling process differentiated by roughing and finishing 
operations;

	● ECM
idle  (MJ): idle energy consumption during machining;

	● Ecf (MJ): energy associated with cutting fluid.
It is important to note that both the ECM

idle  and Ecf. factors 
depend on variables that are not constant. Specifically, 
idle energy consumption is computed as the product of 
the machine’s stand-by power and idle time. The same 
approach will be applied to the idle energy consumption in 
WAAM processes. The energy associated with cutting fluid 
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is calculated as the product of the fluid consumption rate 
(kg/h), the cutting time (h), and the embodied energy of the 
cutting fluid (MJ/kg).

The WAAM-based route (Eq. 2) includes energy contri-
butions from wire production (i.e., hot rolling, hot extrusion 
and wire drawing), material deposition, and subsequent fin-
ishing. The material input is calculated by applying cumu-
lative input/output ratios for each stage of the production 
chain.

EW AAM

=

Ematerial production+pre−manufacturing︷ ︸︸ ︷
[(mp + ma) · yHE · yW D · yW ] · (EE + EHE) + [(mp + ma) · yW D · yW ] · EW D +

EW AAM
manufacturing︷ ︸︸ ︷{

[(mp + ma) · yW ] · SECW AAM + (ma · SECfin
milling) + EW AAM

idle

}
· 1

η
+ Egas

� (2)

 Where:

	● mp, ma (kg): mass of the part and of the allowance;
	● yw, yWD, yHE: input/output ratios of WAAM, wire draw-

ing and hot extrusion processes;
	● EWD (MJ/kg): energy demand for wire drawing;
	● SECWAAM (MJ/kg): Specific energy consumption of 

WAAM process;
	● EWAAM

idle  (MJ): idle energy consumption during WAAM;

	● Egas (MJ): energy associated with gas consumption.

Similarly to the approach used for cutting fluid energy, the 
energy associated with gas consumption is calculated as the 
product of the gas consumption rate (qgas), the deposition 
time and the CED of Argon gas.

For the external symbiotic approach, the CED of which is 
described in Eq. (3), the burden related to chips cleaning is 
included considering an alkaline bath. This energy accounts 
for the treatment of the chips’ surface, and to this end the sur-
face-to-mass ratio is included in the equation This is mainly 
because chips are always contaminated with lubricants and 
oils used during the machining process. Therefore, before 
being recycled through FSE they must be cleaned.

EExtSymb

=

Epre−manufacturing︷ ︸︸ ︷
[(mp + ma) · yW · yF SE ] ·

(
SMR · CEDAlkBath + SECF SE · 1

η

)
+

EW AAM
manufacturing

� (3)

 Where:

	● yFSE: input/output ratios of FSE process;
	● SMR (m2/kg): surface-to-mass ratio of metal chips;
	● CEDAlkBath (MJ/m2): cumulative energy demand of 

degreasing process in the alkaline bath;
	● SECFSE (MJ/kg): Specific energy consumption of FSE 

process.

For the internal symbiotic approach (Eq.  4) instead, the 
machining process needed to produce the chips for produc-
ing the wire for depositing the remaining wall, is considered 
in the pre-manufacturing step, along with the cleaning phase 
and the wire production through FSE. Since a comparative 
approach is carried out in this study, common elements can 
be disregarded as they are the same in each approach, this 
is the case of the substrate. Its production and premanufac-
turing are not considered in the formulations. Only for the 
internal symbiotic approach the additional height is consid-
ered through the mx factor, which is precisely the mass of 
the exceeding part of the substrate.

EIntSymb = mx · EE+
Epre−manufacturing︷ ︸︸ ︷

(mc · yF SE · yW ) ·
(

1
η

· SECrough
milling + SMR · CEDAlkBath + 1

η
· SEC

F SE

)
+

EW AAM
manufacturing

� (4)

In these two last formulations (Eqs.  3 and 4), the energy 
associated with WAAM deposition is calculated as detailed 

in Eq. (3) and is indicated as EW AAM
manufacturing , with the dif-

ference that in Eq. 4 the mass to be processed by WAAM 
is the mass of the chips (mc) which of course consid-
ers also in this case the allowance to be machined off. It 
is worth remembering that in the internal symbiosis case, 
the mass of the part to be deposited is not the same as the 
other approaches (as part of the wall is reached via machin-
ing). The starting workpiece height was dimensioned with 
an intermediate height sufficient to generate, through par-
tial machining, the aluminum chips required for producing 
the deposition wire, thereby enabling the completion of the 
part via additive deposition. Such a configuration enabled 
the creation of a closed-loop system with minimal material 
waste.

2.4.2  Cost modeling framework

The total cost for producing a single component, Cpart, is 
computed by summing four main cost categories: material, 
indirect, labour and processing costs. This unified structure 
is applied consistently to all the manufacturing strategies 
under investigation.

