Results in Engineering 27 (2025) 105610

Contents lists available at ScienceDirect

Results in

Engine

Results in Engineering

FI. SEVIER

journal homepage: www.sciencedirect.com/journal/results-in-engineering

Research paper
Reduction of the environmental impact of complex-shaped steel joints
through topology optimization and large-scale metal 3D printing

Vittoria Laghi ', Elisabetta Savino ©®, Giada Gasparini

Department of Civil, Chemical, Environmental and Materials Engineering (DICAM) - University of Bologna, Viale del Risorgimento, 2 — 40136 Bologna, Italy

ARTICLE INFO ABSTRACT

Keywords:

DED-Arc

Topology optimization
CNC milling
Life-Cycle Assessment

Metal Additive Manufacturing (or 3D printing) technologies are bringing substantial changes to the entire in-
dustrial environment, enabling rapid and cost-effective production of complex components which would be
hardly fabricated with conventional technologies. Recent developments in the field of large-scale metal 3D
printing increased the potential use for the construction sector, with applications in some pioneering case studies.
The present work is intended to assess the potential environmental benefit of the combination of digital tech-
nologies such as topology optimization and large-scale metal 3D printing to realize complex-shaped steel joints.
The study evaluates the environmental impact of Directed Energy Deposition-Arc (DED-Arc) manufacturing
adopted to realize optimized steel joints and compared with the Computer-Numerically Controlled (CNC) milling
technique adopted to realize conventional steel joints for gridshell structures. The study is applied to the specific
steel joints for the gridshell structure of the British Museum in London. The results demonstrate that topology-
optimized joints produced via DED-Arc exhibit superior environmental performances, particularly in terms of
reduced carbon footprint and material waste. Additional considerations are made regarding the influence of
deposition rate and the use of renewable energy on the environmental impact. The results are also validated
through uncertainty analyses. Finally, the combined effect of design optimization and 3D printing technology is
investigated in terms of both environmental and economic impact. The study reveals overall a positive impact of
the combined use of optimization tools and advanced manufacturing technologies towards greener and more
efficient steel structures.

1. Introduction Hence, the application of computational design tools for free-form

design is often limited to few explorations in pioneering architectural

The iron and steel sector is a significant contributor to global carbon
emissions and energy consumption, accounting for over 8% of the
world’s total energy use. To mitigate this impact, the Iron and Steel
Technology Roadmap emphasizes the importance of technological ad-
vancements and material efficiency to reduce emissions by 2030. This
involves optimizing the design and use of steel structures to minimize
material consumption and improve efficiency [1,2].

The adoption of new computational design tools would cut the
overall environmental footprint of the steel construction field. Indeed,
the use of topology optimization in construction has proven not only to
enhance structural efficiency but also to reduce material waste and
improve sustainability in construction practices [3,4]. However, the
conventional fabrication strategies for the production of steel members
hamper the application of these tools to create new shapes, having se-
vere limitations in the geometrical freedom of the fabricated parts.

* Corresponding authors.

applications. Additionally, existing methods like cast iron and CNC
techniques have high energy consumption and produce significant metal
waste [5].

Metal Additive Manufacturing (AM) is a rapidly evolving technology
allowing the manufacturing of geometrically complex and high-
precision metal components that are not technologically or economi-
cally feasible to produce using conventional manufacturing techniques,
such as casting and forming [6]. Owing to the reduced production waste,
enhanced customization, increased material efficiency and short lead
times, metal AM opens up a promising path towards the application of
the principles of Circular Economy into the steel sector by (i) increasing
the structural efficiency of the fabricated parts thus reducing material
waste and (ii) simplifying the resource recapture, hence supporting
recycling [7]. Metal 3D printing, or AM, complements topology opti-
mization by enabling the production of complex geometries that
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Fig. 1. Case study of British Museum steel gridshell rooftop: conventional CNC-milled joint vs optimized DED-Arc manufactured joint.

conventional manufacturing methods cannot achieve. This synergy al-
lows for the creation of lightweight yet robust structures tailored to
specific load conditions and architectural requirements [8,9].

New companies have emerged specializing in the production of
large-scale metal 3D printed components. An example is the Dutch
company MX3D, which created the world’s first 3D-printed steel foot-
bridge using Wire Arc Additive Manufacturing (WAAM) technique [10].
WAAM, also referred to as Directed Energy Deposition-Arc (DED-Arc)
technology, is known for its ability to fabricate large-sized components
relatively quickly, making it suitable for building large-scale metal
structures.

Recent studies focused on the adoption of metal DED-Arc (or WAAM)
technologies to produce topology optimized parts. LASIMM and INTE-
GRADDE projects aimed at proposing WAAM for optimized structural
elements [11,12]. MariLight is a UK-funded project focusing on devel-
oping lighter marine vessels via topology optimization designs and
DED-Arc [13]. Recently, an integrated design and fabrication framework
for WAAM-produced parts was proposed to minimize the material use of
optimized structural elements while ensuring good structural perfor-
mances and following the manufacturing constraints proper of the
selected fabrication process [14]. Additionally, the research group from
Politecnico of Milan investigated different metal AM processes to pro-
duce optimized nature-inspired steel nodes for construction [15].

