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Wire arc additive manufacturing (WAAM) enables the production of structural components with topologically
optimised geometries thus leading to significant self-weight reductions for a given load-carrying capacity. A
common question arises regarding the environmental performance of WAAM structural components in com-
parison with conventional steel structural components. Thus, a comparative cradle-to-gate life cycle assessment
has been conducted where the environmental impact of producing a topologically optimised WAAM steel beam is
compared with that of producing a conventional hot-rolled steel I-beam. The beams are 2 m long, simply-
supported and loaded vertically at midspan. The impact of using either carbon steel or stainless steel is inves-
tigated. The results demonstrate that the carbon steel and stainless steel WAAM beams have 7% and 24%,
respectively, lower climate change impact than the corresponding I-beams. It is concluded that WAAM can lead
to lower CO»-eq. emissions than conventional hot-rolling, provided that mass reductions of the order of 50%
(which are readily attainable) can be achieved by employing WAAM in conjunction with, for instance, topology
optimisation. Furthermore, it is shown that the shielding gas contributes greatly to the environmental impact of
WAAM, and that, by using higher deposition rates or by utilising renewable energy sources, the impact of WAAM

can be reduced by more than 30%.

1. Introduction

Globally, the total CO, emissions attributed to the iron and steel
sector in 2019 amounted to approximately 3.6 Gt, with the sector ac-
counting for more than 8% of the total energy use (IEA, 2020). Each
tonne of crude steel results in approximately two tonnes of total COy
emissions (IEA, 2020), of which 74%, 17% and 9%, respectively,
correspond to the production, forming and fabrication of the final
products (Allwood et al., 2010). With the aim to move the industry to-
wards a ‘net zero’ future, interest has been growing for disruptive
technologies that can reduce the environmental footprint of steel
products and that can be implemented at the scale of the construction
industry (Baumers et al., 2016).

Metal additive manufacturing, also referred to as metal 3D printing,
is a rapidly evolving technology allowing the manufacture of
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geometrically complex and high-precision metal components that are
not technologically or economically feasible with conventional shaping
techniques, such as casting and forming (Gardner, 2023; Kanyilmaz
et al., 2022; Liu et al., 2021; Tofail et al., 2018). Owing to the reduced
wastage, easier customisation, higher material efficiency and shorted
lead times it offers (Bekker and Verlinden, 2018; Ding et al., 2015;
Huang et al., 2013; Wu et al., 2018b), metal additive manufacturing
opens up a promising new path towards reducing the environmental
impact of the steel sector.

Several metal additive manufacturing methods exist currently; those
deemed most suitable for the construction industry are powder bed
fusion and directed energy deposition (Buchanan and Gardner, 2019;
Haghdadi et al., 2021), both of which involve the addition of metallic
material in successive layers. In powder bed fusion, a layer of metallic
powder is spread and, subsequently, selected regions are sintered, while,
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in directed energy deposition, metal is deposited directly in its final
location (Karunakaran et al., 2010). Wire arc additive manufacturing
(WAAM) is a directed energy deposition method, which, as shown in
Fig. 1(a), utilises a robotic arm, off-the-shelf arc welding equipment and
metallic wire as feedstock to produce monolithic metallic parts through
the deposition of weld material in a layer-by-layer fashion (Williams
et al., 2016).

In comparison with other metal additive manufacturing methods,
WAAM offers high deposition rates (Frazier, 2014; Singh et al., 2021;
Williams et al., 2016) that can exceed 9.5 kg/h (Martina et al., 2019) and
is considered a cost-effective method, especially for the production of
components from expensive metals, such as titanium and nickel alloys
(Ding et al., 2015; Wu et al., 2018a; Rodrigues et al., 2021; Rodrigues
etal., 2002; Zuo et al., 2022), owing to the high material efficiency, low
material costs (Williams et al., 2016) and low wastage it offers. Other
metal additive manufacturing processes, such as powder bed fusion
(Zhang et al., 2022), can offer greater geometrical refinement and hence
greater degrees of optimisation than WAAM, but at smaller scales and
lower build rates. Unlike most other metal additive manufacturing
methods where the size of the produced part is confined by the size of
the printing chamber, the ability of WAAM to produce large-scale ob-
jects makes it highly suitable for both off- and on-site applications in
steel construction (Buchanan and Gardner, 2019). Most importantly, the
geometric freedom offered by WAAM enables the production of struc-
tural components with topologically optimised geometries. To date,
several topologically optimised structural components have been pro-
duced using WAAM - for instance, the topologically optimised trusses
generated by Ye et al. (2021), an example of which is shown in Fig. 1(b),
and the Takenaka Structural Steel Connector (MX3D, 2022), shown in
Fig. 1(c). In both cases, significant reductions in material consumption
were achieved. The epitome of the new opportunities offered by WAAM
is the 10.5 m span MX3D Bridge (MX3D, 2022; New Scientist, 2021),
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shown in Fig. 1(d), which has recently been installed in central
Amsterdam following a series of verification and simulations (Gardner
et al., 2020; Hadjipantelis et al., 2020; Huang et al., 2022b; Kyvelou
et al., 2020; Kyvelou et al., 2021; Kyvelou et al., 2022).

Even though WAAM is gaining interest rapidly owing to the benefits
it can offer in construction applications in terms of scale, speed and cost
(Gardner et al., 2020; Huang et al., 2022a), a common question arises
regarding the environmental performance of WAAM compared to con-
ventional steel manufacturing processes, such as hot-rolling. While
WAAM enables the production of topologically optimised structural
components leading to significant material savings, it also involves
additional production stages, e.g. wire drawing and arc welding, and
thus additional energy inputs relative to conventional production pro-
cesses. Commonly asked questions are thus:

i. What are the environmental impacts of using WAAM in con-
struction applications?

ii. How much material savings must be achieved in order for WAAM
to have lower environmental impacts than conventional steel
manufacturing?

iii. Which are the key parameters controlling the environmental
performance of WAAM?

Hence, in order to answer the above questions, this work investigates
WAAM from a life cycle environmental perspective and determines how
its environmental performance compares with that of conventional
methods used to produce steel structural components.

Only a few studies have assessed the environmental implications of
using additive manufacturing technologies specifically in construction
(Saade et al., 2020); such studies include the works of Agusti-Juan and
Habert (2017), Agusti-Juan et al. (2017) and Esposito Corcione et al.
(2018). However, all of these studies express the embodied carbon of

Fig. 1. (a) Principal components of a WAAM system. Examples of the application of WAAM in construction: (b) Topologically optimised WAAM cantilever under
structural testing at Imperial College London; (c) The Takenaka Structural Steel Connector; (d) The MX3D Bridge in Amsterdam. Source: MX3D (2022).