Material cost is calculated as the product of the unit 
cost of the material feedstock and the total feedstock mass 
required to manufacture a single part. Indirect costs encom-
pass equipment depreciation (based on a 10-year lifetime), 
maintenance, and administrative overheads. Indirect costs 
are determined using an annual machine utilization rate and 
are distributed over the entire duration for which the machine 
is engaged by the part, encompassing both active cutting/
deposition time and non-productive phases such as setup 
and standby time. Labour cost is modeled as a function of 
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machine time and operator employment intensity, with the 
latter adjusted via a coefficient γ. Processing cost includes 
energy-related expenses and consumables. The energy cost 
is derived from idle and operating energy consumption, 
using the unit cost of electricity. Consumables are process-
specific and are treated accordingly. Finishing costs include 
the machining of allowance to reach the desired surface 
quality and are present in the additive-based routes.

To maintain clarity and avoid redundancy, the general 
cost formulation is presented in Eq. (5), with detailed defi-
nitions of each parameter provided below.

Cpart

=
Material︷ ︸︸ ︷

Cmf · mmf +
Indirect︷ ︸︸ ︷

Cind · (tidle + top) +
Labour︷ ︸︸ ︷

Cop · (tidle + top · γ) +
P rocessing︷ ︸︸ ︷

CEE · (Eidle + SEC · mp) + Cconsum + CF M

� (5)

 Where:

	● Cmf (€/kg): purchase cost of material feedstock (i.e., 
input workpiece for conventional machining, wire for 
WAAM, or chips for the external symbiotic path);

	● mmf (kg): mass of material feedstock required to pro-
duce the part. It is calculated considering process inef-
ficiencies and allowances for finishing operations (as 
detailed in the CED formulations);

	● Cind (€/h): indirect hourly cost rate;
	● tidle (h): idle time, usually associated with machine setup 

and non-productive phases. For WAAM deposition also 
the inter-layer cooling time (dwell time), is accounted 
inside this term;

	● top (h): effective operating time (cutting, deposition or 
extrusion depending on the process);

	● γ : operator employment rate, ranging between 0 and 1 
depending on process level automation;

	● CEE (€/kWh): cost of electrical energy;
	● Eidle (MJ): electric energy consumption of the machine 

during idling;
	● SEC (MJ/kg): Specific Energy Consumption of the 

process;
	● mp (kg): mass of the part to be processed;
	● Cconsum (€): cost of consumables;
	● CFM (€): cost of finishing operations.

This general formulation can be easily adapted to each man-
ufacturing route. Indeed, to reflect the variability among 
different manufacturing strategies, each term can be pro-
cess-specific and denoted with superscripts (e.g., SECCM, 
tW AAM
idle , etc.).

As previously mentioned, the term Cconsum varies sig-
nificantly depending on the manufacturing process. In the 
conventional machining approach, it includes cutting tools, 
specifically, endmills with four cutting edges, as well as 
lubricants, according to Eq. (6).

CCM
consum

=
∑n

i=1(Ctooli · tci

Ti
)

+Club · ql · tc

� (6)

 Where:

	● Ctooli (€/edge): cost of the cutting tool used in operation 
i (i=roughing or finishing);

	● tci (h): cutting time for operation i;
	● Ti: tool life for operation i;
	● Club (€/kg): cost of lubricant;
	● ql (kg/h): lubricant consumption rate;
	● tc (h): total cutting time.

For WAAM deposition instead, shielding gas (typically Argon) 
is the major consumable used to prevent oxidation locally, and 
its consumption ranges from 20  l/min [30] to 14  l/min [31] 
when depositing aluminum. The cost associated is expressed as:

CWAAM
consum = Cgas · qgas · tdep� (7)

With:

	● Cgas (€/kg): unit cost of shielding gas;
	● qgas (kg/h): shielding gas consumption rate;
	● tdep (h): deposition time.

For clarity, since gas consumption is reported in l/min, the 
gas flow rate (qgas) in kg/h was calculated assuming normal-
ized conditions, with a gas density of 1.784 g/L.

In contrast, FSE does not require lubricants or shielding 
gas, thus the consumables cost is negligible. Finishing costs 
are estimated as machining cost applied on the allowance 
thickness to be removed through finishing operations.