Increasing interest on the environmental impact of novel
manufacturing techniques for metal elements has emerged. With spe-
cific focus on DED-Arc technologies, limited investigations have been
carried out so far. Campatelli et al. [16] compared the total energy de-
mand of an integrated additive-subtractive process (WAAM and mill-
ing), demonstrating a lower environmental impact than the purely
subtractive process. Priarone et al. [17] compared the cradle-to-gate life
cycle assessment (LCA) of three WAAM-produced industrial compo-
nents, proving that WAAM can lead to substantial reduction in energy
use. Dias et al. [18] provided insights on the benefits of using WAAM for
its high material efficiency and low waste. Kokare et al. [19] evaluated
the cradle-to-gate LCA of a WAAM wall, comparing its performances
with a powder-bed fusion (PBF) component and a computer numeric
control (CNC) milling, demonstrating that WAAM had higher environ-
mental impact than CNC milling, but could be reduced when more
complex geometries were involved in the production. Shah et al. [20]
carried out a comparative environmental LCA of WAAM structural
members and hot-rolled structural members. The results confirmed that
the climate change impact of WAAM production was severely due to the
deposition rate and type of energy source adopted. Furthermore, by

comparing the environmental effectiveness of WAAM and hot-rolled
carbon steel beams it was concluded that WAAM can lead to lower
carbon emissions, provided that at least 50 % mass savings is achieved
by employing WAAM in conjunction with topology optimization. Hence,
in order to create a new generation of green steel structures, novel
manufacturing technologies should be employed in conjunction with the
adoption of topology optimization algorithms to realize
resource-efficient structural elements and systems.

For such reason, this study is focused on the combined application of
topology optimization algorithm and large-scale metal AM technology
to produce complex-shaped steel joints. In detail, the aim is to assess and
compare the environmental impact of two manufacturing techniques
suitable for complex-shaped steel joints, i.e. the conventional CNC
milling technique and DED-Arc manufacturing. The impact is investi-
gated on the case study of the steel gridshell rooftop of the British
Museum by performing a cradle-to-completion Life-Cycle Assessment
(LCA) of two different sets of steel joints: (i) the conventional joint
adopted for the construction of the gridshell and realized through CNC
milling, and (ii) a topologically optimized version to be fabricated with
DED-Arc manufacturing [21]. The results will provide insights on the
positive impact of digital design and fabrication tools to improve the
efficiency of steel construction.

2. Problem formulation

Currently a widely adopted manufacturing technique for complex
steel parts in construction is CNC milling, usually simply referred to as
CNC manufacturing. This technique has the advantage of fast production
at relatively low cost compared to manufacturing through casting. On
the other hand, CNC milling is suitable to realize geometries milled from
solid parts, thus resulting in high scrap rate.

In this context, metal AM techniques could significantly increase the
material utilization, thus reducing the so-called “buy-to-fly”” (BTF) ratio
usually set at 1.50 for CNC manufacturing [22]. However, widely
adopted metal AM technologies such as PBF could result in much higher
production time.

DED-Arc manufacturing is a large-scale digital fabrication technique
suitable to produce optimized parts, especially shell-like structures (see
e.g. the first steel 3D printed footbridge, entirely realized in WAAM
[10]1). The advantage of this technology lies on the flexibility of the
set-up, allowing to realize complex-shaped parts, while keeping a high
production rate, up to 10 kg/h [23]. Therefore, DED-Arc manufacturing
opens new unexplored ways of fabricating optimized shapes and design
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Fig. 2. Processing steps for a steel joint produced with CNC milling and DED-Arc manufacturing.

solutions while significantly reducing the BTF ratio and maximizing the
material utilization.

To assess the environmental impact of the fabrication of complex-
shaped steel joints, a LCA is carried out for the case study of the grid-
shell steel rooftop of the Great Court at the British Museum in London
[24]. In detail, the study consists of a comparison in terms of global
warming potential (GWP) of the conventional CNC milled joints adopted
for the fabrication of the real gridshell with new topology-optimized
steel joints adapted for DED-Arc manufacturing (Fig. 1). The opti-
mized joints were conceived on a previous work by Laghi et al. [21]
based on the concept of “blended structural optimization”, thus ac-
counting for both the structural requirements and manufacturing con-
straints of the selected fabrication process. Further details are also
provided in Section 3.

The main objective of this work is to compare the environmental
impact of the two production techniques adopted to realize complex-
shaped steel joints. The analysis is carried on two different functional
units. First, the analysis is carried over 1 kg of steel production, to
quantify the impact related to the production of the same part, thus not
accounting for the premium in flexibility provided by DED-Arc
manufacturing to produce more optimized shapes with minimized ma-
terial use. Then, the analysis is carried on the single joint production,
comparing the conventional geometry fabricated with CNC milling with
the optimized geometry printed with DED-Arc. For this, additional
considerations on the combined benefit of adopting DED-Arc
manufacturing with topology optimization are drawn, as presented in
Section 6.

