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A B S T R A C T   

Additive Manufacturing has revolutionized manufacturing processes, offering design flexibility and advances in 
various applications. The integration of lattice structures into lightweight designs has attracted attention due to 
their ability to optimize properties such as stiffness, strength and energy absorption. This paper explores the 
trade-off between mass reduction and productivity while evaluating the environmental sustainability of lattice 
structures manufactured with Laser-based powder bed fusion for metals Using Life Cycle Assessment, two design 
variants for an automotive component are compared: a topologically optimized version with a solid bulk section, 
and a second design with lattice structures for additional weight reduction. Experimental measurements and a 
detailed analysis of the laser strategy were performed to build the Life Cycle Assessment inventory. The inte
gration of lattice structures allowed a weight reduction of 6 %, but resulted in a significant decrease in pro
ductivity and a higher environmental impact. Surprisingly, lattice geometries, often perceived as green solutions, 
can have negative sustainability implications due to longer manufacturing times and impact of auxiliary 
equipment. Successful implementation of environmentally sustainable designs requires a balance between mass 
reduction and productivity while addressing potential environmental consequences.   

1. Introduction 

Additive Manufacturing (AM) is a new set of manufacturing tech
nologies, capable of creating three-dimensional objects starting from a 
digital model by joining together consecutive layers of material. Unlike 
subtractive technologies, these processes have enabled and ensured 
numerous design advantages. They offer greater design freedom and 
significant improvements, such as reduced component count in assem
blies, creation of pre-assembled structures and optimized design studies 
for complex geometries, which has established the technology in a wide 
range of applications (Moreno Nieto and Moreno Sánchez, 2021). 

The design capabilities offered by AM techniques have facilitated the 
development and integration of innovative geometric architectures, 
such as lattice structures, into the design of lightweight components. 
Lattice structures are topologically ordered, three-dimensional, open- 
cell structures consisting of one or more recurring unit cells described by 
a series of beam elements or struts connected at nodes (Zadpoor, 2019), 
or by the periodic arrangement of 3D surfaces (Defanti et al., 2024). This 
remarkable constructive solution allows the construction of components 
with optimized properties by tuning the structural features of the lattice 

elements, such as unit cell size or geometric configurations (Boursier 
Niutta et al., 2022). The use of reticular structures is particularly ad
vantageous for the design of lightweight parts while maintaining or even 
improving fundamental properties such as stiffness, strength and energy 
absorption (Boursier Niutta et al., 2022). The high possibility to tailor 
their properties makes lattice structures versatile for various industries, 
from biomedical to aerospace and automotive. 

Despite the remarkable freedom of design enabled by AM, lattice 
reticula stretch the boundaries of what is feasible, especially in the case 
of Laser Based Powder Bed Fusion of metals (Vilardell et al., 2019). The 
manufactured reticulum can be quite different from the nominal one, in 
terms of accuracy but also of defects (Sola et al., 2020a). Particularly in 
the downskin areas, the presence of cracks and dross affects the failure 
modes and the energy absorption efficiency (Mantovani et al., 2021). 
In-depth experimental characterization is needed to tune FE models and 
relate the effective mechanical response to the direction-specific 
assessment of the accuracy and microstructural integrity (Erturk et al., 
2022). 

In the study by Kulangara et al. (2021), the use of lattice structures is 
evaluated for the design optimization of a brake pedal manufactured by 
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the Powder Bed Fusion process, using a laser based system (PBF-LB/M). 
Specifically, a honeycomb lattice structure characterized by a cell size of 
12 mm × 8 mm with a strut thickness of 2 mm–8 mm is implemented in 
the component. Through the comparative finite element (FE) analysis of 
the performances of the initial component and its optimized version, it is 
found that by introducing the lattice structure, a reduction of 21.2% in 
the mass of the component can be achieved, with equal performance for 
the load case studied. Moreover, in Aslan et al. (Aslan and Yıldız, 2020), 
the design of a suspension arm is optimized by integrating three 
different lattice structures in a portion of the component geometry. The 
results demonstrate that the implementation of such structures can lead 
to a reduction in mass of up to 10.9 % compared to the starting model, 
while ensuring a stress value below the limit imposed by the material 
and simultaneously improving the strength of the component. Man
tovani et al. (2022) evaluate different methodologies for the topology 
optimization of a steering column support. In particular, subsequent 
AM-oriented topology optimizations of the geometry are performed, by 
comparing the results of a using bulk material only, with those achieved 
by a combination of bulk material and graded lattice structures. A 
weight reduction of 38.6% was achieved compared to the original solid 
design, by using tetrahedral beam-based lattice structures to interpret 
intermediate density resulting from topology optimization. The result is 
enabled by adopting a reduced penalty factor so that intermediate 
relative densities are calculated (Campo et al., 2019). Similar achieve
ments are obtained by Izri et al. (2022) in the case of a hip implant, 
where Weaire-Phelan lattice elements enable mass reductions between 
19 and 57 % for a shell thickness that goes from 1 down to 0.2 mm. 

AM technologies, which are characterized by the selective deposition 
or consolidation of specific portions of material, are generally defined as 
“green” technologies when compared to traditional manufacturing 
methods, due to the little scrap fraction, low energy requirements, and 
generally lower consumption of resources, also in comparison to the 
geometric complexity of the parts that can be produced with such 
technology (Torres-Carrillo et al., 2020; Paris et al., 2016; Cappucci 
et al., 2020; Liao et al., 2023). With a view to improving the industrial 
sustainability, i.e. developing and manufacturing goods using a 
cost-effective technological system that minimizes environmental 
impact by saving energy and resources, different design solutions are 
made feasible by the adoption of AM processes. In particular, the 
application of lattice structures is widely considered as an environ
mentally sustainable design choice, as it leads to components with lower 
mass thereby reducing the processed material volume, and the required 
build energy (Dani et al., 2020). However, assessing the environmental 
impact of AM requires consideration of total primary energy consump
tion, which depends on the equipment but also on the specific build 
strategies and process parameters used in component fabrication (Faludi 
et al., 2017). Such an approach requires the combined knowledge of 
environmental assessment methods and of detailed construction mech
anisms adopted in AM. 

