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Abstract

Metal Additive Manufacturing (AM), and particularly Wire Arc Additive Manufacturing
(WAAM), opens new opportunities for steel structures by enabling efficient, reliable,
and material-saving solutions with reduced environmental impact. The AEC sector
is starting to adopt WAAM for full-scale structural elements, benefiting from its de-
sign freedom. However, tailored design approaches are needed to fully harness its
potential and realize geometries unachievable with conventional methods. This
study evaluates the environmental performance of a novel steel structural element
featuring a Tubular Sandwich Section (TSS), fabricated using WAAM. The TSS,
which defines the section of the structural element, consists of inner and outer cyl-
inders connected by internal spokes, providing improved radial strength and better
alignment with structural requirements. Its performance is compared to that of a
conventional Circular Hollow Section (CHS), manufactured through cold forming
with equivalent diameter and radial capacity. A cradle-to-gate analysis shows that
WAAM enables a lighter and more sustainable alternative, highlighting its promise
in reducing the carbon footprint of the construction sector.
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1 Introduction

The construction sector plays a crucial role in economic
development but is also among the most environmentally
intensive industries, contributing to 37% of global emis-
sions related to material production [1,2]. A major share
of this impact comes from the steel industry, responsible
for approximately 3.6 Gt of CO2 emissions in 2019, over
8% of global energy use [3]. Although energy efficiency
has improved, current progress remains insufficient to
meet Net Zero Emissions targets by 2050 [4].

In response, sustainable manufacturing practices are gain-
ing importance. Metal Additive Manufacturing (AM), and in
particular Wire Arc Additive Manufacturing (WAAM), has
emerged as a promising alternative to conventional pro-
duction processes, enabling significant improvements in
material efficiency and geometric freedom [5]. WAAM uses
an electric arc to melt wire feedstock, depositing material
with deposition rates up to 9.5 kg/h, with less material
waste, near-total material utilization, and good quality of

the outcomes in terms of geometrical and mechanical fea-
tures [6-9].

In structural engineering, WAAM allows for the fabrication
of complex and performance-optimized geometries that
are difficult to achieve using conventional methods [10].
In particular, in the offshore engineering sector, steel
structures mainly subjected to high radial pressure, such
as tubular members for offshore jackets, are convention-
ally designed and fabricated as Circular Hollow Section
(CHS), due to the advantages in terms of high strength-
to-weight ratio and good hydrodynamic performance de-
rived from by-symmetrical cross-sectional shape. On the
other hand, buckling failure may occur at high D/t ratios,
limiting their adoption.

The presented WAAM Tubular Sandwich Section (TSS)
represents a novel steel profile, which offers greater free-
dom in geometrical configuration, enabling the design of
optimized shapes characterized by enhanced buckling re-
sistance and material savings. Prototypes were manufac-
tured as a proof of concept and presented in [11], using a
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layer-by-layer deposition strategy in which successive lay-
ers of molten metal are deposited on top of each other.

This study applies a cradle-to-gate Life Cycle Assessment
(LCA) to compare the carbon footprint of two approaches:
WAAM-based manufacturing of a TSS structural element
and cold-formed manufacturing of a CHS structural ele-
ment. The objective is to quantify the carbon footprint and
assess WAAM's potential as a sustainable manufacturing
method for future structural applications.

2 TSS design

The geometrical configuration of a TSS structural element
has been introduced in [11], consisting of two cylindrical
walls connected by a number of spokes of equal length
forming triangular shapes, as shown in Figure 1, in which
the main geometrical parameters are reported. The num-
ber of geometrical parameters provides greater design
freedom.

The TSS configuration has been designed to enhance
structural performance under radial compression by inte-
grating spokes that connect the inner and outer cylinders.
The outer cylinder, which is directly exposed to radial pres-
sure, has been designed with greater thickness. On the
contrary, the inner cylinder and spokes, whose primary
function is to restrain the outer cylinder by reducing the
free buckling length (arch between consecutive spokes),
have been designed with a reduced thickness compared to
the outer cylinder.

On the other hand, the CHS structural element is charac-
terized by a cylindrical wall and fewer geometrical param-
eters, such as external diameter and thickness (Fig.2).
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Figure 1 Geometrical configuration and parameters of TSS. Adapted
from [11].
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Figure 2 Geometrical configuration and parameters of CHS. Adapted
from [11].

3 Methodology
3.1 Functional unit and system boundaries

This study evaluates the carbon footprint of the two alter-
native tubular steel elements for structural applications,
each manufactured with a different production process,
enabling a consistent comparison between conventional
cold-formed and WAAM. The two structural elements un-
der investigation are characterized by different sections:
(i) cold-formed Circular Hollow Section (CHS), and (ii)
Tubular Sandwich Section (TSS) produced using WAAM.
Mass production is assumed for both configurations.

The functional unit is defined as a tubular steel element
with a length of 2 meters and an external diameter of 1.4
m, designed to meet the same structural requirements in
terms of radial pressure capacity. This definition ensures
functional equivalence between the two geometries, ena-
bling a meaningful comparative LCA.