To conduct the LCA study, guidelines related to standards ISO 14040
[25], ISO 14044 [26], and ISO 15804 [27] were used. Generally, the
LCA evaluates the life cycle of a product through four phases:

- Production: extraction of raw elements and the production of ma-
terials and components. Environmental impacts include the extrac-
tion of natural resources, energy consumption, and greenhouse gas
emissions.

Construction: final assembly of the product on-site (for example, the
construction of a building or the assembly of an industrial plant). It
also includes the transportation of components to the site and the use
of additional equipment and materials required for the assembly.
Use: use of the product for its intended purpose. Environmental
impacts arise from energy consumption and emissions during oper-
ation, as well as maintenance operations impact.

End of Life: end of the product’s life cycle. Environmental impacts
may arise from end-of-life product management, including recycling,
disposal, or landfilling.

Waste Management: management of waste generated during the
stages of production, use, and end of life. Environmental impacts
may include waste disposal practices, with the potential for soil and
water pollution.

The impact of the joints under examination is analyzed through a
cradle-to-completion LCA, where the subcategories range from Al to A5,

thus covering only Production and Construction phases, according to
ISO 14040 [25]. As previously mentioned, the analysis serves for
comparative purpose, and all necessary parameters for conducting the
analysis will be defined subsequently. The phases under study are
composed by the following stages:

- Al - Raw material supply: this stage considers the impacts coming
from the extraction of raw materials needed for production,
including energy consumption, emissions, and generated waste.

- A2 - Plant transportation: this stage evaluates the impacts associated
to transport raw materials from their origin to the production facil-
ity, including greenhouse gas emissions and fuel consumption.

- A3 - Manufacturing: this stage analyzes the impacts generated during
the manufacturing phase, including energy use, emissions, waste
production, and others environmental effects related to transform
raw materials into the final product.

- A4 - Building site transportation: this stage focuses on the impacts

arising from transporting the finished product from the production

site to the construction site, considering emissions and energy con-
sumption during transportation.

AS5 - Construction: this stage assesses the impacts related to the actual

construction activities, including energy consumption during

installation, emissions during construction and waste generated
during assembly and installation.

The entire LCA analysis was conducted by simulating the production
of the complex-shaped steel joint using conventional CNC milling and
DED-Arc manufacturing. Fig. 2 shows the processing steps from raw
material to building assembly of a steel part produced via CNC milling
and DED-Arc manufacturing. It should be noted that the two processes
follow the same steps, except for the additional wire drawing accounted
for DED-Arc manufacturing.

3. Structural optimization and analysis on a complex-shaped
structural steel joint

One critical aspect of the realization of complex spatial structures is
the combination of highly-optimized designs with the common limita-
tions of structural design and construction, from the uncertainties
related to loads and supports to the manufacturing constraints. For this,
a new structural optimization framework referred to as “blended”
optimization was recently proposed [28]. The framework is conceived to
integrate computational design, manufacturing constraints and struc-
tural performance requirements for WAAM-produced structural steel
elements and joints.

The framework was first introduced for structural elements, such as
beams [28], then applied to redesign the structural joints of gridshell
covering the Great Court of the British Museum [21]. The approach
considered both global (whole structure) and local (individual joint)
scales. At the global level, the structure was analyzed based on
joint-specific considerations. At the local level, a topology optimization
algorithm was then used to generate a catalogue of joint designs, which
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Fig. 3. Structural performances of conventional vs optimized joint.

were then evaluated for strength, stiffness and manufacturability. The
workflow included: (i) the generation of a new class of
topology-optimized joint designs using stiffness-based algorithms, (ii) an
advanced Finite Element Analysis (FEA) to assess the joints perfor-
mances under typical loading conditions, (iii) the evaluation of joint
stiffness according to Eurocode 3, (iv) the adaptation of the final designs
considering the manufacturing constraints of the selected technology.
For the case study, DED-Arc manufacturing was considered to fabricate
the optimized joints.

Multiple joint designs were generated, optimized and validated for
both structural performances and manufacturability. By focusing on one
typical 6-beams connection joint, FEA was performed considering
typical loading conditions of the gridshell as well as local buckling
failure (Fig. 3).

The optimized design resulted in a 12-mm thick shell-like stainless
steel joint. This latter resulted having good structural performances with
significantly reduced material use (40 kg vs 200 kg of the conventional
CNC-milled joint). This reduction was achieved thanks to the combined
use of topology optimization algorithms with DED-Arc manufacturing,
able to fabricate complex-shaped shell-like steel elements ensuring good
mechanical behavior.