3  Inventory data

To implement the energy and cost equations described in the 
previous section, collecting material-, process- and cost-related 
data is essential. The eco-properties of AA6082 were mainly 
sourced from Granta software, while process data came from 
both literature and experimental measurements (in the case of 
FSE). The dataset presented in this section was also employed 
to conduct the LCA analysis, with the inventory phase carried 
out in accordance with the ILCD guidelines [32].
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3.1  CED inventory data

Input data used for CED modeling are summarized in 
Table  1. Regarding the subtractive process, to estimate 
the specific energy consumption (SEC) during milling, 
the empirical model proposed by Kara and Li [33], where 
SEC = C0 + C1/MRR, has been adopted. Since the coefficients 
C0 and C1 are machine-dependent, a generalized SEC value 
was obtained by averaging data from two industrial milling 
machines operating under real conditions: Fadal VMC4020 
and MoriSeiki DuraVertical 5100. Material removal rate 
(MRR) values were chosen considering wet machining 
conditions, in order to enhance overall process efficiency. 
Based on this, the estimated SEC for roughing and finishing 
machining were 3.54 and 17.49  J/mm3, respectively. The 
latter value (denoted as SECfin

milling  in the CED equations) 
was also applied to the WAAM-based and the two 
symbiotic approaches for finishing operations. Specifically, 
the machining approach route assumes a 1  mm finishing 
allowance, while the other manufacturing routes, based on 
WAAM deposition, assume 1.5 mm for the lateral surfaces 
and 3 mm for the top surface. These larger allowances are 

necessary due to the inherent surface roughness resulting 
from the layer-by-layer deposition of molten metal. The 
FSE input/output ratio was set equal to 1, reflecting 
steady-state operating conditions with negligible material 
loss, as confirmed by experimental studies on continuous 
wire production [34]. This assumption reflects the key 
difference with traditional remelting routes characterized by 
permanent material losses. Regarding WAAM deposition, 
an average SEC value was calculated based on the energy 
per unit length (J/mm) reported in [35], as well as an average 
deposition rate. To calculate the energy consumption of 
WAAM during idling ( EWAAM

idle ), the power demand listed 
in the table was multiplied by the sum of the stand-by and 
dwell times (both defined in the next paragraph), resulting 
in a total of 1.39 MJ.

To ensure transparency and replicability, the experimen-
tal procedure adopted for the FSE process in this study 
follows the methodology described in [38], with some vari-
ations to the experimental setup. Specifically, the recorded 
value of SEC and extrusion rate were obtained using a rota-
tional speed of 600 rpm and a tool force of 21 kN. The tool 
employed featured an external diameter of 14.7 mm and an 
extrusion channel of 1.2 mm. This setup matches the target 
wire diameter (1.2 mm) required for WAAM deposition. For 
the present study, the optimal configuration was selected 
based on the process parameters explored (i.e., vertical load 
and rotational speed) in order to achieve the lowest SEC 
value. This choice is justified by the fact that FSE remains a 
non-optimized process at a laboratory scale.

3.2  Cost inventory data

The unit cost of aluminum wire was established at 20 €/
kg, based on real procurement data. In contrast, commer-
cially available aluminum cuttings used in the external 
symbiotic approach were priced at approximately 1.25 €/
kg [45]. It is worth mentioning that mixed-alloy chips are 
available at a lower cost (around 0.60 €/kg), but their use 
may lead to variations in mechanical properties or require 
additional processing steps, such as material separation or 
re-alloying, which would increase system complexity and 
overall processing time. The input workpiece, which has 
been processed by hot rolling, is priced at 15 €/kg, based 
on market data.

To estimate the indirect costs, capital investment in key 
equipment was considered. The acquisition costs for the 
WAAM and FSE systems were set at 180,000 € and 200,000 
€, respectively. Machining-related indirect costs were con-
sidered by including a 200,000 € CNC milling machine. 
Annual maintenance expenses were estimated at 6% of the 
initial equipment cost [46], while a general overhead rate of 
5.46 €/h was applied [31]. Machine costs were depreciated 

Table 1  Material- and process-related inventory data
Variable Value Source
Embodied energy, with recycling benefits, EE 
(MJ/kg)

112 [36]

Recycled fraction in the current supply, R 0.47 [36]
Energy demand for Hot Rolling, EHR (MJ/kg) 6.5 [36]
Energy demand for Hot Extrusion, EHE (MJ/kg) 13.80 [36]
Energy demand for Wire Drawing, EWD (MJ/kg) 53.90 [36]
Input/output material ratio for Hot Rolling, yHR 1.05 [36]
Input/output material ratio for Hot Extrusion, yHE 1.29 [36]
Input/output material ratio for Wire Drawing, yWD 1.14 [36]
Input/output material ratio for WAAM, yW 1.01 [37]
Input/output material ratio for FSE, yFSE 1 [38]
Conversion factor of Italy, η 0.41 [39]
MRRrough (cm3/s) 1.89 [40]
MRRfin (cm3/s) 0.091 [40]
SECWAAM (MJ/kg) 2.8 [35]
SECFSE (MJ/kg) 66 *
Embodied energy of cutting fluid, Ecf. (MJ/kg) 1.37 [41]
Consumption rate of cutting fluid, ql (kg/h) 0.48 [42]
Energy consumption CM during idling, ECM

idle(MJ) 0.66 [43]

Power demand WAAM during idling, PWAAM
idle

(kW)
0.8 [44]

Extrusion rate FSE (mm/s) 36 *
Deposition rate WAAM (kg/h) 0.9 [35]
Argon consumption (l/min) 13 [35]
Surface-to-mass ratio, SMR (m2/kg) 1 [10]
CEDAlk Bath (MJ/m2) 0.20 [39]
CEDArgon (MJ/kg) 34.3 [39]
* Experimentally measured during FSE process
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over a 10-year lifespan, considering an annual utilization 
rate of 57% [46]. This adjustment provides a more realistic 
estimate of hourly depreciation, reflecting typical machine 
usage in industrial settings. Electricity costs were evaluated 
using an average industrial price of 0.1899 €/kWh [47], 
as reported by Eurostat for non-household consumers in 
Europe.