LH. Shah et al.

structural elements per unit area - i.e., a functional unit of m? was used,
which is arguably a poor functional unit since it neglects structural
properties (e.g. load-bearing resistance). Investigations that have studied
the environmental impact of metal additive manufacturing in general
include (Serres et al., 2011; Bourhis et al., 2013; Peng et al., 2017;
Bekker and Verlinden, 2018; Liu et al., 2018; Priarone et al., 2018;
Priarone et al., 2020; Campatelli et al., 2019; Dias et al., 2022; Kokare
et al., 2023). However, only a handful of investigations have focused on
the environmental performance of WAAM specifically. Campatelli et al.
(2019) compared the total energy demand involved in an integrated
additive-subtractive process, where WAAM is followed by a milling
operation in order to achieve the desired surface finish, with that of a
purely subtractive process (conventional milling) for the production of a
single steel blade. The results demonstrated that the integrated
additive-subtractive process can have a lower environmental impact
than the purely subtractive process owing to the fact that the higher
energy demand of the WAAM process can be compensated by the high
material savings it offers in comparison with machining. By adapting the
framework proposed by Priarone et al. (2019), Priarone et al. (2020)
performed a cradle-to-gate life cycle assessment to compare the envi-
ronmental impacts of three industrial WAAM components, namely an
aerospace titanium bracket, a cantilever steel beam and an aerospace
aluminium frame, when manufactured using a WAAM-based approach
or using machining. It was concluded that the WAAM-based process can
lead to sustantial reductions in energy usage and CO5-eq. emissions and
that the feedstock material production is the dominant contributor to its
environmental impact. Dias et al. (2022) conducted a cradle-to-gate
analysis to compare the environmental impact of using WAAM to pro-
duce a case study part in comparison with that of machining from solid.
By considering ReCiPe endpoints, Dias et al. (2022) demonstrated that
the benefit of using WAAM originates from the high material efficiency
and low wastage it offers. Kokare et al. (2023) evaluated the environ-
mental performance of WAAM by means of a cradle-to-gate life cycle
assessment of a single steel wall. The environmental performance of
WAAM was compared with that of laser powder bed fusion and com-
puter numeric control (CNC) milling, demonstrating that, for the case of
the studied steel wall, WAAM had a 55% higher environmental impact
than CNC milling. However, it was suggested that, in the case of more
complex geometries, such as the case studied in the present paper,
WAAM can potentially have a lower environmental impact than CNC
milling. Bekker and Verlinden (2018) conducted a cradle-to-gate life
cycle assessment utilising a mass-based functional unit to compare the
environmental impact (expressed in terms of ReCiPe midpoints and
endpoints) of WAAM stainless steel with more conventional production
techniques, such as green sand casting and CNC milling. Bekker and
Verlinden (2018) concluded that (i) the environmental impact of WAAM
is of similar scale to that of conventional manufacturing techniques, and
that (ii) it is directly correlated to the mass of the product since the
largest percentage of the environmental damage originates from the
stainless steel itself. Hence, it was concluded that, through the appli-
cation of topology optimisation, WAAM can offer opportunities for re-
ductions in the environmental impact of steel components.

With the aim to investigate the environmental performance of
WAAM in construction applications, the present study conducts, for the
first time, a comparative environmental life cycle assessment of wire arc
additively manufactured structural members and conventional hot-
rolled structural members. In contrast with the aforementioned
studies, which utilised either an area- or a mass-based functional unit,
the present study takes into account the function and load-carrying ca-
pacity of the considered structural element (Purnell, 2012), by nor-
malising the embodied carbon in the beam with respect to its
load-carrying capacity for a given span. The life cycle performance of
WAAM is assessed by comparing the environmental impact of the pro-
duction process of a topologically optimised WAAM beam with that of a
conventional hot-rolled steel I-beam, with the two beams having the
same load-carrying capacity and span. A centrally loaded beam was
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chosen as the focus of the present study owing to its ubiquitous nature
and general applicability across the construction industry. The envi-
ronmental impact of using either carbon steel or stainless steel is
investigated. Carbon steel was studied since it is the most widely used
metallic structural material. Stainless steel was studied since, owing to
its desirable durability, aesthetic appearance and structural properties,
it has been gaining increasing usage over the last thirty years (Baddoo,
2008) in structural applications (Gardner, 2019), particularly in
demanding environments. Further information on the use of stainless
steel in construction is provided by Gardner (2005, 2008, 2019), Baddoo
(2008) and Walport et al. (2022). In the last twenty years, the behaviour
and design of stainless steel I-section structural members, such as that
studied herein, has been investigated extensively — recent studies
include those by Bu and Gardner (2018, 2019), Kucukler et al. (2020),
dos Santos and Gardner (2020), Yang et al. (2019) and Xing et al.
(2021).

This paper presents a cradle-to-gate life cycle assessment to investi-
gate the environmental impact of producing (i) a carbon steel I-beam,
(ii) a topologically optimised carbon steel WAAM beam, (iii) a stainless
steel I-beam, and (iv) a topologically optimised stainless steel WAAM
beam. Following the description of the adopted methodology, the results
corresponding to eighteen midpoint impact categories, which represent
different types of environmental issues, are reported and analysed.
Comparisons between the four studied cases are made and conclusions
regarding the influence of key parameters on the environmental per-
formance of WAAM are drawn. Specifically, the influences of mass
savings, deposition rate and electricity mix are investigated.

2. Methodology
2.1. Functional unit

Conventional steel production is represented by a standardised hot-
rolled UB 203 x 133 x 25 prismatic I-section beam (British Steel,
2018), as shown in Fig. 2(a), referred to as the ‘I-beam’ herein. WAAM is
represented by the topologically optimised truss shown in Fig. 2(b) and
referred to as the ‘WAAM beam’ herein. The WAAM beam comprises
circular tubular cross-sections of variable thickness and diameter and
has been generated by Ye et al. (2021), who developed an automated

(a) I-beam
P=172kN
l r A A-A
LA
|« 2m »|
(b) WAAM beam
P=172 kN

|« 2m >

Fig. 2. (a) Conventionally produced steel I-beam and (b) topologically opti-
mised WAAM beam (Ye et al., 2021) with the same span (2 m) and target load
(172 kN).
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end-to-end framework that combines optimisation techniques and
WAAM to design and produce high-performance additively manufac-
tured structures. The geometry of the WAAM beam was obtained
through a numerical layout and geometry optimisation technique
considering practical and manufacturing constraints, as well as a 400 x
2000 mm design domain, simply-supported boundary conditions and
vertical downwards loading at midspan. The topologically optimised
WAAM beams, including the simply-supported beam studied herein,
have been produced by MX3D (2022) as specimens for an experimental
programme conducted at Imperial College London; the optimised
WAAM cantilever is shown in Fig. 1(b).

Both beams are 2 m long, simply-supported and carry a vertical
design load P at midspan. As frequently the case in floor and roof sys-
tems, it is assumed that sufficient lateral restraint is provided to the
beams, such that no out-of-plane deformations can occur; ie., lateral
torsional buckling is prevented and thus the design is governed by the in-
plane bending capacity of the beams. As discussed by Ye et al. (2021),
the two chosen beams can achieve the same target load P = 172 kN and
thus have the same bending moment capacity. The geometry of the
WAAM beam was defined by means of a topology optimisation process
(Ye et al., 2021), by which the WAAM material was placed at the loca-
tions where it is more effective. As a result, the WAAM beam is 53%
lighter than the I-beam. Specifically, the mass of the I-beam and WAAM
beam is 50.2 kg and 23.6 kg, respectively; i.e., the WAAM beam has a
capacity-to-mass ratio that is 2.13 times that of the I-beam (Ye et al.,
2021). Similar ratios were determined by Bruggi et al. (2021) and Laghi
et al. (2022).