This study aims therefore to perform a comparative analysis of the 
primary resources involved in manufacturing a component in its solid 
form and with the integration of lattice structures, in order to quantify 
the differences in terms of productivity and environmental sustainability 
of the two design choices. The assessment focuses specifically on the 
production of a metal component using Powder Bed Fusion laser-based 
technology (PBF-LB/M) (ASTM INTERNATIONAL and International 
Organization for Standardization, 2021). 

The environmental impact of the two designs is comparatively 
assessed using the Life Cycle Assessment (LCA) methodology. This 
modelling framework computes the potential environmental impacts 
across the complete life cycle of a product, process, service, or system 
(Hellweg and Milà i Canals, 2014). 

2. Materials and methods 

2.1. Analysis of the PBF-LB/M process 

Unlike the majority of literature studies (Cappucci et al., 2020; Dani 
et al., 2020; Priarone et al., 2018; Böckin and Tillman, 2019), which 
only consider the build phase, this work adopts a more comprehensive 
approach based on the concept of unit process life cycle inventory 
(UPLCI) (Ramirez-Cedillo et al., 2021). The method analyses the 
PBF-LB/M process through its three distinct phases that are repeated 
cyclically for each job (Fig. 1a) and identifies the resources (inputs) and 
the outputs. In each unit process, the LCI measured variables are elec
trical energy, inert gas consumption, raw powder, and waste (Fig. 1b). 
Each step is evaluated individually in terms of energy consumption and 
resource utilization based on the production of components made from 
the AlSi10Mg alloy using the SLM 280 dual laser machine (SLM Solution 
GmbH, Lübeck, Germany). The machine specifications are reported in 
Table 1. 

The delineation of system boundaries (as depicted in Fig. 1c) is 
specifically defined to encompass solely the operational phases of the 
PBF-LB machine, excluding ancillary activities like maintenance, ma
chine cleaning, and powder disposal. Moreover, this delineation aims to 
isolate the operation of the machine from external influences originating 
from other facets of the manufacturing process, such as material 
handling and post-processing. 

The first phase is the pre-processing, which includes all the prepa
ratory actions required to bring the machine into the ideal condition for 
the actual melting phase. It consists of several important operations, 
which are carried out in the following order: sieving of the powder 
recycled from previous jobs to exclude agglomerated or oxidized parti
cles; then installing the build platform in the work chamber, followed by 
“zeroing" it to align its top with the bottom of the build chamber; and 
heating it to a predefined temperature. The preheating temperature 
depends on the material and is optimized to reduce the temperature 
gradient between the platform and the first consolidated layers. In the 
case considered, it was 150 ◦C. At the end of these actions performed by 
the operator, the working chamber is purged of oxygen and filled with 
an atmosphere of inert gas, in this case argon, to ensure an oxygen 
content of less than 0.1%, as required for the printing process. 

Once all the aforementioned steps have been completed, the actual 
consolidation process begins. The time required to complete this step 
varies mainly according to the size and shape of the component. To this 
regard, this study aims at overcoming the common estimate of build 
time as a function of the mass of built material, by considering that the 
same amount of material with different spatial distribution turns into 
different scanning strategies. Consequently, a more detailed assessment 
of the build time can be achieved. During the execution of the main task 
in this phase, i.e. laser activity, auxiliary electrical devices are activated 
simultaneously to maintain optimal working conditions for the laser. A 
recirculation pump integrated into the machine continuously feeds 
argon into the build chamber at a constant speed of 22 m/s throughout 
the printing process to avoid potential defects related to the formation of 
a metal vapor plume and the ejection of droplets from the melt pool 
(spatters). Additionally, a chiller is also activated to keep the tempera
ture of the laser at about 19 ◦C. 

During the third phase, or post-processing stage, both the component 
and the platform are cooled in the machine before the working chamber 
is opened. Once a temperature suitable for the operator is reached, de- 
powdering is performed, where the remaining unmelted powder is 
collected and stored for reuse in subsequent jobs (Denti et al., 2019). The 
entire chamber and the tools used in it, such as the recoater, are cleaned 
to remove the remaining powder particles. Usually, the finished 
component undergoes further processes, such as stress-relieving treat
ments, cutting from the build plate, removal of supports, heat and sur
face treatments. However, these processes are beyond the scope of this 
analysis, which focuses on a cradle-to-gate analysis of the PBF-LB/M 
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process itself. 
Therefore, the processes and associated equipment investigated in 

this study are listed in Table 2. 
Among the equipment mentioned, only the cooling, sieving, and final 

vacuum cleaning units are separate from the main machine. The L-PBF 

apparatus includes a workstation with various tools and devices inte
grated into its structure. Therefore, some operations attributed to the 
SLM280 machine are actually performed by the integrated equipment. 
In this study, the melting operation by the laser and the powder distri
bution by the recoater are classified as the main manufacturing 

Fig. 1. a) Schematic illustration of the three phases in the PBF-LB/M process, b) LCI data and unit process diagram for the PBF-LB/M process, c) System boundaries.  
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activities, while all the others are considered auxiliary to production. 

2.2. Data inventory following in-depth UPLCI methodology 

The described process analysis is essential for the definition of the 
characteristic input and output flows, according to the UPLCI method
ology and reported in Fig. 1 a) and 1 b). The main input resources 
involved in the evaluated manufacturing process are identified as the 
electrical energy needed to run the machine and auxiliary devices, the 
metal powder produced by gas atomization and the argon gas used to 
protect the molten metal from oxidation. The corresponding output re
sources, in addition to the final manufactured part, are the emissions 
and waste resulting from the process. According to the in-depth 
approach of UPLCI methodology for LCI data inventory collection 
(Kellens et al., 2012), field surveys and experimental measurements 
were conducted during the production of a test job, which allowed the 
evaluation of the activation sequence, the power consumption and the 
duration of the activity intervals. Specifically, the experimental data 
used in this study relate exclusively to the production of AlSi10Mg alloy 
components made with the SLM 280 dual laser machine. While the 
detailed process analysis leading to the inventory of the actions and 
devices involved is of general validity, the setting parameters and 
resulting consumptions are specific to the raw material selected. For 
example, the flow rate delivered by the recirculation pump, the heating 
temperature of the platform and, of course, the energy required by the 
laser to melt the powder are material-dependent. 