Process idle times included 0.25 h for setup activities [44] 
and 0.24 h for interlayer cooling during WAAM deposition, 
based on a dwell time of 30 s/layer, consistent with typical 
ranges adopted for aluminum [35, 48, 49], with a single-
layer thickness of 1.9 mm. Operating times were estimated 
by simply dividing the mass of material to be processed by 
the corresponding process rates (material removal, extru-
sion, and deposition rate, as reported in Table 1). Operating 
times were derived from the material removal rate, extru-
sion and deposition rates reported in Table  1, by simply 
dividing masses to be processed by these parameters. Argon 
cost was set at 1.15 €/kg [50], while lubricants and cutting 
tools used during machining cost 0.93 €/kg and 1.5 €/edge 
[21], respectively. Labour costs were evaluated considering 
an operator average hourly rate of 21.66 €/h [40], with an 
employment factor γ = 0.33 for WAAM deposition and FSE, 
while for machining process γ = 1.

4  Results and discussion

The collected inventory data were applied to the equations 
corresponding to each manufacturing route, and the resulting 
CED and cost outcomes for the selected SCRs are summa-
rized and discussed in the following. To better understand and 
examine which individual factor of influences has the largest 
impact on energy consumption and costs, detailed breakdown 
analyses are presented in Figs. 4 and 5. Specifically, cost cat-
egories and energies requirements associated with each stage 
of manufacturing processes can be identified.

Looking at the CED results (Fig. 5), machining exhibits 
similar CED values for both SCR scenarios. This is attrib-
uted to the fact that the environmental impact of subtractive 
processes is largely driven by the embodied energy of the 
material involved, rather than processing energy. The exter-
nal symbiotic route performs better than the WAAM-based 
route in terms of CED, as no impact related to material pro-
duction is considered when chips are the input material. The 
chips environmental impact is mostly attributed to the FSE 
process, which is treated as a pre-manufacturing operation 
along with cleaning. The internal symbiotic route, however, 
shows a more complex behavior. At SCR = 0.2, it shows 
a higher energy demand than the external approach. This 
is primarily due to the significant contribution of the FSE 
process, characterized by a high SEC value (specifically, 

66 MJ/kg). In this scenario indeed, the starting workpiece 
(properly dimensioned), has a low height, requiring a larger 
portion of the wall to be deposited via WAAM, and conse-
quently, a greater volume of chips to be processed through 
FSE. As the SCR increases to 0.8, the CED of the internal 
symbiotic scenario becomes more favorable. With a higher 
starting workpiece height, both milling and deposition vol-
umes are reduced. Only a small portion of the wall needs 
to be machined off and subsequently deposited. Therefore, 
this reduced shape complexity lowers the energy demand, 
especially on WAAM, and improves the overall energy per-
formance of this manufacturing route.

From the economic perspective, depicted in Fig. 6, the 
machining approach is the most cost-efficient, regardless 
of the selected SCR scenario. This is mainly due to the 
streamlined process chain, involving only a single produc-
tion step. As a consequence, indirect, labour and process-
ing costs are limited to milling operations. Differently, the 
other three approaches involve multiple production steps. 
For instance, in the WAAM-based route, the finishing costs 
encompass all the cost items associated with milling, while 
in symbiotic approaches the indirect, labour, and process-
ing costs additionally account for those related to the FSE 
process. When SCR = 0.2, the cost-efficiency ranking, from 
most to least convenient, is the following: Machining, 
WAAM-based, internal symbiosis and external symbiosis. 
At SCR = 0.8, the order shifts to: Machining, Internal Sym-
biosis, WAAM-based and External Symbiosis. This shift 
reflects how removal volumes and material deposition, as 
well as their associated processing times, directly affect 
the overall cost structure. The WAAM-based approach is 
sensitive to wire feedstock costs. As SCR increases from 
0.2 to 0.8, the required deposition volume increases, lead-
ing to a higher proportion of total costs attributed to wire 
purchase. In contrast, symbiotic approaches benefit from 
lower material costs due to the reuse of material streams: in 
the external symbiotic case, feedstock is derived from low-
cost aluminum chips; in the internal case only the additional 
substrate height is purchased (it is worth remembering that 
the common substrate is not considered in this comparative 
assessment). Despite the material cost advantage, the exter-
nal symbiotic route consistently results in the highest over-
all cost. This is largely due to the inefficiency of the FSE 
process, which exhibits a low extrusion rate. This results in 
extended processing times and consequently higher indirect 
and labour costs. In the Internal symbiotic approach, pro-
duction costs are distributed among three production steps 
(milling, FSE and WAAM). At SCR = 0.2, the high deposi-
tion and milling requirements result in greater processing 
time for the FSE and WAAM processes, increasing over-
all indirect and labour costs. However, at SCR = 0.8, both 
deposition and milling volumes are lower, which reduces 
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processing time and thus brings this route to a lower cost 
than WAAM-based.