The functional unit is a steel beam of 2 m span and target load of P =
172 kN applied vertically downwards at midspan. Since the I-beam and
WAAM beam have the same span and load-carrying capacity, the
functional unit caters for both length and strength requirements (Pur-
nell, 2012), thus making direct comparisons between the two beams
realistic and relevant to industrial applications. Furthermore, the envi-
ronmental impacts associated with using two different steel alloys,
namely carbon steel (modelled as Grade S355) and stainless steel
(modelled as austenitic Grade 304), are examined. This is performed for
both the I-beam and the WAAM beam; hence, in total, four different

(a) Carbon steel I-beam
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inventory analysis models are developed herein.

2.2. System boundaries

A cradle-to-gate analysis has been conducted for the purposes of the
present study, i.e., the system boundaries included processes from ma-
terial production to the completion of the product manufacture, which
was assumed to take place in the United Kingdom. Hence, the produc-
tion and maintenance of machinery and equipment, the collection and
transport of steel scrap, all the steps following manufacturing, such as
the transportation of the products from the factory to the end user, and
the maintenance and end-of-life management of the beams were not part
of the analysis. Four product systems were considered herein, as shown
in Fig. 3(a)—(d). As described in more detail below, the production of the
I-beams includes the unit processes of steel production, hot-rolling,
fabrication and finishing, while the unit processes for the production
of the WAAM beams include additionally the unit processes of wire
drawing and WAAM printing.

2.3. Inventory analysis and modelling approach

The analysis was conducted using the OpenLCA software (Green-
Delta, 2020), while the ecoinvent database v3.4 (ecoinvent, 2020) was
utilised for the steel production, hot-rolling, wire drawing and welding
processes. Direct inputs in the WAAM process included the metallic
wire, shielding gas, and electric power, while outputs included welding
spatter, welding fumes and the produced WAAM beam. Electricity
consumption was modelled based on the electricity mix in the United
Kingdom as of September 2021, comprising 42% natural gas, 18% wind,
16% nuclear, 10% imports, 5% solar, 5% biomass, 2% coal, 1% hydro
and 1% storage (National Grid, 2021). The modelling approach adopted
for each unit process is described in the following sub-sections.

2.3.1. Steel production and hot-rolling

The steel production process is common to all four cases and includes
raw material extraction and preparation, reduction of iron ore to liquid
iron in a furnace, introduction of oxygen and recycled scrap steel,

r— T T T T |
| |
| - R Finishing I
| Steel production Hot-rolling : Carbon steel |
[ Carbon steel > Hot-rolled I-sections > Sanq blasn_ng_ > I-beam |
| Protective painting |
b )
(b) Carbon steel WAAM beam
P TTTTtttTTTTTTTTTTTTTTTTTTm T T T 1
: AN Finishing |
| Steel production Hot-rolling Wire drawing Arc welding : Carbon steel |
: Carbon steel > Rods > 1 mm diameter wire > Shielding gas > Prostztzlgfelas:iﬁﬁn > WAAM beam |
| (82%Ar / 18% CO,) pamimg :
]
(c) Stainless steel I-beam
Tttt T T T T T T |
| |
: |

Steel production Hot-rolling Stainless steel |
: Stainless steel > Long plates > I-beam :
| |
| |
S —— d
(d) Stainless steel WAAM beam
T e T S SIS S O D s
: WAAM :
| Steel production Hot-rolling Wire drawing Arc welding Finishing Stainless steel |
: Stainless steel > Rods > 1 mm diameter wire Shielding gas > Sand blasting > WAAM beam :
| (98%Ar / 2% CO,) |
| |

Fig. 3. System boundary and unit processes considered in the production of the I-beam and the WAAM beam; the black arrows represent the reference flows.
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introduction of additives to form the desired steel grade, and continuous
casting. In the developed models, carbon steel was modelled based on
the ecoinvent process ‘market for steel, unalloyed’ and stainless steel
was modelled based on the ecoinvent process ‘market for steel, chro-
mium 18/8’; the processes adopt chemical compositions that are similar
to steel S355 grade and 304 stainless steel, respectively, which are
widely used in construction. Following the production of both carbon
steel and stainless steel, hot-rolling was modelled as a separate unit
process based on the ecoinvent process ‘hot-rolling, steel’.

2.3.2. Production of I-beams

In contrast to carbon steel I-beams, which are typically rolled from
steel blooms, stainless steel I-beams are typically fabricated through the
welding of individual plates. Standard Metal Inert Gas (MIG) welding
has been assumed herein. The production of the carbon steel I-beam
included sand blasting, which is required to clean the surface of the
beam, and protective painting, which is required to provide corrosion
protection. Sand blasting was modelled using the process ‘fine
machining’ based on CES Edupack 2019 data (Granta Design, 2019),
while the protective painting process was modelled based on the
ecoinvent process ‘solvent-borne alkyd paint’. Sand blasting and pro-
tective painting were assumed only for the carbon steel beam.

2.3.3. Production of WAAM beams

The raw material for WAAM is standard welding wire. The wire is
produced using wire drawing which is a metalworking process where
the cross-section of a steel rod is gradually reduced through a series of
drawing dies. For both the carbon steel and stainless steel welding wire,
drawing was modelled using the ecoinvent unit process ‘wire drawing,
steel’, assuming a wire rod of diameter ranging between 5.5 mm and 16
mm being drawn to 1.0 mm diameter wire.

In WAAM printing, welding is used in conjunction with a robotic arm
to deposit the metallic material in a layer-upon-layer fashion. For the
purposes of the present study, welding was modelled manually assuming
a deposition rate of 2 kg/h, which is at the upper end of the range of
deposition rates utilised during the printing of the MX3D Bridge
(Gardner et al., 2020). As described in detail in Section 4.2, for a
deposition rate of 2 kg/h, the energy consumed by the welding process
per kilogram of printed material has been taken as 1.97 kWh. Note that
the interlayer dwell time (i.e., the time period between layers during
which the welding machine is idle until the previously deposited layer
has cooled down to the chosen interpass temperature) is not considered
herein; compared to the power consumption of the welding process, the
idle state power consumption is typically negligible — for instance, the
idle state power consumption of a Fronius TPS 500i power source, often
used in WAAM, is 34.1W (Fronius International GmbH, 2022), which is
less than 2% of the power consumption of the welding process modelled
herein. Also note that the idle time can be minimized by printing mul-
tiple components in parallel. According to Bekker and Verlinden (2018),
who performed empirical on-site measurements at the facilities of MX3D
(2022), the energy consumptions associated with the robot movement
and ventilation processes to produce 1 kg of steel at a deposition rate of
1 kg/h were 0.44 kWh and 0.54 kWh, respectively. Since a deposition
rate of 2 kg/h was used herein (i.e. double the deposition rate studied by
Bekker and Verlinden (2018)), the consumptions corresponding to the
robot movement and ventilation were halved to 0.22 and 0.27 kWh per
kilogram of printed material, respectively. Hence, the total energy
consumption of the WAAM process has been taken as 2.46 kWh per
kilogram of printed material. Note that, following the modelling
approach of Bekker and Verlinden (2018), the environmental impact of
the fumes emitted during the welding process were taken into account
using the values from the ‘welding arc steel’ ecoinvent process.