2.2.1. Electrical consumption 
To estimate electricity consumption, the power and current values of 

the appliances under consideration were measured over time during a 
test job. For the devices that are separate from the machine, such as the 
chiller and the sieve, the current values were measured directly with 
individual ammeters throughout the three process phases of Fig. 1. 

For the PBF-LB/M machine itself and the integrated auxiliary sys
tems, instead, the power meter was connected to the main electrical 
panel. The measured power corresponds to the overall consumption of 
the machinery. Fig. 2 presents the absorbed power in idle, setup, and 
building phase, following the UPLCI schematic methodology (Ramir
ez-Cedillo et al., 2021). The graph reports the variation of the electrical 
power absorbed by the SLM280 machine during the test job and includes 
the identification of the start and completion of each specific task during 
the construction. Therefore, in order to determine the net power values 
associated with each integrated device, it was necessary to perform 
subtraction operations between the different contributions. The results 
of the calculation, together with the measurements collected for the 
individual devices, are listed in Table 3. 

2.2.2. Time measurement 
During the series of experiments described in section 1.2.1, the exact 

duration of the individual process steps was also determined. As already 
mentioned, the selected material has a direct influence on the prepara
tory and final process steps and thus on the time intervals required for 
the configuration of the machine. The consistent durations of the indi
vidual actions in the pre- and post-processing phases are listed in 
Table 3. 

The duration of laser activity in the fabrication of a metal component 
is closely related to: i) the geometric characteristics of the part, i.e. its 
overall volume and height, and ii) the building strategy and specific 
laser parameters, tuned to achieve high density, excellent surface finish, 
high mechanical response. In this analysis, the implemented laser 
strategy is commonly referred to as the contour-core strategy (Hellweg 
and Milà i Canals, 2014; Priarone et al., 2018). At each slice, the inner 
region, called core, does not require special accuracy and detail reso
lution and is therefore usually scanned with increased laser speed and 
power to increase productivity; the outer section, which follows the 
perimeter of the part and is called contour, is consolidated with the 
opposite strategy, i.e. with lower laser speed and power, to ensure ac
curacy and surface quality. An additional set of parameters is used to 
create support structures. In this study, support structures are only 
consolidated every two layers, which reduces the building time and 
facilitates support removal. All process parameters adopted for the 
present study are compiled in Table 4. 

2.2.3. Raw materials 
The main raw material for PBF-LB/M technology is metal powder 

produced by the gas atomization process. The initial amount of powder 
is loaded into the tank located at the top of the central body of the 
machine, and is distributed by the recoater throughout the process. At 
each layer, a small excess of powder goes into the overflow container. 
This powder, together with the unmelted powder surrounding the part 
at the end of the job is sieved and recycled for subsequent jobs. It is 
common to recycle between 90 and 98% of the overall powder needed to 
run a job but not used to build the part. The remaining scrap percentage 
consists of agglomerates and oxidized particles. Recycling ratio was set 
at 96% for this study. Argon is also needed as a resource: it is continu
ously flooded into the chamber during the preparatory purging phase, 
and then in smaller quantities throughout the build phase. The inventory 
for these resources, obtained both from experimental investigation and 
the SLM 280 machine data sheet, are listed in Table 5. 

2.3. Case study 

After collecting key data, the method was applied to a case study 
consisting of an aluminum automotive component, namely the lower 
arm of a MacPherson front strut suspension system, whose original 

Table 1 
Specifications of the SLM 280 machine used for the experimental activities.  

Machine type SLM 280 dual laser 

Maximum build envelope (X Y x Z) 280 × 280 × 365 mm 
Laser power 2 × 400W Yb-Fiber-Laser 
Working pressure in chamber 

(overpressure) 
11.5–12.5 mbar 

Power supply 400 V 3NPE, 63 A, 50/60 Hz, 
3.5–5.5 kW 

Chilled water connection From chiller 
Average Argon consumption during 

construction 
5 l/min 

Average Argon consumption in the 
purging phase 

110 l/min 

Compressed air requirement ISO 8573–1:2010 [1:4:1] 7 bar  

Table 2 
List of the actions and devices considered in the cradle-to-gate analysis of the 
PBF-LB/M technology.   

Action Device 

Pre-processing 
phase 

Powder sieving PSM 100 unit  

Pre-heating of the building 
platform 

SLM 280 printing 
machine  

Platform alignment SLM 280 printing 
machine  

Oxygen purging and inert gas 
fluxing 

Recirculation pump 

Main processing 
phase 

Powder melting SLM 280 printing 
machine  

Maintaining platform heating 
temperature 

SLM 280 printing 
machine  

Inert gas fluxing Recirculation pump  
Laser source and optics cooling Chiller unit 

Post-processing 
phase 

Part cooling SLM 280 printing 
machine  

Chamber cleaning Industrial vacuum 
cleaner  
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geometry was topologically optimized using the SIMP method (Man
tovani et al., 2022) to reduce the mass with a given stiffness constraint 
(equal to the non-optimized component). Two versions of the part were 
compared, a first version, resulting from the initial topological optimi
zation of the component, with solid volume and maximum thickness of 
about 5–6 mm (Fig. 3a), hereafter called “bulk” version, and a second 
variant that was further lightweighted by the integration of a lattice 
structure in a defined volume of the previously optimized geometry, 
covering approximately 15% of the total volume of the component 
(Fig. 3b). The optimization approach was the same described fully in 

(Mantovani et al., 2022) and (Campo et al., 2019). 
The FE analysis was performed for both versions for 4 load cases: 

acceleration, braking, right turn, left turn. Specific constraints were 
applied to simulate the kinematic connections with the chassis. 