4. Methodology
4.1. Objective of the work

The purpose of this study is to evaluate the environmental impact in
terms of GWP of complex-shaped steel joints. The study is carried out as
comparison between a conventional design and fabrication technique
(CNC milling) with an optimized design and digital fabrication tech-
nique (DED-Arc manufacturing) to be potentially adopted in the future.
The comparison is made on the case study of the gridshell rooftop of the
Great Court of the British Museum. The analysis is carried in terms of
both single joints (i.e., single conventional CNC-milled joint and single
optimized DED-Arc joint) and whole batches (i.e., batch of conventional
CNC-milled joints and batch of optimized DED-Arc joints). For the latter,
a total of 1566 joints were considered, according to the real steel
structure of the British Museum rooftop [24]. The objective is twofold:
(i) to assess the potential impact of adopting DED-Arc manufacturing
over conventional CNC milling to produce complex-shaped steel joints,

and (ii) to quantify the improved environmental performances of
topology-optimized joints over conventional ones.

4.2. Functional units

The environmental impact category selected as reference for the case
study was GWP 100 in terms of kg COse (i.e. kg of equivalent CO5
emissions). For this aim, specific Environmental Product Declarations
(EPDs) were researched. The EPDs are standardized documents that
state the environmental performance of products and services. All the
necessary EPDs were collected (Table 4 and 5) to calculate the envi-
ronmental impact of each stage after researching through Ecoinvent
dataset. From them, the GWP was calculated by multiplying the EPDs by
either the amount of material (in kg) or the transportation distance (in
km).

Two different functional units were adopted in the analysis: (i) 1 kg
of fabricated part (either CNC milled or DED-Arc manufactured) and (ii)
1 complex-shaped structural joint. The former is used when comparing
the environmental impact of the different production processes. The
latter, instead, is used to compare the combined effect of design opti-
mization and production process. For the latter, the conventional CNC-
milled joint consists of a solid joint having 200-mm thickness and 200 kg
of total weight [24]. The optimized DED-Arc manufactured joint is a
shell-like joint having 12-mm thickness and 40 kg of total weight [21].
Some additional discussions were also made considering the whole
batch of joints (for a total of 1566 joints).

4.3. System boundaries

Fig. 4 shows the system boundaries considering the following prod-
ucts: (i) single conventional CNC-milled joint, (ii) batch of conventional
CNC-milled joints, (iii) single optimized DED-Arc joint, (iv) batch of
optimized DED-Arc joints. For the latter, additional considerations were
made for the case of on-site joint production and the case of adopting
exclusively renewable energy as an electric source. In the system
boundaries, all production processes are defined, specifying the ones
either included in or excluded from production. Work processes and
transportation phases are considered to count for their impact on CO2
emissions. The definition of boundaries entails a series of assumptions
that must be explicitly stated to enhance the validity of the results. Due
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Table 1
Data adopted for production of conventional CNC-milled joints.
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Table 3
EPDs sources.

Joint measure Transportation Construction

Material or Process Source

Single joint - CNC From Bologna to British Assembly (semi-automatic
milled steel: 200 Museum: 1648 km scissors and welding): 4 kWh per
kg joint

Table 2
Data adopted for production of optimized DED-Arc joints.
Joint Transportation Manufacturing Construction
measure
Single joint — From Padova to Argon:0.517 Assembly
DED-Arc Bologna: 121 km kg per 1 kg (semi-automatic
steel: 40 kg From Bologna to Energy: 3.07 scissors and
British Museum: kWh per 1 kg welding): 4 kWh per
1648 km Jjoint

From Padova to
British Museum:
1527 km
From Cranfield to
British Museum: 80
km

to the complexity of the subject matter, it is often not possible to obtain
all real data and EPDs. Defining how products and services are effec-
tively processed is inherently complex and adapting them to case studies
presents additional challenges.

For the production of CNC-milled joints, the manufacturing phase
was analysed within a single EPD, given that no substantial information
was provided in Ecoinvent database to assess the transportation impact
in phase A2. This is due to the production framework adopted in the
steel manufacturing company taken into account for the EPD, where no
relocation is present from Al to A3 as all processing operations are run
internally. It should be noted that in phase Al both raw material and
plate transformation are included (as described in Fig. 2).

Regarding the DED-Arc production, the manufacturing phase is
assumed to take place in Northern Italy, where technology providers of
this manufacturing technique are present. This way, the results are more
efficiently compared with the production of conventional CNC-milled
joints, also assumed to occur in Northern Italy. Both products are then
assumed to be transported from Northern Italy to London in phase A4.

A further case is considered for the production of optimized DED-Arc
joints, to be located directly on-site. This aspect is possible thanks to the
high flexibility of the DED-Arc set-up, which could be ideally placed
directly on the construction site [23]. For this case, the DED-Arc set-up is
assumed to be taken from Cranfield (UK), where a technology provider
is present. Tables 1 and 2 provide the data adopted to calculate the GWP
of both the conventional CNC-milled and optimized DED-Arc manu-
factured joints.