The WAAM welding process requires the utilisation of shielding gas
for the protection of the weld from atmospheric oxygen and moisture. In
the case of carbon steel, an 82% argon and 18% CO; gas mixture was
utilised, while, in the case of stainless steel, a 98% argon and 2% CO5, gas
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mixture was utilised. The shielding gas mixtures were modelled using
the ‘market for carbon dioxide, liquid’ and ‘market for argon, liquid’
unit processes, assuming a flow rate of 12 L/min. In the case of carbon
steel, this corresponds to 0.517 kg of Argon and 0.114 kg of CO5 per
kilogram of printed material. In the case of stainless steel, it corresponds
to 0.622 kg of Argon and 0.013 kg of CO; per kilogram of printed ma-
terial. Argon, which is the major component of the shielding gases, is
extracted from liquid air in a cryogenic air separation unit by means of
fractional distillation. Argon is recovered and typically stored, handled
and transported in liquid state, as opposed to compressed argon gas used
in the actual welding process. In the present study, argon has been
modelled in its liquid state and the impact of the upstream production
processes, such as the cryogenic air separation, which requires signifi-
cant energy inputs, has been taken into account. Additional processes,
such as vaporisation, have been assumed to have a minimal impact on
the results, and are excluded.

Sand blasting was assumed for both the carbon steel and stainless
steel WAAM beams, however, protective painting was assumed only for
the carbon steel WAAM beam.

2.3.4. Material utilisation fraction

The material utilisation fraction, which indicates the amount of
material input carried forward in each of the proceeding unit processes
after adjusting for waste and losses, is important in multi-step processes,
such as the production of steel members. In the case of the I-beams, a
material utilisation fraction of 1.0 was assumed for steel production,
implying that material losses during continuous casting are negligible.
Hot-rolling was assigned a material utilisation fraction of 0.96, taken as
the average of the values reported in CES Edu (Granta Design, 2019),
ecoinvent (2020), and Rentz et al. (1999), ie., 0.9-1.0, 0.95 and
0.94-0.99, respectively. Sand blasting was assumed to have a material
utilisation fraction of 0.99, accounting for the removal of some material
from the beam surface. Protective painting was given a material uti-
lisation fraction of 1.0 since no material is lost during this step. As shown
in Table Al in Appendix A, the material fractions translate into an input
mass of 1.04 kg per kilogram of produced I-beam - i.e., 52.21 kg are
required to produce the 50.2 kg I-beam.

In the case of the WAAM beams, as shown in Table Al in Appendix A,
steel production and hot-rolling were given the same material utilisation
fractions as in the case of the I-beams. In wire drawing, material losses
occur during the descaling process, with additional losses resulting from
cutting scrap and dust. Large variations are reported in the literature
regarding the amount of waste and losses during wire drawing. Based on
CES Edu (Granta Design, 2019) and ecoinvent (2020), which report
fractions of 0.85-0.9 and 0.96, respectively, a material utilisation frac-
tion of 0.90 was assumed herein. Welding in WAAM was assigned a
material utilisation fraction of 0.99, accounting for material losses due
to welding spatter and cut wire (Bekker and Verlinden, 2018). An
as-built surface finish has been assumed for the WAAM beams; in
comparison with mechanical and aerospace parts, in construction,
relatively high geometric tolerances are acceptable and fatigue is often
not a critical design consideration, thus machining operations to
smoothen the WAAM surface are typically not required — see, for
instance, the examples of the application of WAAM in construction in
Fig. 1(b)-(d). As shown in Table A1 in Appendix A, the material fractions
translate into an input mass of 1.18 kg per kilogram of produced WAAM
beam; i.e., 27.85 kg are required to produce the 23.6 kg WAAM beam.

2.4. Impact assessment

In the present study, the ReCiPe 2016 method at midpoint level
(following a ‘hierarchist’ interpretation) — a popular method in the ad-
ditive manufacturing literature (Saade et al., 2020) — was used for the
life cycle impact assessment. Midpoint results represent potential envi-
ronmental impacts and form the main emphasis of this study, whereas
endpoint results characterise damage to areas of protection at a more
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aggregated level (i.e., human health, ecosystem and resources) (Kalbar
et al., 2018). Eighteen midpoint impact categories are reported herein
(Table 1).

In the present study, economic allocation was used, by which bur-
dens were distributed depending on the revenues of co-products, by
means of allocation factors from the ecoinvent database and literature. A
cut-off approach was applied to deal with recycled by-products, allo-
cating the production of material to the primary (upstream) user of the
material. Hence, the benefits of recyclable products were not seen by the
primary user (e.g., steel producer) but instead came burden-free to the
secondary user (e.g., users of the recycled products) (ecoinvent, 2020;
GreenDelta, 2020).

3. Results and analysis
3.1. Overall results

Results for the four beam types considered herein, i.e. the (1) carbon
steel I-beam, (2) carbon steel WAAM beam, (3) stainless steel I-beam and
(4) stainless steel WAAM beam, are presented in this section. The ReCiPe
midpoint indicator values for all four beam types are shown in Table 1,
where it is observed that the carbon steel I-beam has higher impact than
the carbon steel WAAM beam in eight out of eighteen impact categories,
including climate change and metal depletion. The carbon steel I-beam
is nearly twice as impactful as the carbon steel WAAM beam in the metal
depletion category; this is attributed to the high (53%) material savings
achieved in the case of the WAAM beam by means of topological opti-
misation. The stainless steel I-beam has a higher impact than the
stainless steel WAAM beam in thirteen out of eighteen impact cate-
gories, including climate change, fossil depletion and metal depletion, as
well as in most of the toxicity categories.

As shown in Table 1, in the majority of categories, the stainless steel
beams were found to have higher environmental impacts when
compared with their carbon steel counterparts. This is attributed pri-
marily to the contribution of the chromium and nickel elements in the
production of stainless steel (Bekker and Verlinden, 2018; Ibbotson and
Kara, 2013). This contribution is reflected clearly in the categories of
metal depletion and toxicity (e.g., freshwater, marine, and human
toxicity). The higher environmental impact of stainless steel, however,
must be weighed against the long-term benefits it offers (Purnell, 2012),
such as corrosion resistance (Baddoo, 2008; Gardner, 2019), which leads
to lower maintenance requirements and longer design lives (Gardner
et al.,, 2007), however, these are not captured by the cradle-to-gate

Table 1
ReCiPe 2016 midpoint impact results %, °.

Journal of Cleaner Production 389 (2023) 136071

analysis conducted herein.

3.2. Contributions of unit processes

The contributions of the individual processes to climate change are
listed in Table 2. In the production of the I-beams, the contribution of the
steel production process to the total impact is 85% and 97% for the
carbon steel and stainless steel cases, respectively. Thus, from the
perspective of climate change, reducing the mass of the steel required for
a given design capacity would be highly beneficial. As demonstrated in
the present study, this can be achieved by combining topology optimi-
sation, which seeks to minimise the amount of material for a given de-
mand, with the WAAM technology, which enables the production of
geometrically complex structural components. Specifically, as shown in
Table 2, the impact of steel production in the case of the topologically
optimised WAAM beams is 56% and 49% lower than that of the carbon
steel and stainless steel I-beams, respectively. In the production of the
carbon steel WAAM beam, the contribution of steel production to the
total impact is 41%, which is similar to the 45% and 35% contributions
reported by Kokare et al. (2023) and Priarone et al. (2020), respectively.
The contribution of steel production to climate change can be reduced
further by increasing the share of recycled scrap steel in the raw material
mixture relative to primary ore-based steel. It is worth noting that the
hot-rolling and protective painting (for carbon steel) processes have
small but non-negligible contributions to the impacts of the I-beams.