The bulk version moderately overperformed the stiffness re
quirements, so in a second step an area was identified where lattice 
structures were integrated using the Optistruct lattice optimization 
process. The result was a lighter version of the arm that met the stiffness 
targets with slightly less abundance. The virtual simulation validated 
both component designs as viable alternatives that equally met the 

Fig. 2. Power absorption measured during the test job of the PBF-LB/M system with integrated auxiliary devices.  

Table 3 
Electrical power evaluated during field measurements in the different steps of a 
PBF-LB/M job and time required to complete setup and post-processing opera
tions. Duration of the main processing phase is not specified because it depends 
on the components to be built.   

Action Electrical 
power [kW] 

Duration 
[h] 

Pre-processing 
phase 

SLM280 machine idle condition 0.95 – 
Operation of PSM 100 sieving 
unit 

0.20 0.50 

Heating of the building platform 
to 150 ◦C 

1.13 0.58 

Platform alignment 0.54 0.17 
Chamber purging by the 
recirculation pump (47% of max. 
power) 

0.64 0.10 

Main 
processing 
phase 

Operation of the recirculation 
pump during the build (50.5% of 
max. power) 

0.69 Part 
specific  

Laser melting of the supports 1.25 Part 
specific  

Laser melting of the part 1.23 Part 
specific  

Maintaining building platform 
temperature 

0.42 Part 
specific  

Chiller operation for laser source 
and optics cooling 

1.93 Part 
specific 

Post- 
processing 
phase 

Part cooling 1.00 1.00  

Vacuum cleaning of the chamber 2.20 2.50  

Table 4 
Process parameters for AlSi10Mg in this study.   

Process parameters   

Recoating time 8 s  
Layer thickness 0.05 mm  
Laser scan strategy Stripes 

Core region Laser power 350 W  
Laser scan speed 1150 mm/s  
Hatch spacing 0.17 mm 

Contour region Laser power 300 W  
Laser scan speed 600 mm/s 

Support structures Laser power 350 W  
Laser scan speed 900 mm/s  

Table 5 
Inventory of resources.  

AlSi10Mg 
powder 

Density 2.67 g/cm3 

Apparent density 1.46 g/cm3 

Powder collected in the overflow during the 
processing phase 

300 g/h 

Generic particle size distribution 25–70 μm 

Powder recycling ratio 96% 

Argon gas Density (at 1 atm) 1.784 kg/ 
m3 

Argon flux during chamber purging (at 1 atm) 110 l/min 
Argon flux during the main processing phase (at 1 
atm) 

5 l/min  
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requirements within the accepted deviation of structural behaviour that 
can result from the optimization process. Therefore, each design was 
considered as the functional unit for the LCA. 

FE validation was tuned through specific experimental measure
ments of the mechanical response of lattice structures, where micro
structural defects arising from the PBF-LB/M process modify the 
nominal behaviour. 

The occurrence of defects, such as cracks on the horizontal beams 
and uneven beam diameter, has been studied in detail in previous 
contributions (Mantovani et al., 2021; Sola et al., 2020b). 

The lattice-integrated part includes a tetrahedral reticulum with a 
cell size of 3 mm and a beam diameter varying in the range 0.24–0.4 mm 
indicated in the darker grey area in Fig. 3b, leading to a mass reduction 
of 6%. 

The aim of the study was to compare the resources involved in the 
manufacture of the two versions of the component by PBF-LB/M with 
AlSi10Mg alloy. Along with the environmental impact, a parallel anal
ysis of productivity was also carried out. The component was industri
alized using the software Materialise Magics 25 (Materialise Software, 
Leuven, Belgium). The positioning and orientation were chosen to 
ensure the component to fit within the overall dimensions of the 
working chamber, while minimizing the volume of the required support 
structures. The supports, which were automatically generated by the 
software taking into account a self-supporting downskin angle of 42◦

(ASTM International, 2019), were then optimized to avoid intersections, 
reduce their impact on the part surfaces and to minimize their volume. 
To ensure that the comparative analysis was as accurate as possible, the 
same industrialization concept was replicated for the lattice version of 
the component. In this case, a preparatory step was needed to reduce the 
number of triangles in the STL file with the “Triangle reduction” tool. By 
setting a tolerance of 0.5 mm, a maximum angle of 4◦ and 10 iterations, 
the number of triangles of the lattice variant was cut from 19 to 8.6 
million. The adoption of procedures to reduce file size is imperative 
when dealing with lattice structures, to avoid extreme computational 
loads that might be severe bottlenecks or even inhibit the feasibility of 
reticular geometries (Zhang et al., 2021). The result of the industriali
zation is shown in Fig. 4 and specified in Table 6. The total volume of 
supports for the lattice version refers only to the external supports, as 
those generated automatically by the software inside the lattice portion 
have been properly deleted, as their removal would have been impos
sible. Previous studies prove the self-supporting capabilities of the 
considered structure (Mantovani et al., 2021; Sola et al., 2020b; Bassoli 
et al., 2023). 

3. Results and discussion 

The time required to produce the two components was calculated 
using data provided by the SLM 280 machine software: this study has 
shown that this method of assessment is currently the most reliable, as 
the projection provided by the Build Processor module in Materialise 
Magics often provides inaccurate estimates of the actual manufacturing 
times. It was therefore necessary to generate the. slm file of both parts, 
including the scan strategies and process parameters defined for the 
construction, and then load these files into the machine to obtain the 
actual job duration. The bulk and lattice versions of the part differ 
greatly in terms of scanning strategy. While the bulk version is consol
idated with the above-mentioned contour-core strategy, the second 
version uses a pure contour consolidation strategy in the lattice area. 
Therefore, for the production of such components in an SLM280 ma
chine with an AlSi10Mg alloy and a layer thickness of 50 μm, the values 
given in Table 7 were determined. 