4.4. Inventory analysis

A significant portion of the analysis was conducted using the
SimaPro software, which incorporates updated databases (Ecoinvent 3)
to facilitate a more accurate selection of the EPDs. SimaPro is a LCA tool
which allows to see, create and adjust detailed Life-Cycle Inventory
(LCI) flows of materials and processes, and calculate their impact
assessment by a method of choice (in this case, GWP100). Ecoinvent is a
LCI database included in SimaPro [29]. Table 3 provides a detailed
overview of all EPD sources.

Steel Production
Hot Rolling
Wire Drawing

SimaPro, Ecoinvent 3 versiom 5.3.0.0
SimaPro, Ecoinvent 2 version 3.0.140.1
SimaPro, Ecoinvent 2 version 15.3.1.0

Trucks ICCT (International Council on Clean
Transportation)

Argon SimaPro, Ecoinvent 3 versiom 6.3.0.0

UK mixed electricity RenSMART, The Renewable Energy Information
Source

UK solar electricity IPCC (Intergovernmental Panel on Climate
Change)

Steel Plate
CNC (computer numerical

SimaPro, GaBi database
SimaPro, Ecoinvent database 2 version 3.3.1.0

control)
Table 4
EPDs for CNC-milled single joint.
Al - Raw A2 - Plant A3 - A4 - Site A5 -
Material transportation Manufacturing transportation Construction
Supply
6.06 kg COze / kg Truck: 0.064 UK
kg COze / km Electricity:
0.281 kg COe
/ kWh

4.4.1. CNC milling

The conventional joint under study is manufactured using CNC
milling. In the LCA analysis, the manufacturing process of the joint was
subdivided into the following steps.

The first step is the plate manufacturing. From the EPD obtained
from SimaPro software, data related to raw material extraction and all
processes involved in plate production are included. Other consumption
factors reported in the selected EPD are linked to the energy used by
melting furnaces, water and transportation (Table 4).

The second step is the joint fabrication, in which CNC milling tech-
nology is employed to cut the components from the previously produced
solid plates. From the EPD obtained from SimaPro, data related to
recyclable scrap generated during CNC cutting, water used to refine cuts
and lubricating oils are included. Both plate production and CNC milling
occur within the same facility, thus reducing the stage A2.

The final step is the assembly phase, which involves the use of a lift to
enable operators to reach the required height and welding to assemble
the produced joints with the beams composing the gridshell (Table 4).
This final step is the same also for the case of the optimized DED-Arc
joint.

In the simulations conducted in SimaPro, material loss is inherently
accounted in the definition of each EPD. Therefore, the environmental
impact caused by the high presence of scrap material (resulting in high
BTF ratio) is already accounted in the total GWP. In other cases, it is
possible to perform a more refined analysis of the material utilization
fraction by assessing the waste material beforehand, as demonstrated in
[22].

4.4.2. DED-Arc manufacturing

The optimized joint under study is manufactured using DED-Arc
fabrication. In the LCA analysis, the manufacturing process of the joint
was subdivided into the following steps.

The first step is the wire fabrication, for which it was deemed
necessary to conduct a detailed study for all processes involved. In
detail, the extraction and production of steel was obtained from a spe-
cific EPD providing a comprehensive description of the production
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Table 5
EPDs for optimized DED-Arc single joint.
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A1l - Raw Material Supply A2 - Plant transportation

A3 - Manufacturing A4 - Site transportation

AS5 - Construction

Steel production: 2.83 kg COze /
kg
Hot rolling: 0.226 kg COe / kg
Wire drawing:
0.327 kg COze / kg

Truck: 0.064 kg COz/tkm

Argon: 1.33 kg COze / kg
UK Mixed Electricity: 0.281 kg COze /
kWh
UK Solar Electricity: 0.046 kg COze / kWh

Truck: 0.064 kg COze / km

UK Electricity EPD: 0.281 kg COze /
kWh
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process. This includes extraction, loading of raw materials into the
furnace, melting and refining. The process also involves the slag
removal. Additionally, the selected EPD specifies for the employment of
both electric arc melting and oxygen burner melting methods. It also
accounts for furnace maintenance and chemical inspection.

The second step is hot rolling, including scarfing, grinding, pickling
and finishing. The wire production occurs during the wire drawing
phase, which produces the final diameter of 1-2 mm.

The manufacturing step is performed through DED-Arc process.
During the additive manufacturing phase, two main factors are identi-
fied in the environmental impact: (i) the electricity consumption and (ii)
the use of inert gas for arc ignition of the welding process. Focusing on
the analysis of electricity consumption, it was deemed appropriate to
adopt the values already tested in the study by Bekker et al. [22], which
reports an energy consumption of 3.07 kWh per kg of printed product,
considering a production rate of 1 kg/h. This value includes the power
required for welding, robotic arm movement and fume extraction. The
EPD for electricity was determined based on data from the United
Kingdom, where electricity is generated from a mix of renewable and
non-renewable energy sources (Table 5). Regarding the inert gas used in
welding, the study adopts the values referred in [22], which assumed an
Argon consumption of 0.517 kg per kg of printed product (Table 5). An
appropriate EPD was assigned to this value, sourced from the Ecoinvent
database.