As shown in Table 2, in the climate change impact category, the
carbon steel WAAM beam has been found to be 7% less impactful than
the carbon steel I-beam, with the WAAM process contributing more than
steel production to the total impact (50% specifically), thus offsetting
the entire (99%) reduction in the impact of steel production that was
achieved through topology optimisation. In the case of the stainless steel
beams, the WAAM beam was found to be 24% less impactful than the
corresponding [-beam in the climate change category. In this case, the
contribution of the WAAM process to the total climate change impact
score is lower (32% specifically), offsetting a smaller proportion (49%)
of the reduction in the impact of steel production that was achieved
through topology optimisation.

The contributing elements to the environmental impact of the
WAAM process are: (i) the electricity enabling the arc welding process,
(ii) the shielding gas comprising argon and carbon dioxide (the specific
ratio depends on whether carbon or stainless steel is welded) and (iii)
the energy required for the production of the electronics of the WAAM
system. As shown in Fig. 4, the use of shielding gas — mainly argon — has

Impact category Unit Carbon steel I-beam Carbon steel WAAM beam Stainless steel I-beam Stainless steel WAAM beam
Agricultural land occupation m?a 0.197 0.196 0.107 0.170
Climate change (GWP100)" kg CO2-eq. 117 109 248 190

Fossil depletion kg oil-eq. 31.3 31.4 65.0 52.7
Freshwater ecotoxicity kg 1,4-DCB-eq. 1.28 1.66 19.6 11.0
Freshwater eutrophication kg P-eq. 0.0537 0.0598 0.0970 0.0869
Human toxicity kg 1,4-DCB-eq. 38.3 64.5 149 124
Ionising radiation kBq Uazs-eq. 6.74 25.5 17.1 30.8

Marine ecotoxicity kg 1,4-DCB-eq. 1.23 2.07 20.2 11.7

Marine eutrophication kg N-eq. 0.132 0.229 0.297 0.320

Metal depletion kg Fe-eq. 65.3 34.8 467 249

Natural land transformation m? 0.0371 0.0199 4.80 x 107* 2.75 x 1073
Ozone depletion kg CFC-11-eq. 7.57 x 107° 8.45 x 10~° 1.30 x 10°° 1.19 x 10°°
Particulate matter kg PM;¢-eq. 0.433 0.362 1.29 0.839
Photochemical oxidant kg NMVOC 0.579 0.403 0.933 0.633
Terrestrial acidification kg SOz-eq. 0.516 0.433 1.24 0.855
Terrestrial ecotoxicity kg 1,4-DCB-eq. 0.0781 0.101 0.0375 0.0871
Urban land occupation m?a 1.09 0.741 3.18 1.90

Water depletion m?® 0.367 0.493 0.742 0.723

@ Values in bold show the highest impact when comparing the carbon steel I-beam and WAAM beam.
b Underlined values show the highest impact when comparing the stainless steel I-beam and WAAM beam.
¢ Reported using global warming potential over a 100-year horizon (GWP100).



LH. Shah et al.

Table 2
Contribution of production processes to climate change (GWP100).
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Process Carbon steel I-beam Carbon steel WAAM beam Stainless steel I-beam Stainless steel WAAM beam
(kg COz-eq.) (kg COz-eq.) (kg COz-eq.) (kg COz-eq.)

Steel production 99.7 44.3 241 124

Hot-rolling 6.96 3.10 6.99 3.53

Wire drawing - 1.94 - 2.18

WAAM - 54.8 - 59.7

Sand blasting 0.248 0.117 - 0.241

Protective painting 10.6 4.96 - -

Total impact 117 109 248 190

the greatest impact across several impact categories. In the case of
climate change, the use of shielding gas accounts for 60% of the total
impact, while the electricity utilised for the welding process accounts for
36%. The impact of argon gas is driven primarily by the highly energy-
demanding processes involved in its own production, as discussed in
Section 2.3.3. Hence, as discussed in Section 4.3, the electricity mix is
important for both the power consumed for arc welding but also for the
production of the shielding gas; potentially, utilising renewable energy
sources can mitigate the environmental impacts of both the welding
process and shielding gas production.

As investigated further in Section 4.2, the contribution of shielding
gas, which is used at a fixed flow rate typically between 12 and 18 L/
min, in the environmental impact of the WAAM process can be reduced
significantly by increasing the deposition rate of the weld material
(Bekker and Verlinden, 2018) — e.g. the volume of the consumed
shielding gas can be halved by doubling the deposition rate. Note that a
higher deposition rate would also reduce the power consumed for fume
extraction. There is, however, a trade-off between deposition rate and
printing quality, which is the subject of ongoing research.

It should be noted that the electricity consumed for welding is also
influenced by the energy efficiency of the welding machine and by the
waveform of the welding process; for instance, pulse arc welding, where
amperage is fluctuated between high and low points and which has been
assumed herein, is more energy efficient than non-pulsed arc welding.
Lastly, all the aforementioned contributions would be reduced further if
higher mass savings could be achieved through topology optimisation. A
sensitivity analysis has been conducted to investigate the most signifi-
cant considerations introduced above; the results are discussed in the
following section.

4. Influence of key WAAM parameters
4.1. Influence of mass reduction
The results presented in Section 3 correspond to the case where the

mass ratio between the I-beam and the WAAM beam is 2.13. As dis-
cussed in Section 2.1, this ratio resulted from a 53% mass reduction

achieved in the case of the WAAM beam through topology optimisation
(Ye et al.,, 2021). However, the achieved mass reductions can vary
significantly depending on the chosen design parameters. For instance,
under different end support and loading conditions, the optimisation
procedure would provide a different optimal solution for the topology of
the beam. Indicatively, in the case of a cantilever beam (shown in Fig. 1
(b)) subjected to a target edge load of 98 kN, Ye et al. (2021) reported an
I-beam to WAAM beam mass ratio of 2.24, which is higher than the mass
ratio in the case of the simply-supported beam studied herein. To
investigate the influence of the degree of mass reduction on the key
environmental impact categories, four additional analyses have been
conducted, where the mass of the WAAM beam was defined hypothet-
ically as 12.6 kg, 16.7 kg, 33.5 kg, and 50.2 kg. These mass values
correspond to steel I-beam to WAAM beam mass ratios of 4:1, 3:1, 1.5:1
and 1:1, and thus mass savings of 75%, 67%, 33% and 0%, respectively.

The results corresponding to the impact categories of climate change,
human toxicity and metal depletion in the case of the carbon steel beams
are shown in Fig. 5. The results for all categories and for the stainless
steel case are given in Appendix A, Table A3. As expected, in all cate-
gories, the higher the mass reduction (ie., the higher the I-beam to
WAAM beam mass ratio), the lower the environmental impact of the
WAAM beam relative to the I-beam. In the climate change impact
category, a break-even point at an I-beam to WAAM beam mass ratio of
2:1 is identified, leading to the conclusion that, for a deposition rate of 2
kg/h, WAAM can lead to lower CO-eq. emissions than conventional
hot-rolling when at least 50% mass savings can be achieved. In the cases
of human toxicity and metal depletion, the break-even points are at mass
ratios of 3.7:1 and 1.2:1, respectively, beyond which WAAM results in
relatively lower impacts.