A notable observation in all strategies is that indirect 
and labour-related costs dominate the overall cost struc-
ture, often exceeding raw material expenses. These cat-
egories are highly dependent on processing time and are 

therefore amplified in low-productivity systems, such as 
the laboratory-scale FSE unit used in this study. Improv-
ing the efficiency and scalability of these critical processes 
could substantially reduce costs. This, in turn, could make 
also external symbiotic strategies economically viable, even 
under different SCR conditions.

Fig. 5  Cradle-to-gate energy consumption results for (a) SCR = 0.2 and (b) SCR = 0.8
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Fig. 6  Cost per part results for (a) SCR = 0.2 and (b) SCR = 0.8
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4.1  Extension of the analysis with varying SCR

After having analyzed the fixed SCR case studies, the deci-
sion to extend the analysis to a continuous range of SCRs 
was made. To this aim the wall’s thickness has been varied 
from 2.5 to 35  mm, allowing to analyze a wide range of 
geometry complexities (with SCR ranging from 0.071 to 1). 
In Fig. 7 it is possible to see energy and cost trends with 
varying SCRs.

In both CED and Costs graphs, Break-Even Points 
(BEPs) are observed where at least two curves intersect. 
These points represent threshold SCR values in which two 
manufacturing routes exhibit identical performance; beyond 
these points one manufacturing route becomes more (or 
less) sustainable than another.

Looking at the CED analysis, using the curve associated 
with the conventional machining process as reference, the 
BEPs are found at SCR values of 0.28, 0.38, and 0.45 for 
the WAAM-based, internal symbiotic, and external symbi-
otic approaches, respectively. All additive manufacturing-
based strategies have an energy advantage over traditional 
machining for SCR values below 0.28, as suggested by 
this. While the conventional WAAM-based process ceases 
to be advantageous beyond a SCR of 0.28, the symbiotic 
approaches remain favorable up to SCR values of 0.38 and 
0.45 for the internal and external symbiotic cases, respec-
tively. Another BEP is present between the two symbiotic 
strategies, specifically, the internal approach becomes more 
energy-efficient at SCR = 0.54.

In general, as SCR increases, both the WAAM-based 
and the external symbiotic strategies exhibit increasing 
energy consumption trends. The distance between these two 
curves becomes greater as for high SCR values the amount 
of material to be deposited through WAAM is substantial 
and it has a significant impact on the energy for mate-
rial production, which, in turn, is absent in the symbiotic 
approaches. This behavior can be explained by the fact that 
higher SCR values correspond to thicker wall geometries, 
requiring more deposition volumes in additive processes. 
The machining approach shows, instead, an almost con-
stant energy consumption trend. It starts with a fixed work-
piece geometry, with variations in SCR affecting only the 
amount of material to be removed. Although this leads to 
increased material waste, the corresponding rise in process-
ing energy remains relatively limited, as CED in subtrac-
tive processes is more strongly influenced by the amount 
of involved material rather than by the processing energy. 
For WAAM-based process, although its SEC is not par-
ticularly high, the long processing times, due to relatively 
low deposition rates compared to the Material Removal 
Rate (especially during roughing operations), can lead to 
higher total energy demand. Additionally, the impact of gas 

consumption during deposition is significant, and increases 
as the wall’s thickness increases. For the external symbiotic 
path, the energy requirement is lower than WAAM-based, 
since hot extrusion and wire drawing are not included in the 
pre-manufacturing step. The impact of solid-state recycling 
is inside the pre-manufacturing stage (Cleaning + FSE).

Switching to the internal symbiosis strategy proposed 
in this work, the energy consumption trend is not linear: it 
initially increases with SCR and subsequently decreases. 
This behavior is primarily driven by the balance between 
the amount of material that needs to be removed and depos-
ited. At lower SCR values, high material removal combined 
with substantial deposition leads to higher energy demand. 
As the SCR increases, based on the starting workpiece 
height, the required deposition volume decreases, and the 
need for material removal decreases, as machining produces 
a larger portion of the lower section of the vertical wall. 
This results in lower energy demand compared to additive-
based strategies, which require more energy input for mate-
rial deposition.