The next steps are the joint transportation and assembly, following
the same approach as the one adopted for the conventional CNC-milled
joint (Section 4.4.1). It should be noted that in this study a great
simplification was made assuming that the whole batch of 1566 joints
(both conventional CNC-milled ones and optimized DED-Arc ones)
would be transported on a single truck load. Alothough this latter
assumption is far from a real scenario, it was assumed to be negligible
given the very small impact of transportation on the overall GWP of the
joints production.

Given that one of the advantages of DED-Arc manufacturing is the
possibility to move the production directly on-site, a parallel study was
carried out simulating that the transportation of a 3D printer would take
place to the construction site.

Another great advantage of DED-Arc manufacturing lies within the
possibility to reduce the environmental impact of the manufacturing
stage (A3) through the exclusive adoption of renewable energy as pri-
mary electrical energy input. Indeed, the energy production plays a
decisive role in the overall GWP of the joints production, as it will be
seen in Section 5. For this reason, a parallel study was conducted
assuming the exclusive use of renewable energy for the manufacturing
process. For this, the EPD related to the IPCC (Intergovernmental Panel
on Climate Change) was taken as input parameter to assess the GWP
related to the use of solar electricity in the UK.

5. Results and discussion
5.1. Influence of 3D printing vs conventional manufacturing

Fig. 5 reports the Sankey diagrams for the production of 1 kg of steel
joint produced with CNC milling (Fig. 5a), DED-Arc manufacturing
(Fig. 5b) and DED-Arc production with renewable energy (Fig.5c). The
Sankey diagrams are commonly adopted to show the flow of materials
from the resource types to the life-cycle stages (A1-A5, according to ISO
14040). Given the normalized values of GWP, these results account only
for the different manufacturing technology considered. Hence, these
values describe the impact of adopting DED-Arc manufacturing versus
conventional manufacturing techniques, such as CNC milling.

From the reported diagrams, it is clear that the vast majority of
consumption for the CNC milling production is caused by both the steel
plate production and the CNC milling. This latter significantly contrib-
utes to the overall GWP of the whole joint production due to the high
rate of material scrap produced during this step. Indeed, previous work
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Fig. 6. Comparison of different fabrication scenarios for the production of
complex-shaped steel joints.

reports 0.50 material utilization fraction for the sole step of CNC milling
(i.e., 2 kg of the original product are required to produce 1 kg of final
product) [22].

Regarding DED-Arc manufacturing, the two main sources of impact
in terms of GWP are the raw steel production and the electricity con-
sumption during the part manufacturing. For the former, optimization
techniques to reduce the material consumption are recommended to
reduce the overall environmental impact of the produced part (as dis-
cussed in Section 6). For the latter, additional considerations on the use
of renewable energy are made to further reduce the overall GWP of the
produced part (as discussed in Section 5.3). Fig. 5c reports the Sankey
diagram for 1 kg of steel joint produced with DED-Arc manufacturing
considering the use of renewable energy during the manufacturing
stage. This contributes significantly to the reduction of impact of the
part manufacturing stage, thus focusing most of the environmental
impact on the raw material (steel) production.

5.2. Influence of off-site vs on-site manufacturing

Fig. 6 compares the GWP in terms of mass normalized of four
different fabrication scenarios: (i) CNC milling, (ii) off-site DED-Arc
manufacturing, (iii) on-site DED-Arc manufacturing and (iv) on-site
DED-Arc manufacturing with renewable energy. By comparing the
same amount of part produced, CNC milling results in higher normalized
GWP compared to all scenarios where DED-Arc manufacturing is
adopted. Again, this result could be attributed to the significant BTF
ratio associated to the CNC milling production.

In detail, in terms of mass normalized, off-site DED-Arc
manufacturing production results in 29% reduction with respect to CNC
milling production. On-site DED-Arc manufacturing production does not
result in any significant change in the overall GWP (0.3% difference with
respect to off-site DED-Arc manufacturing). The slight difference in
value is primarily due to the reduction of impact associated with the part
transportation (A4). Obviously, this scenario cannot be created for CNC
milling, as the type of process would require a dedicated manufacturing
facility.

The fourth scenario consisted in on-site DED-Arc manufacturing with
the exclusive use of renewable energy for the manufacturing stage. For
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Fig. 7. Comparison on CNC milling production with DED-Arc off-site and on site assuming the use of renewable energy.
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Fig. 8. Influence of deposition rate on the environmental impact of the production of one optimized DED-Arc joint.

this scenario, the GWP in terms of kg COze / kg part produced is reduced
by 41% with respect to the benchmark scenario (i.e. fabrication by CNC
milling). Therefore, by considering only the fabrication process itself,
DED-Arc manufacturing could potentially reduce the environmental
impact of the production of complex-shaped steel joints by 41%.