The times in the first row refer only to the main processing phase, 
which consists of the laser time and the recoating time, while pre- and 
post-processing times are included in the computation of the total job 
duration. The integration of the lattice structure leads to a loss in 

Fig. 3. Case study in the bulk (a) and lattice (b) versions. Box dimensions 253 
× 154 × 329 mm. 

Fig. 4. Job preparation in Materialise Magics of the bulk version of 
the component. 

Table 6 
Results of the industrialization of the two components.   

Bulk version Lattice version 

Number of manufactured parts 1 1 
Component volume 287.20 mm3 270.80 mm3 

Mass per part 0.77 kg 0.72 kg 
Component surface 106.50 mm2 381.50 mm2 

Supports volume 55.40 mm3 54.40 mm3 

Supports mass 0.15 kg 0.15 kg 
Component height 320.00 mm 320.00 mm 
Number of layers 6396 6394 
Lattice volume – 42.08 mm3 

Total fused mass 0.92 kg 0.87 kg  
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productivity of 36%. The resource consumption for the production of the 
parts was then evaluated, by combining the quantities measured in 
Section 1.2 with the part-specific values assessed in section 1.3. Table 8 
lists the electrical energy calculated from the experimentally determined 
power of the different devices evaluated over the duration of each 
action. 

The initial mass of powder needed to build a part is calculated as the 
sum of the amount of powder required to completely cover the finished 
component, spread by the recoater at each layer, and the additional 
material that accumulates in the overflow tank during the process. In 
particular, the first term is calculated considering a volume equal to the 
area of the build platform multiplied by the value of the z-height of the 
built component. The value is then multiplied by the apparent density of 
the AlSi10Mg powder. On the other hand, the excess powder mass that 
accumulates in the overflow containers is obtained directly by multi
plying the overflow rate (Table 5) by the total recoating time during the 
construction of the component, which in turn is the product of the time 
for each recoating pass and the number of layers. Since the two geom
etries were industrialized and thought to be manufactured in the same 
way, i.e. positioned and oriented to have the same maximum height and 
number of layers and consequently the same recoating time, the powder 
mass required was estimated to be equivalent for both geometries. As 
mentioned before, it is important to emphasise that of this initial mass, 
most remains as unmelted powder and can be recycled in subsequent 
jobs: for this case study, a recycling ratio of 96% is assumed (Table 5). 

The total argon consumption was estimated using the average flow 
per hour required (Table 5) for the part’s construction time. The con
sumption in this case is different for the two geometries as they are 
characterized by different building times. The calculated consumption 
for the raw materials is shown in Table 9. 

The two geometries exhibit different masses: 0.77 kg for the bulk 
component and 0.72 kg for the component optimized by integrating the 
lattice structure. Consequently, the second design solution leads to a 6 % 
reduction in mass. However, this weight reduction is accompanied by an 
increase in production time and resource consumption. Specifically, the 
printing time for the optimized component shows a significant increase 
(+43%) compared to the original geometry. This rise in printing time is 
primarily due to the scanning strategy associated with the lattice ge
ometry, which leads to the generation of small consolidation regions 
that are occasionally almost point-like and distributed over the entire 

part section, as shown in Fig. 5a and b, causing a more complex laser 
melt path and leading to a longer production time. 

As a result, the extended melting time has a direct impact on the 
resources consumed during construction, such as electricity and argon. 
In particular, electrical energy consumption increases (+39%) 
compared to the full cross-section solution, accompanied by a corre
sponding increase (+37%) in argon consumption. The initial metal 
powder requirement remains the same for both solutions. Furthermore, 
the amount of powder recovered after processing remains the same for 
both solutions, as the reduction in component mass is not significant 
enough to affect the quantity. It should be noted that the powder trapped 
inside the lattice structure was removed through holes specifically 
designed on the skin of the component. This powder mass was part of the 
scrap fraction that cannot be recycled. 

Table 7 
Time needed to build the two components.   

Bulk version Lattice version 

Building time 20 h 19 min 29 h 6 min 
Total job duration 24 h 40 min 33 h 28 min  

Table 8 
Total electrical consumption for the production of the bulk and lattice variants of the case study.  

Manufacturing 
phase  

Activity Bulk version Lattice version  

Electrical 
power [kW] 

Duration 
[h] 

Electrical energy 
consumption [kWh] 

Electrical 
power [kW] 

Duration 
[h] 

Electrical energy 
consumption [kWh] 

Pre-processing 
phase  

Setup 1.67 1.35 2.25 1.67 1.35 2.25 

Main processing 
phase 

Primary 
action 

Laser melting (part +
supports) 

1.23 20.32 25.07 1.23 29.12 35.92 

Auxiliary 
action 

Maintenance of 
platform temperature 

0.42 20.32 8.49 0.42 29.12 12.17 

Operation of the 
recirculation pump 

0.69 20.32 13.93 0.69 29.12 19.96 

Chiller operation 1.93 20.32 39.25 1.93 29.12 56.25 
Post-processing 

phase  
Part cooling (machine 
idle) 

1.00 1.00 1.00 1.00 1.00 1.00  

Cleaning of the 
chamber 

2.20 2.5 5.50 2.20 2.5 5.50 

TOTAL     95.49   133.06  

Table 9 
Total raw materials consumption for the production of the bulk and lattice 
versions.   

Bulk version Lattice version 

Total initial powder [kg] 41.00 41.00 
Overflow powder [kg] 4.26 4.26 
Powder recycling ratio 96% 96% 
Recycled powder [kg] 38.48 38.52 
Total waste powder [kg] 1.60 1.60 
Argon for oxygen purging [kg] 1.18 1.18 
Argon for building [kg] 10.87 15.58 
Total argon consumption [kg] 12.05 16.76  

Fig. 5. Laser paths on a slice of the lattice region: a) overall view and (b) 
detailed view. 
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4. Life cycle assessment (LCA) 

The Life Cycle Assessment (LCA) phases are detailed hereafter, ac
cording to what provided by the ISO 14040–14044 (International Or
ganization for Standardization, 2006a; International Organization for 
Standardization, 2006b). 