The CHS has a nominal thickness of 12.8 mm and repre-
sents a standard industrial component widely used in off-
shore and infrastructure applications (Fig.2). The TSS con-
figuration evaluated here includes an external wall with 6
mm thickness, an internal wall with 2 mm thickness, and
22 spokes of 2 mm thickness (Fig.1). The geometry was
developed using a blended design methodology combining
structural design, generative algorithms and WAAM-
specific manufacturing constraints [12,13]. Although the
TSS geometry analyzed in this study differs from the one
physically prototyped in [11], the carbon footprint assess-
ment is based on the same manufacturing process param-
eters, which were experimentally validated in the earlier
prototype.

The system boundaries are defined according to a cradle-
to-gate approach, encompassing all stages from raw ma-
terial extraction to the completion of the structural ele-
ment, including steel production and transformation pro-
cesses. For the CHS, the system includes raw material
extraction, transportation to the steel production facility,
cold-forming and welding to manufacture the final element
(Fig.3). Figure 4 shows the system boundaries for the
WAAM TSS, encompassing the production of welding wire
and shielding gas, their transport and use in the manufac-
turing process. The welding wire production includes raw
material extraction, hot rolling to produce wire rods, trans-
portation to the wire drawing facility to obtain the final
welding wire. The shielding gas production involves the
cryogenic separation of argon and the capture of carbon
dioxide as by-product.

WAAM-specific steps, including energy use and material
losses during deposition, are discussed in detail in the Sec-
tion 3.2.
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Figure 3 System boundaries of cold-formed CHS structural element.
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Figure 4 System boundaries of TSS WAAM structural element.

3.2 Inventory analysis

The cradle-to-gate analysis is conducted differently for the
two structural elements. The Global Warming Potential
(GWP), expressed in terms of kilograms of CO2-equivalent
(kgCO2eq), is adopted to quantify the carbon footprint of
each production route.

Information on the cold-formed CHS was obtained from
Environmental Product Declarations (EPDs) specific to CHS
production, available through the Building Transparency
database [14]. These EPDs report GWP values based on
the aggregated inputs and outputs involved in the manu-
facturing of CHS structural elements.

In contrast, no EPDs are currently available for WAAM-
produced elements. Therefore, a process-based approach
was adopted, considering the direct inputs to the WAAM
process, including welding wire, shielding gas and electric-
ity consumed by welding and robotic movement, as well
as outputs, such as the WAAM TSS element and associated
metal material losses, detailed in Section 3.2.2.

3.2.1 Cold-formed CHS structural element

The production of the CHS steel structural element
through cold-forming involves raw material sourcing, steel
coil processing and shaping into circular profiles. The pro-
cess includes slitting, cold-rolling and welding steps, ac-
counting for energy and material inputs.

For the carbon footprint assessment, data were sourced
from EPDs, considering the cradle-to-gate approach and
including emissions from raw material extraction to the fi-
nal manufacturing stage. To reflect geographic variability,
EPDs from European and Asian producers were consid-
ered, referring to the available ones, and an average value
was used for comparison with the WAAM TSS production.

3.2.2 WAAM TSS structural element

This study evaluates the carbon footprint of producing the
WAAM TSS structural element at AITIIP Centro Tecno-
l6gico (Zaragoza, Spain) [11]. The set-up included Fronius
TPS 400i power source with WF 60i Robacta CMT torch,
Yaskawa GP50 robotic arm and SanArc C8 shielding gas
provided by Nippon Gases. The welding wire used was
ER70S-6 Ultramag of 1.2 mm, supplied by Lincoln Electric
[15-19].

The production chain involves multiple stages. The main
process inputs are electricity, welding wire and shielding
gas, outputs include the manufactured TSS element, ma-
terial losses (trimming scrap, welding spatter, and cut
wire) and emissions associated with energy use and trans-
portation. The subplate used during deposition is not in-
cluded in the system boundaries, as it is reused across
multiple production cycles.

The initial steps include the production of welding wire and
shielding gas, as key inputs for the WAAM process. Wire
production comprises raw material extraction, hot rolling
to obtain steel wire rods, and subsequent wire drawing to
achieve the final welding wire diameter (typically ranging
between 0.8 mm and 1.2 mm). Carbon footprint data for
welding wire production were sourced from technical data
sheets and manufacturer sustainability reports [18,19]. In
parallel, shielding gas is produced by mixing 92% argon,
obtained through cryogenic air separation, and 8% carbon
dioxide, typically recovered as a by-product from other in-
dustrial processes, followed by purification and compres-
sion into refillable steel cylinders for distribution. Carbon
footprint data for shielding gas were obtained using the
ecoinvent database [20].