Fig. 7 compares the GWP of the three most significant scenarios: (i)
the benchmark, i.e. production of the conventional joints with CNC
milling, (ii) the off-site production of the optimized joints via DED-Arc
manufacturing and (iii) the on-site production of the optimized joints
via DED-Arc manufacturing considering the exclusive use of renewable
energy. The environmental impact was computed considering the pro-
duction of the whole batch of joints for the case study of the rooftop of

the British Museum (1566 joints). The calculation also accounts for the
optimization process of the joints, which reduced the weight from the
conventional one up to 80% (see Section 3). The combined effect of
topology optimization and digital fabrication resulted in a global
reduction of GWP of 86% (increased up to 88% if considering the
exclusive use of renewable energy). This latter aspect will be analysed in
detail in Section 6.

5.3. Influence of deposition rate

Metal 3D printing technology, and in particular DED-Arc
manufacturing, presents high versatility in the production phase,
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joint produced.

allowing for the fine tuning of a wide range of process parameters. This
versatility represents a technical advantage, although implying that the
environmental impact associated with production can vary significantly
depending on the process inputs. Among these, the deposition rate plays
a crucial role in identifying both the environmental impact and the
production cost of the printed parts, due to the direct correlation be-
tween the deposition rate and the energy input associated to the fabri-
cation process.

Fig. 8 presents the relationship between the deposition rate (in kg/
h), the energy input associated to the fabrication (in kWh/kg) and the
resulting GWP in terms of kgCOze/unit. In this case, the unit is referred
to as the single joint produced. The deposition rate was varied between
0.5 kg/h and 10 kg/h, according to the study carried out by Shah et al.
[20]. Within this range, the GWP associated to the production of one
optimized joint varied between 190 kgCOze (for a deposition rate of 10
kg/h) and 215 kgCOqe (for a deposition rate of 0.5 kg/h). Hence, the
LCA was carried out considering a deposition rate of 1 kg/h.

Considering the high influence of the deposition rate in the energy
input within the fabrication process, a Monte Carlo simulation was
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developed to tackle this issue from a probabilistic perspective. The
objective was to understand the impact in terms of GWP 100 resulting
from the LCA presented in Section 4 in response to the variability of the
deposition rate (significantly affecting the A3 stage). Two limiting sce-
narios were studied: (i) DED-Arc production and (ii) DED-Arc produc-
tion considering the exclusive use of renewable energy as energy input.
For both scenarios, the analysis was carried out considering both 1 kg of
printed material and the single optimized joint as functional unit,
respectively. The Monte Carlo analysis method is used to perform the
sensitivity analysis in Python. The Monte Carlo method is a mathemat-
ical technique that estimates a set of possible outcomes (in this case, the
environmental impact estimated in terms of GWP 100) and their prob-
ability of occurrence by varying the input parameters in their estimated
interval of values. Within the analysis, a model is simulated for a large
number of iterations, in which a random value for each input parameter
is assigned. The result is a set of outcomes and probabilities of their
occurrence, taking into consideration the impact of the input parameter
within the overall outcome.

The Monte Carlo analysis was carried out considering the deposition
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Fig. 11. Uncertainty analysis for (a) DED-Arc and (b) CNC-milling per single joint produced; (c) uncertainty analysis per kg of part produced.

rate as input parameter, whose minimum and maximum values were set
equal to 0.5 kg/h and 10 kg/h, respectively. The analysis was repeated
for 20,000 iterations. The results are reported in Figs. 9 and 10 for the
two considered scenarios and the two functional units. The results
confirm that the environmental impact of DED-Arc manufacturing is
significantly affected by the deposition rate, resulting in a range of
values between 170 kgCOye and 218 kgCOqe (considering the 5% and
95% distribution fractiles) for the DED-Arc production scenario. The
values lower significantly when considering the scenario of DED-Arc
production with the exclusive use of renewable energy, between 125
kgCO2e and 170 kgCOqe (considering the 5% and 95% distribution
fractiles).

5.4. Uncertainty analysis

Given the high influence of the input parameters on the environ-
mental assessment presented in this work, an uncertainty analysis was
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carried out to compare the effectiveness of DED-Arc manufacturing vs
CNC milling. The objective was to compare the GWP 100 of the LCA
presented in Section 4 for the two scenarios of DED-Arc manufacturing
and CNC milling accounting for the uncertainties related to the input
parameters. The analysis was performed considering both the single unit
production (i.e. single conventional CNC-milled joint and single opti-
mized DED-Arc joint) and 1 kg of part produced. A normal distribution
with a coefficient of variation of 10% was considered for each input
inventory in the LCA, according to the analysis carried out by Kokare
et al. [30]. The Monte Carlo analysis was repeated for 20,000 iterations.
The results are illustrated in Fig. 11. Concerning the environmental
impact per kg of part produced (Fig. 11c), the distribution of values for
CNC milling is more dispersed than for the DED-Arc manufacturing, thus
resulting in a higher variability of the former when considering the
uncertainty related to the input parameters of the LCA. For both pro-
duction processes, the environmental impact per part produced lies in
the following ranges: between 180 and 226 kgCOqe for the optimized
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Fig. 12. Correlation between: (a) mass reduction and GWP; (b) mass reduction and production cost.