4.1. Goal and scope definition 

4.1.1. Goal definition 
The goal of this LCA study was to quantify and compare the potential 

environmental impacts associated to two specific geometries designed 
for the same AlSi10Mg alloy automotive component, utilized as case 
study, in order to reliably determine the more environmentally sus
tainable alternative. 

4.1.2. System, functional unit, and function of the system 
The system that is the subject of this study is the production by the 

PBF-LB/M additive manufacturing technique of two automotive com
ponents, which differ exclusively in the incorporation of a fully bulk 
structure or a partial lattice structure. The mass of the single component 
obtained with the two different geometries was selected as the func
tional unit, which is 0.77 kg for the bulk and 0.72 kg for the lattice 
version. The function of the studied system, regardless of the geometry 
(i.e., bulk or lattice), is to be used in the automotive sector as a strut with 
a certain stiffness. 

The system boundaries considered in this study range from the 
extraction of the raw materials to the production of the powders by gas 
atomization and their subsequent use for the production of the auto
motive component by the PBF-LB/M technique, thus allowing an 
assessment from the cradle to the gate. These boundaries are summa
rized in the chart in Fig. 1. 

All resources used for the production of the components within the 
system boundaries are schematically represented by the Sankey dia
grams in Fig. 6. 

4.2. Life cycle inventory (LCI) 

Most of the data used in the LCI phase were primary data gathered 
directly from the experimental activities previously described in Section 
2. To effectively model the processes of alloy formation and subsequent 
atomization, the primary data were integrated with data previously 
obtained by some of the present authors in the framework of the Euro
pean Union Horizon 2020 project "Driving up Reliability and Efficiency 
of Additive Manufacturing" (DREAM) (Sciancalepore et al., 2017), in 
which the environmental impact associated with the PBF-LB/M tech
nique was studied, exploring different alloys and field applications 

(Cappucci et al., 2020). The information obtained in the project, 
particularly on the initial production of raw materials and the machin
ery required for the different processes, was integrated with the exper
imental data on the consumption of raw materials and electrical energy 
previously explained for the two different production strategies 
employed in the present study. In addition to resource consumption, the 
study also assessed the environmental impact of the emissions generated 
in all the phases analyzed. Specifically, the emissions of metal powder 
and argon that are not retained by the vacuum system in the 
post-processing phase were calculated, as well as the emissions during 
the printing phase and their impact on human health and the environ
ment. The study also considered the environmental impact related to the 
transportation of materials and equipment. For the procurement of 
metal powder and the SLM machine, a distance of 1500 km was esti
mated, which corresponds to the distance between the production site in 
Germany and Italy. For other transfers, a reasonable average distance of 
100 km was assumed. The study accounted for road freight trans
portation using diesel EURO6 lorries with lorry capacities 16–32 metric 
tons. 

The complete inventories for the different life cycle phases that were 
modelled are detailed in Tables S1–S26 in the Supporting Information 
section, together with the necessary considerations and assumptions 
made for their modelling. All inventories were modelled in SimaPro 
9.3.0.2 (Pré Sustainability, LE Amersfoort, The Netherlands), using data 
sets from the Ecoinvent database (EID, version 3.8) (Weidema et al., 
2013), following an attributive approach, i.e. through the APOS system 
model (i.e. allocation at the point of substitution). 

4.3. Life cycle impact assessment (LCIA) and interpretation of the LCIA 
results 

The method selected for the life cycle impact assessment (LCIA) was 
ReCiPe2016. The evaluation was performed first at a midpoint level and 
then at an endpoint one, with a hierarchical (H) perspective and average 
weighting set (A) (Huijbregts et al., 2017). The specific evaluation 
procedure was selected due to its broad acceptance and widespread 
scientific application, as it allows the evaluation of additional impact 
categories, compared to alternative methods (Rosa et al., 2022). The 
environmental impacts of the two different design and production 
strategies are described at a midpoint level in Table 10. The relative 
impacts are shown in Fig. 7. 

From the results detailed in Table 10 and summarized in Fig. 7 it 
immediately results evident that the potential environmental impact 
associated to the integration of lattice structure in the studied automo
tive component is higher with respect to the case in which the original 
bulk geometry is implemented, for all the eighteen impact categories 
considered by the impact assessment method selected (i.e., ReCiPe, 

Fig. 6. Sankey diagrams of the flows of energy and materials for: a) bulk version and (b) lattice version.  
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2016). 
The greatest discrepancy is found in the impact category “Ionizing 

radiation”, for which the impact of the lattice version (i.e., 22.5 kBq Co- 
60 eq) is 30.2% higher than the value determined for the bulk version (i. 
e., 18.2 kBq Co-60 eq). This is certainly due to the higher amount of 
electric energy needed in the case of the lattice version. Indeed, in this 
last scenario (i.e., lattice version) 95.2% of this impact category is due to 
the emission of Radon-222 to air, which is mainly (97.2%) associated to 
the dataset “Tailing, from uranium milling {GLO}| treatment of | APOS, 
U”. The latter represents the treatment of residues resulting from the 
milling of mined uranium ore. This data set refers to the Italian electric 

energy mix, which is mainly necessary for the production of AlSi10Mg 
powder. Since the powder is mostly recycled, 48.9% of this dataset is 
associated to the argon used during the printing phase and 20.2% to the 
electric energy used to power the auxiliary devices. 