4.2. Influence of deposition rate

As discussed in Section 3.2, the environmental impact of the WAAM
process is highly dependent on the deposition rate of the weld material.
Thus, the influence of the deposition rate on the environmental impact
of the WAAM process has been investigated by modelling (in addition to
the 2 kg/h case presented in previous sections) the scenarios where the
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Fig. 4. Contribution of the carbon steel WAAM process to different impacts categories.
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deposition rates are 0.5 kg/h, 1 kg/h, 5 kg/h, and 10 kg/h. Practically,
the deposition rate is directly proportional to the wire feed speed, with
deposition rates exceeding 9.5 kg/h being achievable with current
WAAM technologies, such as tandem - i.e. double wire welding — pro-
cesses (Martina et al., 2019), though printing quality can suffer and a
balance needs to be struck.

To determine the power consumption of the welding process for the
studied deposition rates, the experimental data reported by Joseph et al.
(2003) has been utilised. Using voltage and current measurements, as
well as direct calorimetric measurements, Joseph et al. (2003) investi-
gated the heat transfer efficiency of pulsed arc welding and determined
how it varied with the wire feed speed (and thus the deposition rate). In
the present study, the results corresponding to the method of ‘average
instantaneous power’, as reported by Joseph et al. (2003) and which can
be calculated as the product of corresponding instantaneous current and
voltage readings, have been utilised to determine the total power con-
sumption of the welding process for the studied deposition rates. Spe-
cifically, using the wire feed speed, travel speed and heat input values
reported by Joseph et al. (2003) and assuming a wire density of 7774
kg/m?> and an electrode efficiency of 98%, a linear relationship between
the power consumption and the deposition rate has been determined, as
shown in Fig. 6. Using this relationship, for the deposition rates of 0.5
kg/h, 1kg/h, 2kg/h, 5 kg/h and 10 kg/h, the power consumption of the
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Fig. 6. Variation of power consumption of the welding process with respect to
the deposition rate. Lines are eye guides only.
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Fig. 7. Variation of the energy consumed per kilogram of printed material with
respect to the deposition rate. Lines are eye guides only.

welding process has been calculated as 1.17 kW, 2.09 kW, 3.93 kW, 9.45
kW and 18.65 kW, respectively. The same values have been assumed for
both carbon steel and stainless steel.

Based on the determined power consumption values, the energy
consumed by the welding process per kilogram of printed material has
been calculated, as listed in Table A2 in Appendix A and shown in Fig. 7;
these values have been utilised in the present sensitivity analysis. It is
worth noting that, as shown in Fig. 7, the energy consumed by the
welding process per kilogram of printed material varies only moderately
with the deposition rate. This is because an increase in the deposition
rate (i.e., an increase in the wire feed speed) requires an increase in the
current (and thus the power) needed to melt the additional wire. Hence,
even though higher deposition rates lead to reduced printing times per
kilogram of printed material, they also utilise higher current and
therefore higher power consumption.

In contrast to the above, the energy consumed for the robot move-
ment and ventilation processes depends solely on the printing time per
kilogram of printed material; for instance, doubling the deposition rate
halves the usage of the ventilation system per kilogram of printed ma-
terial. The power consumptions of the robotic movement and ventilation
processes have been based on the values reported by Bekker and Ver-
linden (2018), as discussed in Section 2.3.3. Overall, as shown in Fig. 7,
the total energy consumption per kilogram of printed material can be
reduced significantly by increasing the deposition rate.

The influence of the deposition rate on the environmental impact of
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the carbon steel WAAM beam is shown in Fig. 8 for three impact cate-
gories, namely climate change, human toxicity and metal depletion; the
results corresponding to all impact categories, as well as the results for
the stainless steel WAAM beam, are provided in Appendix A, Table A4.
The results indicate that the environmental impacts of the carbon steel
WAAM beam decrease with increasing deposition rates. Some impact
categories, such as climate change, human toxicity and fossil depletion,
are highly sensitive to the deposition rate. For instance, in comparison
with a deposition rate of 2 kg/h, achieving a rate of 5 kg/h can reduce
the contribution of the carbon steel WAAM process to climate change by
22%. Similarly, achieving a rate of 10 kg/h can reduce the above
contribution by 29%. In contrast, metal depletion is not greatly influ-
enced by the deposition rate since the mass of the end-product is the
same irrespective of the printing speed. The reductions in environmental
impact are mainly driven by the utilisation of less shielding gas and less
electricity for fume extraction per kilogram of printed material.

4.3. Influence of electricity mix

As discussed in Section 3.2, the electricity mix utilised in the arc
welding process can influence the environmental impact of the WAAM
process. To explore the influence of the electricity mix, three additional
theoretical cases were studied, where the percentage of renewable en-
ergy in the electricity mix was varied to (i) 0% (comprising 85% natural
gas, 10% oil and 5% coal), (ii) 50% (comprising 40% hydro, 39% nu-
clear, 11% wind and 10% combustion-based power), and (iii) 100%
(comprising 50% hydro, 25% wind and 25% biogas). Alongside the re-
sults presented in Section 3, which were based on the electricity mix of
the United Kingdom comprising approximately 40% renewable energy,
the obtained results were used to assess how the environmental impact
of WAAM could vary with geographic location or with the future
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increase of renewable energy in the electricity mix. It should be noted
that, in the current sensitivity study, the electricity mix used for the
production of liquid argon is not varied.

The results corresponding to the impact of all four steel beams to
climate change are shown in Fig. 9; the results corresponding to all
impact categories are provided in Appendix A, Table A5. The influence
of the electricity mix is greater in the case of the WAAM beams than in
the case of the conventional rolled I-beams, indicating a higher potential
for reduced environmental impact when WAAM is used in conjunction
with renewable energy sources. This is owing to the high dependence of
the WAAM process on electricity use. For example, in the case of the
carbon steel WAAM beam, the switch from using an electricity mix with
0% renewable energy sources to a 100% renewable energy mix results in
a 31% reduction in the climate change impact of the WAAM process. In
the case of the carbon steel I-beam, where steel production is the pre-
dominant contributor to climate change impact, this reduction is only
6%. In the case of the stainless steel WAAM beam and I-beam, this
reduction is equal to 20% and 4%, respectively.

As discussed in Section 3.2, the electricity utilised in the welding
process accounts only for 36% of the total impact, while the shielding
gas accounts for 60%. Hence, since the production of shielding gas re-
quires high electricity consumption, a greater reduction in the impact of
the WAAM process would be expected if the electricity mix used for the
production of liquid argon were considered in the current sensitivity
study. Furthermore, a transition to hydrogen-based primary steel pro-
duction (Ranzani da Costa et al., 2013; Fischedick et al., 2014), where
hydrogen gas is used as the reducing agent instead of coke, may improve
the environmental performance of both types of steel beams further,
given that hydrogen gas can be produced using hydrolysis, which itself
can be conducted by means of electricity produced from renewable
energy sources.

5. Conclusions

The principal objective of the present paper has been to explore
whether the use of wire arc additive manufacturing (WAAM) for the
production of steel structural components is more environmentally
friendly than conventional hot-rolling. Thus, a cradle-to-gate life cycle
assessment has been conducted to compare the environmental impacts
of producing topologically optimised WAAM steel beams with that of
producing conventional hot-rolled steel I-beams. The functional unit
was a steel beam of 2 m span with a target load of 172 kN applied
vertically downwards at midspan. The capacity-to-mass ratio of the
WAAM beam was 2.13 times that of the [-beam. The effect of using either
carbon steel or stainless steel on the environmental impact category
scores has also been considered. Hence, overall, the environmental im-
pacts of producing four types of steel beams has been investigated,
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namely (i) a carbon steel I-beam, (ii) a carbon steel WAAM beam, (iii) a
stainless steel I-beam, and (iv) a stainless steel WAAM beam.