DED-Arc joint and between 1035 and 1435 kgCOze for the conventional
CNC-milled joint.

6. Combined effect of design optimization and DED-arc
manufacturing

The adoption of optimized design solutions in structural systems
would result in overall increase in material utilization and hence mass
savings [31]. Recent work demonstrated the effectiveness of combining
metal 3D printing and topology optimization to reduce the environ-
mental impact of steel structures. Shah et al. [20] compared the envi-
ronmental impact of different optimized steel beams to be produced
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with WAAM (or DED-Arc) compared to the conventional I-beam section.
The results demonstrated that by achieving a 50% mass reduction, the
WAAM optimized beam impacted less than the conventional I-beam.
This work aims at evaluating the combined effect of design optimi-
zation and DED-Arc manufacturing compared to conventional design
produced with CNC milling, as usually adopted to produce complex-
shaped steel joints. Fig. 12a presents the correlation between mass
reduction and GWP for both CNC milling and DED-Arc manufacturing.
Considering the framework presented in Section 4, the graph confirms
the findings of Section 5, resulting in DED-Arc manufacturing being less
environmentally impactful than CNC milling even without accounting
for any mass reduction. This result could be due to the high BTF ratio
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associated with CNC milling, resulting in much higher environmental
impact with respect to the additive manufacturing process.

Based on the economic inventory proposed by Kokare et al. [30], a
correlation analysis between mass reduction and production cost was
carried out (Fig. 12b). The results show a break-even point between CNC
milling and DED-Arc manufacturing when achieving 70% of mass
reduction. This suggests that for highly optimized components, additive
manufacturing not only offers environmental advantages (as shown in
the first graph) but can also be more economically viable than conven-
tional manufacturing processes adopted for complex-shaped geometries.

It should also be noted that the high production cost associated to the
DED-Arc manufacturing could be significantly decreased in the future,
when this advanced technology will be more widely adopted in the
market.

7. Conclusions and future outlook

The study presents an investigation on the potential benefit of
adopting combined optimization strategies and large-scale additive
manufacturing solutions to reduce the environmental impact of
complex-shaped steel joints in construction.

The analysis was based on a comparison between Computer
Numerically Controlled (CNC) milling technology and a large-scale
metal 3D printing technique referred to as Wire-Arc Additive
Manufacturing (WAAM) or DED-Arc manufacturing. Both fabrication
techniques were compared on the case study of the production of steel
joints for the realization of the gridshell rooftop on the Great Court of the
British Museum in London. The environmental impact was assessed
considering both the influence of the production technologies and the
combined effect when design optimization is also implemented. For this,
a topology-optimized steel joint suitable for fabrication with DED-Arc is
compared with the conventional CNC-milled joint adopted for the
gridshell structure of the British Museum.

The environmental impact was assessed in terms of Global Warming
Potential (GWP) through a cradle-to-completion Life-Cycle Assessment
(LCA) considering various aspects and scenarios affecting the analysis.

The following results were obtained:

- By comparing the production via CNC milling and DED-Arc
manufacturing, the latter resulted to have a lower environmental
impact with respect to the more commonly adopted fabrication
process for complex-shaped parts. This result could be attributed to
the high buy-to-fly (BTF) ratio attributed to CNC milling, causing
high metal scrap rate with respect to the high material utilization
fraction of metal 3D printing technologies.

Considering DED-Arc manufacturing, the flexibility of this produc-

tion process was investigated assuming different scenarios, such as

the on-site production and the exclusive use of renewable energy.

Additional sensitivity analysis was carried out on the adopted

deposition rate, which could affect the overall environmental

impact. Further investigations considering the exclusive use of
renewable energy resulted to be less affected by any source of vari-
ation related to the production process.

Uncertainty analysis using the Monte Carlo method was performed

to study the effect of uncertainty in input data on the environmental

impact of both CNC milling and DED-Arc manufacturing. The results
revealed a slightly higher sensitivity to the input uncertainty on CNC
milling with respect to DED-Arc manufacturing.

- The combined wuse of design optimization and DED-Arc
manufacturing was investigated in terms of environmental and
economic impact. The results revealed that the environmental
impact of DED-Arc manufacturing is always lower than for CNC
milling, due to the high BTF ratio related to the latter. Regarding the
economic impact, DED-Arc manufacturing resulted to be more
economically viable than CNC milling for designs having 70% or
higher mass savings.
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These first results revealed the dual benefit of adopting topology
optimization design strategies and large-scale additive manufacturing
technologies to produce complex-shaped parts for steel construction.
Future works should include a wider range of geometries, materials and
cradle-to-grave system limits.
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