As concerns the Global warming impact category, the manufacture of 
the lattice-based design solution generates 106 kg CO2eq, whose emis
sion in air accounts for 89.6% of the impact. This emission is primarily 
caused by the EID dataset “Electricity, high voltage {IT}| electricity 
production, hard coal | APOS, U”, according to the Italian electrical 
energy mix, with 63.5% associated to the electric energy used for 
auxiliary devices and 25.7% linked to the operation of the laser during 
the printing process. In the category Stratospheric ozone depletion, the 
impact associated to the production of the lattice version component is 
8.06E-05 kg CFC11 eq. This impact is mainly attributed (for 79.3%) to 
the emission of dinitrogen monoxide (N2O) in air, accounting for 6.39 
E− 05 kg CFC11 eq. The process that is mainly responsible for this 
emission is “Digester sludge {GLO}| treatment of digester sludge, 
municipal incineration | APOS, U”, which is for 55.6% associated to the 
electric energy used for the auxiliary devices and for 22.5% linked to the 
functioning of the laser during the printing process. The emission of 
nitrogen oxides (NOx) in air affects the two categories of Ozone forma
tion human health and Ozone formation terrestrial ecosystem and is 
responsible, in the case of the component with the lattice geometry, for 
95.7% and 93.3% of the impacts, respectively. These emissions are 
primarily caused by high voltage electricity production from hard coal, 
which supplies the electric energy for auxiliary devices and the laser 
during the printing process. Sulfur dioxide (SO2) emissions in air mainly 
contribute to the categories of Fine particulate matter formation and 
Terrestrial acidification. The process of high voltage electricity pro
duction from hard coal is responsible for the majority of these emissions. 
In the case of the component incorporating the lattice structure, the 
latter process is associated for 25.7% to the low voltage electricity used 
during laser operation and for 63.5% to the powering of auxiliary de
vices (e.g., chiller, recirculation pump). 

Freshwater eutrophication is primarily affected by the emission of 
phosphate into water. In particular, this emission contributes 88.4% to 

Table 10 
Midpoint environmental impacts (ReCiPe, 2016; H) of 0.77 kg of bulk structure 
component and 0.72 kg of lattice structure component, both manufactured with 
L-PBF technology with AlSi10Mg alloy.  

Impact category Unit Bulk 
version 

Lattice 
version 

Global warming kg CO2 eq 9.63E+01 1.19E+02 
Stratospheric ozone depletion kg CFC11 

eq 
6.45E-05 8.06E-05 

Ionizing radiation kBq Co-60 
eq 

1.82E+01 2.37E+01 

Ozone formation, Human health kg NOx eq 1.90E-01 2.30E-01 
Fine particulate matter formation kg PM2.5 eq 1.38E-01 1.66E-01 
Ozone formation, Terrestrial 

ecosystems 
kg NOx eq 1.95E-01 2.36E-01 

Terrestrial acidification kg SO2 eq 3.50E-01 4.26E-01 
Freshwater eutrophication kg P eq 5.28E-02 6.40E-02 
Marine eutrophication kg N eq 4.87E-03 5.83E-03 
Terrestrial ecotoxicity kg 1,4-DCB 5.90E+02 6.22E+02 
Freshwater ecotoxicity kg 1,4-DCB 9.25E+00 1.00E+01 
Marine ecotoxicity kg 1,4-DCB 1.24E+01 1.33E+01 
Human carcinogenic toxicity kg 1,4-DCB 1.40E+01 1.55E+01 
Human non-carcinogenic toxicity kg 1,4-DCB 2.08E+02 2.25E+02 
Land use m2a crop eq 8.37E+00 9.14E+00 
Mineral resource scarcity kg Cu eq 8.20E-01 8.59E-01 
Fossil resource scarcity kg oil eq 2.79E+01 3.47E+01 
Water consumption m3 2.88E+00 3.62E+00  

Fig. 7. Relative impacts of the midpoint analysis.  
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the value of 6.40E-02 kg P eq, which is characteristic of the production 
of the component with the lattice structure. The Ecoinvent dataset “Spoil 
from lignite mining {GLO}| treatment of, in surface landfill | APOS, U” 
contributes significantly (52.1%) to this emission and is 58.8% related to 
the production of argon consumed during the printing process. Terres
trial ecotoxicity category is mainly influenced by the emission of copper 
ions into the air. In the case of the lattice geometry, this emission con
tributes to 68.9% of the total impact of 622 kg of 1,4-DCB. It is primarily 
caused by brake wear emissions from lorries in connection with the 
transport of raw materials. The emission of copper ions in water, on the 
other hand, is responsible for the highest impact in the categories 
Freshwater and marine ecotoxicity. This water emission is mainly a 
consequence of the process “Scrap copper {Europe without 
Switzerland}| treatment of scrap copper, municipal incineration | APOS, 
U”, which in the case of the lattice version of the studied automotive 
component is ascribed by 43% to powder production (including recycled 
powder) and by 25.8% to the electrical energy for auxiliary devices. 
Other categories, such as Human carcinogenic toxicity and non- 
carcinogenic toxicity, are predominantly impacted by the emission of 
chromium VI and zinc in water, respectively. Mineral resource and fossil 
resource scarcity are influenced by the usage of iron and natural gas, 
respectively. Iron is particularly related to the EID process “Iron ore, 
crude ore, 46% Fe {GLO}| iron ore mine operation, 46% Fe | APOS, U’’, 
which is used for powder production, while the natural gas consumption 
is related to the IT electrical energy mix, in particular for the EID process 
“Natural gas, high pressure {RU}| natural gas production | APOS, U”, 
which is included in the Italian electrical energy mix. The consumption 
of 422 m3 of water of natural origin (specifically Water, turbine use, 
unspecified natural origin IT) represents the main contribution to the 
Water consumption category in the case of the lattice version of the 
component. This substance is primarily associated with the Italian 
electricity mix, which also relies on hydroelectricity sources. However, 
this process is considered as recovered water as it emits 44.99 m3 of 
water per 1 kWh generated. 

By performing the endpoint analysis, the damage-oriented results 
listed in Table S26 in the Supporting Information section are obtained. 
They can then be categorised into the damage categories considered by 
the chosen method, namely Human health (expressed in DALY), Eco
systems (expressed in species⋅yr) and Resources (expressed in 
USD2013). As expected, the potential endpoint environmental impacts 
associated with the lattice-based geometry are higher than for the bulk 
version of the automotive part, regardless of the damage category 
considered. 