Looking instead at the cost results, the machining 
approach is almost always the cost-effective option, as 
only a single BEP can be identified between machining 
and WAAM-based. This BEP occurs at a very low SCR 
value (0.17), meaning that the WAAM-based approach is 
more convenient than milling only if a thin wall must be 
produced. It is also noticeable that machining costs remain 
almost constant as SCR varies, with a slight decrease as 
SCR increases. This behavior can be explained by exam-
ining the evolution of the different cost components with 
SCR. Material cost remains unchanged, as the input work-
piece is the same for all SCR values, while the components 
that vary are the roughing and finishing costs. These costs 
depend on processing times, which in turn are determined 
by the material removal rate (MRR) and by the mass to be 
removed. Roughing time is characterized by high MRR val-
ues combined with large material removal, whereas finish-
ing time is associated with low MRR values and very small 
removal volumes. Consequently, as SCR increases, rough-
ing times decrease while finishing times increase (due to the 
larger finishing surface on top of the substrate), leading to a 
compensation effect that results in an overall machining cost 
that remains approximately constant. Additionally, the shift 
observed between SCR = 0.9 and SCR = 1 in the machining 
approach is due to the fact that SCR = 1 represents a bound-
ary condition. In this situation, the total cost is dominated by 
the material cost alone, as no rough machining is required 
and the final geometry of the part essentially matches that of 
the input workpiece.

Another BEP that can be identified is between the 
WAAM-based and the internal approach. It indicates that 
after SCR = 0.48, the internal approach is more economically 
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convenient than both the WAAM-based and the external 
symbiotic approach. When comparing the WAAM-based 
with the external symbiotic approach the trend observed is 
the opposite of that seen for CED. This inversion is primarily 
due to the cost modeling assumptions, which, as previously 

mentioned, account for the presence of multiple production 
steps when they are performed in-house. Conversely, in the 
WAAM-based route the wire feedstock is purchased in a 
form that is already suitable for direct deposition, thus only 
material procurement cost is considered neglecting further 

Fig. 7  Results of (a) CED, and 
(b) Cost per part as a function of 
the SCR
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indirect and processing costs. Following the same rationale, 
the internal approach considers three production steps, but 
the amount of chips to be machined and preprocessed is 
quite low, therefore indirect costs do not significantly affect 
the results.

4.2  Sensitivity analysis and scenario analysis

The input data used to carry out the analysis are mainly 
case-specific, especially for cost estimation. Therefore, to 
assess the robustness of results, a sensitivity analysis was 
conducted by considering the effects of price fluctuations in 
cost analysis. Specifically, energy and material prices have 
been varied according to current market data. For electric-
ity price, analysis was conducted with the highest and the 
lowest price for non-household consumers registered in 
EU in the second half of 2024. Therefore, 0.2578 €/kWh 
and 0.0767 €/kWh (for Cyprus and Finland) [47] have been 
used. Material cost is subject to market price fluctuation, 
which typically depends on the scarcity of the material. 
Data related to the market closing price of aluminum alloy 
in the first half of 2025 have been collected [51], revealing a 
standard deviation of approximately 18%. The results show 
that variations in energy prices have a negligible effect on 
the overall production cost, due to the relatively low contri-
bution of electricity consumption to the total cost per part. 
Considering material price fluctuation, only minor shifts are 
observed in the cost curves. Nevertheless, these variations 
do not significantly shift the comparative ranking between 
the approaches, and the overall trends remain consistent 
with the baseline scenario. Specifically, the symbiotic 
approaches showed negligible sensitivity to price fluctua-
tions. In the external case, this is due to the low market value 

of chips, while in the internal scenario, only the oversized 
substrate eight is subject to purchase. Therefore, for ease of 
visualization, Fig. 8 includes only the error bands related to 
machining and WAAM-based approaches.

It is worth noting, however, that under very different 
market conditions, such as a surge in material prices, the 
cost advantage of the machining approach could be signifi-
cantly diminished, potentially altering the economic com-
petitiveness across the manufacturing scenarios.

To further investigate the economic potential of the 
external symbiotic pathway at an industrial scale, a prospec-
tive scenario analysis was conducted by varying the extru-
sion rate of the FSE process. As previously mentioned, at 
the current laboratory-scale configuration, the extrusion rate 
remains a non-optimized parameter and represents one of 
the factors influencing the total cost per part. The main limi-
tation arises from the restricted vertical force available in 
the machine tool considered here, which is not specifically 
designed for FSE operations. Previous studies have dem-
onstrated that higher extrusion rates can be achieved using 
more powerful equipment [19]. Specifically, the extrusion 
rate was increased by factors of 2×, 3× and 4× to the baseline 
value (1×), in order to assess the conditions under which the 
external symbiotic pathway could achieve cost parity with, 
or outperforms, the WAAM-based approach.