With regards to climate change impact, the results showed that, for a
typical deposition rate of 2 kg/h, the carbon steel and stainless steel
WAAM beams were 7% and 24%, respectively, less impactful than the
corresponding I-beams. Most importantly, the results showed that the
ability to use topology optimisation in order to reduce the overall mass
of the steel beams is the most significant benefit of employing the
WAAM technology for structural applications in terms of environmental
impacts. For instance, comparing the two carbon steel beams, it has been
concluded that WAAM can lead to lower CO»-eq. emissions than con-
ventional hot-rolling provided that at least 50% mass savings can be
achieved by employing WAAM in conjunction with topology
optimisation.

Generally, the stainless steel beams were found to have higher im-
pacts in comparison with their carbon steel counterparts, owing pri-
marily to the contributions of the chromium and nickel alloying
elements in the production of stainless steel. It should be noted, how-
ever, that the current analysis has not accounted for the long-term
benefits in the use phase, such as corrosion resistance, and hence
lower maintenance and extended design lives, which are offered by
stainless steel.

It has been demonstrated that, in the cases of the WAAM beams, the
printing process is a major contributor to the climate change impact
since it accounts for 50% and 32% of the total impact of the production
of the carbon steel and stainless steel beams, respectively. Furthermore,
it has been concluded that the use of shielding gas — mainly argon —
contributes significantly, even more than the electricity utilised in the
welding process, to the environmental impact of the WAAM process.

It has also been concluded that the environmental impact of the
WAAM process is highly dependent on the deposition rate of the weld
material, primarily because higher deposition rates require the use of
less shielding gas and the consumption of less electricity for robot
movement and fume extraction per unit mas of printed material. For
instance, it has been shown that increasing the deposition rate from 2
kg/h to 5 kg/h can lead to reductions greater than 20% in the contri-
bution of the carbon steel WAAM process to the climate change impact
of the beam.

Switching to a 100% renewable energy mix can lead to significant
reductions in the environmental impact of WAAM production, since it
involves the use of highly energy-demanding processes (i.e. welding and
liquid argon production). The results demonstrated that reductions

Appendix A
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greater than 30% in the climate change impact of the WAAM process can
be achieved by switching from a 0% to a 100% renewable energy mix.

Similar results to the aforementioned are expected to hold for any
geometry, loading conditions and support conditions, as well as for
other types of steel structural components with topologically optimised
geometries (e.g. trusses, columns and beam-columns).
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In the present section, tables listing the complete sets of results corresponding to the material utilisation fractions described in Section 2.3.4 and to

the sensitivity analyses described in Section 4 can be found.

Table A.1

Material utilisation fractions for the I-beam and WAAM beam.

Unit process

Material utilisation fraction (—)

Mass before process is conducted (kg)

For 1 kg I-beam

Steel production 1.00 1.04
Hot-rolling 0.96 1.04
Sand blasting 0.99 1.01
Protective painting 1.00 1.00
For 1 kg WAAM beam

Steel production 1.00 1.18
Hot-rolling 0.96 1.18
Wire drawing 0.90 1.13
Welding 0.99 1.02
Sand blasting 0.99 1.01
Protective painting 1.00 1.00

10



LH. Shah et al. Journal of Cleaner Production 389 (2023) 136071

Table A.2
Energy per kilogram of printed material for different deposition rates.

Deposition rate (kg/h) Energy per kilogram of printed material (kWh per kg)
Welding Robotic arm Ventilation Total
movement
0.5 2.34 0.88 1.08 4.30
1 2.09 0.44 0.54 3.07
2 1.97 0.22 0.27 2.46
1.89 0.09 0.11 2.09
10 1.86 0.04 0.05 1.96
Table A.3

ReCiPe2016 midpoint impact results for different I-beam to WAAM beam mass ratios for (a) carbon steel and (b) stainless steel.

(a) Carbon steel Unit I-beam to WAAM beam mass ratio
Impact category 4:1 3:1 1.5:1 1:1
Agricultural land occupation m?a 0.104 0.139 0.278 0.417
Climate change kg COz-eq. 58.1 77.4 155 232
Fossil depletion kg oil-eq. 16.7 22.3 44.6 66.9
Freshwater ecotoxicity kg 1,4-DCB-eq. 0.885 1.18 2.36 3.54
Freshwater eutrophication kg P-eq. 0.0318 0.0424 0.0848 0.127
Human toxicity kg 1,4-DCB-eq. 34.3 45.7 91.4 137
Ionising radiation kBq Usss-€q. 13.5 18.0 36.1 54.2
Marine ecotoxicity kg 1,4-DCB-eq. 1.09 1.46 2.93 4.39
Marine eutrophication kg N-eq. 0.122 0.162 0.324 0.487
Metal depletion kg Fe-eq. 18.5 24.7 49.7 74.0
Natural land transformation m? 0.0106 0.0141 0.0282 0.0423
Ozone depletion kg CFC-11-eq. 4.49 x 107° 5.99 x 107° 1.20 x 107° 1.82 x 107°
Particulate matter kg PMjo-€q. 0.193 0.257 0.514 0.771
Photochemical oxidant kg NMVOC 0.214 0.286 0.571 0.857
Terrestrial acidification kg SO»-eq. 0.230 0.307 0.614 0.921
Terrestrial ecotoxicity kg 1,4-DCB-eq. 0.0537 0.0715 0.143 0.215
Urban land occupation m?a 0.394 0.525 1.05 1.58
Water depletion m® 0.262 0.350 0.699 1.05
(b) Stainless steel Unit I-beam to WAAM beam mass ratio
Impact category 4:1 3:1 1.5:1 1:1
Agricultural land occupation m?a 0.0910 0.121 0.241 0.362
Climate change kg COz-eq. 101 134 267 403
Fossil depletion kg oil-eq. 28.0 37.3 74.7 112
Freshwater ecotoxicity kg 1,4-DCB-eq. 5.87 7.80 15.7 23.5
Freshwater eutrophication kg P-eq. 0.0462 0.0616 0.123 0.185
Human toxicity kg 1,4-DCB-eq. 65.9 87.9 176 264
Ionising radiation kBq Usss-eq. 16.4 21.8 43.7 65.6
Marine ecotoxicity kg 1,4-DCB-eq. 6.24 8.32 16.6 24.9
Marine eutrophication kg N-eq. 0.170 0.227 0.454 0.681
Metal depletion kg Fe-eq. 132 177 353 530
Natural land transformation m? 1.46 x 1072 1.95 x 1073 3.90 x 1072 5.48 x 1072
Ozone depletion kg CFC-11-eq. 6.31 x 10°° 8.42 x 107° 1.68 x 107° 2.53 x 107°
Particulate matter kg PMjo-eq. 0.446 0.594 1.19 1.78
Photochemical oxidant kg NMVOC 0.337 0.449 0.898 1.35
Terrestrial acidification kg SOz-eq. 0.455 0.606 1.213 1.82
Terrestrial ecotoxicity kg 1,4-DCB-eq. 0.0463 0.0617 0.123 0.185
Urban land occupation m?a 1.01 1.34 2.69 4.03
Water depletion m® 0.385 0.513 1.03 1.54
Table A.4

ReCiPe2016 midpoint impact results for different deposition rates for (a) carbon steel and (b) stainless steel WAAM beams.