Both welding wire and shielding gas are transported to the
WAAM facility, where the additive deposition takes place.
Transportation emissions were estimated considering typ-
ical transport modes (e.g. truck > 32t EURO4 and rail),
based on distances from production sites (Germany and
Spain for welding wire and shielding gas, respectively) to
the WAAM facility in Spain, using emission factors sourced
from Granta EduPack 2023 R2 [21].

Energy consumption for WAAM includes both welding and
robotic movement, with values estimated from equipment
specifications and process parameters. A European aver-
age electricity emission factor of 0.17 kgCO2eq/kWh was
used, reflecting a grid mix of 39% fossil fuels, 39% renew-
ables, and 22% nuclear [22].

Material losses across the production chain were modeled
using utilization rates: 0.95 for hot rolling, based on the
average value reported in Granta EduPack 2023 R2 [21],
0.90 for wire drawing, and 0.99 for WAAM, to account for
material losses [3]. As a result, 1.18 kg of steel is required
to produce 1 kg of the WAAM TSS structural element.
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4 Results

The carbon footprint associated with the production of the
cold-formed CHS and WAAM TSS structural elements were
quantified and illustrated in Figure 5. The average GWP for
CHS production was determined by analyzing data from
nine European and Asian producers through available
EPDs, to account for production variability across different
continents, resulting in an average GWP of 2.46 kgCOzeq
per kg of CHS. In contrast, the WAAM TSS production ex-
hibits a higher impact per unit of mass, with a GWP of 2.59
kgCO2eq per kg of WAAM printed material. This represents
an approximate 5.3% increase in GWP per kg compared
to CHS. However, due to its high structural efficiency with
an optimized configuration, the TSS significantly reduces
total mass. Specifically, it weighs approximately 17% less
than the CHS counterpart while ensuring equivalent struc-
tural performance. As a result, the WAAM TSS exhibits a
lower overall carbon footprint, amounting to a 13% reduc-
tion in total COz2-equivalent emissions compared to the
CHS (Fig.5).

The breakdown of carbon emission sources highlights that
the most impactful stages in the WAAM TSS production are
material supply with 68%, accounting for welding wire and
shielding gas, and the WAAM manufacturing itself with
27%, with the remaining contribution provided by
transport (Fig. 6). The wire’s impact represents more than
half of the material supply’s impact and is primarily linked
to upstream steel production, which has been assumed to
reflect a 50% allocation to each route (such as blast fur-
nace and electric arc furnace) based on the CO2-emission
targets stated in the company report [19].
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Figure 5 Carbon footprint of cold-formed CHS and WAAM TSS struc-
tural elements.

5 Conclusion

This study presents the comparative LCA conducted on the
novel TSS structural element manufactured using WAAM
and conventional cold-formed CHS structural element.
WAAM offers advantages in manufacturing highly efficient
structural elements with complex cross-sections that are
either unfeasible or extremely labor-intensive using con-
ventional methods. This enables the development of novel
structural configurations with greater design freedom, al-
lowing for significant material savings. Therefore, despite

the higher GWP per kg of WAAM printed material, the car-
bon footprint of the WAAM TSS structural element is lower
compared to the cold-formed CHS counterpart, character-
ized by the same structural performance in terms of radial
compression. As a consequence, WAAM is assessed as a
potential sustainable manufacturing method for future
structural applications.

Manufacturing (27%)

Transport (5%)

Material Supply (68%)

Figure 6 Pie chart of the carbon emission contributions of WAAM TSS
structural element.

The highest carbon emission source in the WAAM TSS pro-
duction is associated with the welding wire production,
which is responsible for more than half the material sup-
ply’s impact. In particular, the steel production remains
partially dependent on conventional blast furnace routes.
A transition toward fully electric arc furnace (EAF) produc-
tion, coupled with a renewable energy supply, could sig-
nificantly reduce emissions at this stage.

Similarly, the energy required for WAAM, specifically for
welding and robotic movement, accounts for a substantial
portion of the total impact. Since these operations are
electricity-intensive, adopting a cleaner, more renewable
energy mix would result in a meaningful decrease in emis-
sions. This underlines the importance of energy source de-
carbonization for both upstream material processing and
WAAM manufacturing operations.

Future studies will aim to expand the dataset, particularly
by including a broader range of welding wire producers.
Currently, data availability for wires with diameters be-
tween 0.8 mm and 1.2 mm is limited, yet this component
represents the most impactful contribution to the carbon
footprint of the WAAM TSS structural element. Additional
shielding gas producers and a wider range of gas mixture
compositions will also be considered to generalize the car-
bon footprint assessment beyond the specific case of the
92% argon and 8% carbon dioxide mixture.

Further refinements will address the electricity consump-
tion associated with robotic movement. The current esti-
mation is based on the rated power reported in technical
datasheets, which may overestimate actual electricity con-
sumption during WAAM operations, as it does not reflect
real operating conditions. Future analyses will focus on
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measuring the actual energy use during WAAM operations
to provide a more accurate and representative carbon
footprint assessment.

The extended methodological approach will be validated
through additional case studies to confirm its applicability
and robustness across different production scenarios.
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