The results of this analysis are illustrated in Fig. 9, which 
reports the cost per part as a function of the SCR only for 
the WAAM-based and the external symbiotic scenarios. 
The machining-based approach and the internal symbiotic 
pathway are excluded from this comparison, as the former 
continued to yield the lowest cost across all configurations, 
making it unrealistic to identify an extrusion rate at which 
the symbiotic pathway would outperform it, while the latter 
exhibited only marginal improvements relative to its base-
line value. The extrusion rate, is defined as E = n×, where n 
represents the scaling factor applied to the reference labora-
tory-scale extrusion rate reported in Table 1.

With the baseline extrusion rate (E = 1×), the external 
symbiotic pathway entails a substantially higher cost per 
part across the entire SCR range. However, as the extru-
sion rate increases, the external symbiotic cost curves con-
verge progressively toward the WAAM-based reference. 
In particular, with a 3× increase in the extrusion rate, the 
external symbiotic pathway achieves near-parity with the 
WAAM-based scenario. By further increasing the extru-
sion rate to E = 4×, the external symbiosis outperforms the 
WAAM-based over the majority of the SCR range, sug-
gesting that improvements in extrusion rate could make 
the external symbiotic pathway economically viable at an 
industrial scale. It is worth mentioning that such hypotheti-
cal improvements would reduce also the SEC making the 
symbiotic processes even more energy efficient.

Fig. 8  Sensitivity of production cost to price fluctuations, represented 
as error bands
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5  LCA analysis

The results of the LCA are presented in this section. The 
ReCiPe 2016 Endpoint (H) methodology was adopted in 
order to evaluate the environmental impacts across different 
impact categories. The assessment framework considers 18 
midpoint indicators (global warming, fine particulate forma-
tion, water consumption, etc…) to capture and quantify the 
contributions of individual environmental processes [52].

The four manufacturing routes previously introduced 
were implemented in the SimaPro software [39] to perform 
the LCA analysis. The adoption of the ReCiPe methodol-
ogy enables the identification of trends that differ from 
those obtained using the CED indicator, as it accounts for 
the combined contribution of multiple midpoint impact 
categories. This integrated perspective allows the environ-
mental performance of different manufacturing routes to be 
assessed across multiple impact categories. As a result, it 
highlights the influence of the chosen impact assessment 
method beyond a single energy-based metric.

The analysis is performed considering the two levels 
of complexity already examined in this study, in order to 
assess whether the LCA results are consistent with those 
obtained from the CED analysis. From the authors’ per-
spective, these two case studies represent two extreme 
scenarios that can highlight different behaviors of the four 
manufacturing routes under investigation. As shown in 
Fig.  10, a slightly different trend compared to the CED 
results can be observed. For a SCR equal to 0.2, the rank-
ing of the manufacturing routes remains unchanged: the 

external symbiotic approach exhibits the lowest environ-
mental impact, while machining represents the worst-
performing option. Instead, for SCR = 0.8, the external 
symbiotic route continues to be the most environmentally 
favorable solution. This outcome differs from the CED 
perspective, in which machining appears to be the best-
performing route. These differences can be attributed to 
the distinct weighting of contributing factors across impact 
assessment methodologies. In the ReCiPe approach, mate-
rial-related impacts play a dominant role, whereas electric-
ity consumption contributes relatively less to the overall 
results. This behavior is mainly driven by the human carci-
nogenic impact category, which is strongly associated with 
material production. In the case of aluminum indeed, the 
processes associated with its production (thus the baux-
ite mining, refining and electrolysis) are not only energy-
intensive but also associated with potential emissions of 
carcinogenic substances. Furthermore, pollutant emissions 
generated during heat production and electricity genera-
tion contribute significantly to the overall increase in toxic 
emissions. As a consequence, increasing the SCR from 0.2 
to 0.8 leads to an increase in the CED of the external sym-
biotic process, mainly due to the higher electricity demand 
associated with FSE and WAAM process. However, under 
the ReCiPe framework, the external symbiotic route con-
tinues to outperform machining, whose impact remains 
approximately constant, due to the comparatively lower 
material-related environmental burden. A similar diver-
gence between CED- and ReCiPe-based results have been 
reported in previous studies [53].

Fig. 9  Cost per part (€) as a func-
tion of the SCR for the WAAM-
based approach and the external 
symbiosis route at varying 
extrusion rate multipliers (E = 1×, 
2×, 3×, 4×)
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6  Conclusions and future outlooks

The presented study proposed a comparative assessment 
of four manufacturing strategies for a T-shaped aluminum 
component, focusing on both environmental and economic 
performance by using CED and production cost as met-
rics, respectively. With respect to prior studies that have 

predominantly focused on single manufacturing routes 
(e.g., FSE [19, 27]) or on isolated assessments of economic 
or environmental performance, this study developed a com-
prehensive modelling framework that captures the entire 
process chain, from material recovery to final component 
production, introducing a novel comparison between inter-
nal and external symbiotic manufacturing strategies, adding 

Fig. 10  ReCiPe2016 Endpoint (H) per impact category characterization – comparative results of the four manufacturing strategies for SCR 0.2 
and 0.8
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a new dimension to the evaluation of energy performance in 
hybrid manufacturing methods, with a focus on industrial 
symbiosis implementation.