(a) Carbon steel Deposition rate

Impact category ° 0.5 kg/h 1 kg/h 5kg/h 10 kg/h
Agricultural land occupation 0.227 0.206 0.190 0.188
Climate change 229 149 84.9 77.2
Fossil depletion 64.7 42,5 24.7 22,5
Freshwater ecotoxicity 3.41 2.25 1.31 1.19
Freshwater eutrophication 0.125 0.0816 0.0464 0.0422
Human toxicity 113 80.5 54.6 51.5
Ionising radiation 53.1 34.7 19.7 17.9

(continued on next page)
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Table A.4 (continued)

(a) Carbon steel Deposition rate

Impact category ° 0.5 kg/h 1 kg/h 5kg/h 10 kg/h
Marine ecotoxicity 3.67 2.59 1.74 1.64
Marine eutrophication 0.413 0.290 0.190 0.178
Metal depletion 36.7 35.4 34.4 34.3
Natural land transformation 0.0229 0.0209 0.0193 0.0191
Ozone depletion 1.54 x 107> 1.08 x 107° 7.01 x 107° 6.57 x 107°
Particulate matter 0.628 0.451 0.309 0.291
Photochemical oxidant 0.683 0.496 0.346 0.328
Terrestrial acidification 0.894 0.587 0.340 0.310
Terrestrial ecotoxicity 0.106 0.103 0.100 0.100
Urban land occupation 1.31 0.930 0.626 0.589
Water depletion 1.01 0.665 0.387 0.354
(b) Stainless steel Deposition rate

Impact category * 0.5 kg/h 1 kg/h 5 kg/h 10 kg/h
Agricultural land occupation 0.206 0.182 0.163 0.161
Climate change 322 232 160 151
Fossil depletion 89.3 64.3 44.3 41.8
Freshwater ecotoxicity 13.0 11.7 10.7 10.6
Freshwater eutrophication 0.162 0.113 0.0730 0.0680
Human toxicity 178 142 114 110
Ionising radiation 62.0 42.1 25.9 24.0
Marine ecotoxicity 13.5 12.4 11.4 11.3
Marine eutrophication 0.526 0.393 0.285 0.273
Metal depletion 251 250 249 249
Natural land transformation 6.17 x 1072 3.85 x 107° 1.99 x 1073 1.76 x 1073
Ozone depletion 1.94 x 1075 1.44 x 107> 1.04 x 107> 9.90 x 107°
Particulate matter 1.15 0.939 0.773 0.752
Photochemical oxidant 0.950 0.737 0.566 0.545
Terrestrial acidification 1.38 1.03 0.744 0.709
Terrestrial ecotoxicity 0.0908 0.0882 0.0862 0.0860
Urban land occupation 2.55 2.11 1.76 1.72
Water depletion 1.29 0.914 0.608 0.572

@ Units are same as shown in Table A3.

Table A.5
ReCiPe2016 midpoint impact results for different electricity mixes based on (a) 0% renewable energy, (b) 50% renewable energy and (c) 100% renewable energy
sources.

(a) 0% renewable energy (85% natural gas, 10% oil, 5% coal)

Impact category * Carbon steel I-beam Carbon steel WAAM beam Stainless steel I- beam Stainless steel WAAM beam
Agricultural land occupation 0.196 0.192 0.106 0.166
Climate change 122 132 254 211

Fossil depletion 33.2 42.2 67.6 63.3
Freshwater ecotoxicity 1.21 1.11 19.5 10.5
Freshwater eutrophication 0.0515 0.0446 0.0932 0.0716
Human toxicity 36.9 54.0 147 113
Ionising radiation 3.69 7.53 12.5 12.9
Marine ecotoxicity 1.17 1.57 20.0 11.2
Marine eutrophication 0.118 0.109 0.269 0.198

Metal depletion 65.2 34.6 467 249

Natural land transformation 0.0373 0.0206 3.00 x 107* 3.37 x 1073
Ozone depletion 7.44 x 107° 7.87 x 107° 1.28 x 107> 1.13 x 107>
Particulate matter 0.441 0.374 1.29 0.847
Photochemical oxidant 0.586 0.419 0.939 0.647
Terrestrial acidification 0.527 0.473 1.25 0.893
Terrestrial ecotoxicity 0.0783 0.102 0.0377 0.0876
Urban land occupation 1.09 0.706 3.18 1.85

Water depletion 0.364 0.461 0.735 0.689

(b) 50% renewable energy (40% hydro, 39% nuclear, 11% wind, 10% CHP)

Impact category * Carbon steel I- beam Carbon steel WAAM beam Stainless steel I- beam Stainless steel WAAM beam
Agricultural land occupation 0.196 0.192 0.106 0.166
Climate change 117 93.0 245 170
Fossil depletion 31.0 25.6 63.9 45.5
Freshwater ecotoxicity 1.21 1.08 19.5 10.5
Freshwater eutrophication 0.0511 0.0421 0.0927 0.0689
Human toxicity 36.6 52.3 146 112
Ionising radiation 6.16 25.9 16.7 32.7
Marine ecotoxicity 1.16 1.54 20.0 11.2
Marine eutrophication 0.115 0.0880 0.265 0.175
Metal depletion 65.2 34.6 467 249

(continued on next page)
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(b) 50% renewable energy (40% hydro, 39% nuclear, 11% wind, 10% CHP)

Impact category * Carbon steel I- beam

Carbon steel WAAM beam

Stainless steel I- beam Stainless steel WAAM beam

Natural land transformation 0.0375 0.0226
Ozone depletion 8.30 x 10°° 8.03 x 10°°
Particulate matter 0.437 0.348
Photochemical oxidant 0.577 0.352
Terrestrial acidification 0.515 0.385
Terrestrial ecotoxicity 0.0782 0.100
Urban land occupation 1.09 0.685
Water depletion 0.359 0.418

1.80 x 1074 5.61 x 1072
1.29 x 107° 1.18 x 107°
1.29 0.819
0.924 0.575

1.23 0.799
0.0375 0.087

3.18 1.83

0.725 0.643

(c) 100% renewable energy (50% hydro, 25% wind, 25% biogas)

Impact category * Carbon steel I- beam

Carbon steel WAAM beam

Stainless steel I- beam Stainless steel WAAM beam

Agricultural land occupation 0.196 0.192
Climate change 115 90.7
Fossil depletion 30.4 23.7
Freshwater ecotoxicity 1.19 1.09
Freshwater eutrophication 0.0505 0.0419
Human toxicity 36.1 51.6
Ionising radiation 3.61 7.13
Marine ecotoxicity 1.15 1.55
Marine eutrophication 0.11 0.101
Metal depletion 64.3 34.1
Natural land transformation 0.0376 0.0232
Ozone depletion 6.99 x 107° 5.12 x 107°
Particulate matter 0.439 0.399
Photochemical oxidant 0.569 0.350
Terrestrial acidification 0.564 0.796
Terrestrial ecotoxicity 0.0781 0.100
Urban land occupation 1.08 0.686
Water depletion 0.344 0.325

0.106 0.166
245 168

63.5 43.6

19.5 10.5
0.0927 0.0690

146 111

12.4 12.5

20.0 11.2

0.268 0.189

467 249

3.20 x 1074 6.26 x 1073
1.22 x 107> 8.39 x 107°
1.30 0.877
0.924 0.576

1.32 1.24
0.0375 0.0867
3.18 1.84

0.704 0.544

@ Units are same as shown in Table A3,
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