In order to facilitate a comprehensive comparison between the two 
design solutions, their environmental repercussions are quantified and 
expressed in a single score, represented by eco-indicator points (Pt). The 
single score serves as a metric for assessing the impact of a specific 
process and notably, higher values of Pt correspond to more severe 
environmental impacts. Calculation of Pt involves normalization and 
weighting operations, which enable a meaningful evaluation of the 
environmental consequences related to each design solution. The ob
tained single score results are reported in Fig. 8 and detailed in Table 11. 

The single score results clearly demonstrate that the production 
process involving the lattice structure, despite achieving a reduction in 
mass, results in an increased (+18%) environmental impact with respect 
to the original design solution. Specifically, the lattice structure yields a 
damage of 5.64 Pt, while the original geometry exhibits a comparatively 
lower environmental impact of 4.79 Pt. Regardless of the geometry 
considered for the automotive component, the most affected damage 
category is Human health, contributing in both cases contributes to 
more than 95% of the total impact expressed in Pt. The impact categories 
that mainly contribute to this damage category are Fine particulate 
matter formation and Global warming, Human health, for whose effects 
sulfur dioxide and carbon dioxide of fossil origin are the main air 
emissions responsible. These two emissions are mainly associated with 
the Ecoinvent dataset “Electricity, high voltage {IT}| electricity 

production, hard coal | APOS, U”, which confirms that the increased 
electricity demand for the production of the lattice geometry is the main 
cause of the higher environmental impact. By analysing the single 
automotive component in which the lattice structure is integrated, it is 
possible to determine and quantify the role of the different sub-processes 
for the previously reported single score of 5.64 Pt. These contributions 
are illustrated in Fig. 9, which shows evidently that the process with the 
most significant environmental repercussions is the one associated to 
powder production, followed by the overall amounts of electricity and 
argon gas employed during PBF-LB/M. Further investigation, in which 
the production of AlSi10Mg powder is modelled, reveals that the alloy- 
forming process represents the primary factor contributing to the envi
ronmental impact in general. Nonetheless, owing to the characteristic 
features of the technology, a substantial portion of the raw material can 
be effectively reused in following jobs, thereby generating an advanta
geous outcome despite the resultant impact. 

Lastly, although this analysis adopts a cradle-to-gate approach, 
focusing primarily on the production of raw materials and 
manufacturing technology, it is important to briefly evaluate the po
tential impact that arises during the use phase of the two different design 
solutions when implemented in an automotive system. The development 
of lightweight components leads to a reduction in the overall weight of 
the assembly and thus to a reduction in energy consumption, expressed 
in terms of fuel saving during the use phase (Salonitis et al., 2019; 
Priarone et al., 2023). Nevertheless, as noted by Salonitis et al. (2019), 
the benefits in the subsequent phase only become visible after a certain 
vehicle driving distance, defined as the break-even distance, when the 
design is characterised by a significant consumption of energy and pri
mary resources in the manufacturing phase. These considerations are 
extended to the present case study, taking into account the imple
mentation in a diesel system. It is found that the lightweight lattice 
component only surmounts the initial higher impact compared to the 
bulk solution after 3.5 × 106 km travelled by the vehicle, which is 
irrelevant for conventional vehicle use. Similar considerations apply to 
the end-of-life scenario, as the mass saving is too small to provide a 

Fig. 8. Eco-indicator points of the two versions of the case study.  

Table 11 
Eco-indicator points evaluated for the two variants.  

Damage category Unit Bulk version Lattice version 

Human health Pt 4.59 5.39 
Ecosystems Pt 0.14 0.17 
Resources Pt 0.06 0.07 
Total Pt 4.79 5.64  
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significant advantage given the impact of the production phase. 

5. Conclusions 

The present study aimed to investigate the relationship between 
design choices for additive manufacturing technologies and the result
ing impact on productivity and environmental sustainability. To achieve 
this, a cradle-to-gate analysis was conducted using the ReCiPe2016 
method. Specifically, a comparative analysis was conducted on two 
design solutions for a component intended for automotive applications: 
the first design featured a topological optimization and a solid bulk 
section throughout the whole volume, while the second design was 
characterized by an additional weight reduction through the integration 
of lattice structures. The main findings are the following.  

● The experimental investigation of the resources required for an PBF- 
LB/M job showed that the primary contributor to power consump
tion during processing is due to auxiliary devices operating simul
taneously with the laser, such as the laser chiller and the argon 
recirculation pump. 

● The analysis showed that the 6% mass saving enabled by the inte
gration of the lattice structure comes at the expense of a 36% lower 
productivity. Consequently, electricity and argon consumption also 
increase significantly in the transition to a lattice-based design.  

● The LCA analysis allowed to quantify the result in terms of final 
damage points, for which the lattice variant of the component is 
responsible of 5.6 Pt, 0.8 Pt higher than the original bulk geometry. 
Furthermore, the analyses highlighted that the majority of the 
emissions characterizing the midpoint analysis were attributable to 
the significant power consumption throughout the process. Most 
notably, emissions associated with powder, whose production pro
cess has the greatest impact within the cradle to gate cycle, were 
mitigated due to the significant amount of recycled powder that 
could be effectively reused in subsequent operations. 

The research has shown that lattice geometries, generally touted as 
green solutions, can instead have a negative impact on sustainability due 
to longer building times and a high impact of auxiliary devices, which 
are usually disregarded. In the case of PBF-LB/M, a reduction in the mass 
of components is not automatically associated with better sustainability. 
It is essential to take into account how the mass is distributed in the 
slices, because in mesh-like structures the consolidation of numerous 
tiny areas has an extremely negative impact on the job duration. For 
innovative topologically optimized structures, lightweight construction 

and structural properties must be balanced with productive and envi
ronmental aspects. 
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