The analyzed manufacturing routes include: (i) a full 
machining approach, (ii) a WAAM-based approach using 
conventionally manufactured wire, and two industrial 
symbiosis strategies always based on WAAM deposition, 
namely: (iii) external symbiosis, using chips generated from 
third-parties machining operations, (iv) internal symbiosis, 
based on in-house generated chips. The process enabling the 
symbiotic link between machining and WAAM is the Fric-
tion Stir Extrusion (FSE).

The main conclusions coming from the analyses carried 
out in this work are summarized below:

	● When a high shape complexity is considered, thus when 
SCR = 0.2, from the energetic point of view the external 
symbiotic approach demonstrated the lowest CED, due 
to low contribution of the raw material embodied energy. 
Conversely, for a low geometrical complexity, such as 
when SCR = 0.8, machining approach is the most energy 
efficient choice;

	● The internal symbiotic approach can represent a favorable 
strategy when the input workpieces are available with a 
height greater than that of the substrate region but lower 
than the final height of the vertical wall. In such cases, it is 
possible to avoid purchasing either a taller initial semi-fin-
ished product, as required by the conventional machining 
process, or one matching the height of the substrate alone;

	● Both symbiotic approaches presented in this study ap-
pear to be valid candidates for minimizing metal waste 
generated during the production of mechanical com-
ponents. Specifically, the external symbiotic approach 
reuses scrap originating from third-party companies, 
while the internal symbiotic approach minimizes waste 
generated within the company itself;

	● From a cost perspective, machining remains the most cost-
effective approach across most of the SCR scenarios, as it 
requires only one production step. WAAM-based and sym-
biotic routes instead involve higher operational complexity 
in production leading to increased indirect and labour costs;

	● The low productivity of the current FSE setup significant-
ly impacts the feasibility of symbiotic routes, as its low 
extrusion rate drives up processing times. In particular, 
indirect and labour costs dominate the total cost struc-
ture, and they are highly sensitive to processing times. 
Despite its current limitations, FSE holds strong potential 
for enabling circular and energy-efficient manufacturing 
routes, especially if scaled and optimized for industrial 
application. In fact, some of the authors have shown that 
FSE systems capable of operating under higher vertical 
loads can markedly increase the extrusion rate, which in 

turn leads to a substantial reduction in the specific energy 
consumption required for the process [19].

	● Internal symbiosis shows cost improvements at higher 
SCR, due to reduced deposition and milling volumes, 
which lower processing time and indirect costs;

	● The extension of the analysis with varying SCR revealed 
the presence of break-even points where the competi-
tiveness of each route shifts, emphasizing the impor-
tance of geometry complexity in decision-making;

	● A sensitivity analysis confirmed that actual energy price 
fluctuations have a minimal influence on results, while 
material price variations introduce small shifts in cost 
curves without altering the overall trends;

	● An LCA analysis conducted using the ReCiPe meth-
odology confirms that sustainability assessment is 
highly dependent on the chosen perspective, as differ-
ent impact assessment methods may lead to different 
outcomes. When material-related impacts represent 
the dominant contribution, the external symbiotic 
route emerges as the most environmentally favorable 
solution, regardless of the SCR value.

It is important to note that the results are derived from a 
specific case study; however, the adoption of the SCR as 
a complexity indicator enables partial generalization of the 
findings to different geometries. The proposed model can be 
extended to other materials and industrial contexts, provided 
that reliable data on embodied energy and process-specific 
energy consumption are available. Nonetheless, variations 
in alloy type, machine performance, and geographic con-
text may influence the identified BEPs. From a practical 
perspective, the model and the identified BEPs can sup-
port manufacturing engineers in selecting the most suitable 
production route by linking part complexity (via SCR) to 
energy and cost performance. This study still presents some 
limitations that should be acknowledged. The economic 
analysis is limited to production costs, without accounting 
for logistics (and reverse logistics) costs. In this respect, the 
internal symbiotic approach proposed in this work could 
offer significant advantages by reducing transportation 
needs and handling complexity, thereby potentially lower-
ing overall costs. It should also be noted that tool wear has 
not been explicitly included in the economic assessment as 
it was considered negligible. At industrial scale, this factor 
may represent a non-negligible cost contribution for FSE-
based processes, potentially shifting the cost BEPs.

Finally, the analysis does not consider external incen-
tives or policy support that could accompany the adoption 
of industrial symbiosis practices. Including these factors in 
future studies could substantially shift the cost-benefit bal-
ance in favor of symbiotic approaches with a more compre-
hensive and policy-aligned perspective.
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