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Abstract: Manufacturing is an important pillar of socio-economic development,
but it has a large carbon footprint and causes serious damage to the ecosystem.
There is significant pressure on the manufacturing sector to embrace eco-friendly
manufacturing technologies to reduce its environmental burden. Metal Additive
Manufacturing (MAM) is a rapidly evolving field with promising prospects to
balance the economic and ecological concerns. Recently, manufacturing businesses
started to examine MAM as a potential route to strengthen their eco-footprint and
improve sustainability performance. The shift from Conventional Manufacturing
(CM) processes to MAM requires significant capital investment, staff training, and
possibly changing the business model. This may lead to hesitancy among
enterprises to take on such risks without guaranteeing the sustainability benefits of
MAM. This paper conducts a comprehensive review and critical evaluation of the
environmental and economic impacts of MAM. The paper draws guidelines on the
best production contexts that enable the fulfilment of environmental goals and
maintain economic viability through MAM technologies. In general, Powder Bed
Fusion (PBF) techniques are considered environmentally friendly and cost-
effective for small-scale production of lightweight small parts with complex shapes
and relatively high resolution. In contrast, Direct Energy Deposition (DED)
processes are valuable for repairing and manufacturing large-scale parts that have
medium shape complexity and relatively low resolution.

Keywords: additive manufacturing; metals; environmental impact; sustainability;
LCA; LCC; energy consumption; green manufacturing

1. Introduction

Since the first industrial revolution in the 18th century, manufacturing played a key role in the economic
growth of many countries. On the positive side, manufacturing generates profit, wealth, and jobs, adding value to
Gross Domestic Product (GDP) and employment. It helped many countries, such as China, transform their
economies from low-income to high-income. On the negative side, manufacturing overburdened the environment
by generating a lot of carbon dioxide (CO,) emissions. In 2020, manufacturing was responsible for 6.22 billion
tons of Greenhouse Gas (GHG) emissions and was the world’s third-largest contributor to CO, emissions after
electricity and heat production and transport [1]. Global efforts to mitigate the impact of climate change become
more effective when considering strategies to reduce manufacturing-based emissions. Green manufacturing (GM),
or Sustainable Manufacturing (SM), is one of the key drivers to enable long-term sustainable development and meet
carbon neutrality targets. GM refers to an environmentally conscious manufacturing pattern (strategies and processes)
that minimizes energy consumption and material waste, thus reducing negative environmental impacts [2].
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Manufacturing is one stage in the development cycle of a product. In fact, decisions made during the design phase
of a product determine, to a great degree, the materials and processes needed to make the product and may limit
the options available for the manufacturing team to select environmentally friendly manufacturing operations.
Thus, GM is a system-level paradigm that prioritizes environmental protection across all stages of production;
therefore, it is an umbrella term for various aspects and practices such as green design, green materials, green
factories, green production, and green supply chain management [3]. Embracing GM practices will not only yield
environmental benefits through pollution reduction but also lead to substantial advantages in terms of operational
effectiveness and economic outcomes through reducing production costs and decreasing expenses on waste
treatment and disposal.

Metals are key materials in modern society because they are essential in many sectors, such as machinery,
buildings, vehicles, and infrastructures. The global demand for metallic materials continues to increase at a fast
pace to meet the demands of increased global populations and modern industry. This demand is expected to grow
by 2—6 folds over the 21st century [4]. Conventional Manufacturing (CM) processes of metals tend to pose
different environmental concerns, such as climate change and biodiversity loss, and raise concerns about how to
meet the future demand for metal goods without causing further environmental damage. Therefore, it is imperative
to develop a comprehensive understanding of the environmental impact of CM processes of metal and explore
novel environmentally friendly fabrication ways.

Choosing a suitable manufacturing process for a certain part is a multi-criteria decision because it depends
on a set of factors such as material compatibility, manufacturing constraints, production volume, lead time, cost,
and quality requirements. Also, selecting the right manufacturing process is a critical step to achieve GM because
the manufacturing process not only determines the energy and materials needs but also the number of subsequent
treatments. Adopting manufacturing processes and routes that generate less waste and utilize less energy and
material is pivotal for GM. Conventional Manufacturing (CM) processes tend to be either energy-intensive, such
as casting, or material-intensive processes, such as machining. Also, the flexibility of CM processes is limited
because they require bespoke tooling, such as die in casting and forging, and have constraints to produce freeform
geometry without additional processes.

The advent of Industry 4.0 and its digital technologies such as big data and machine learning, cyber-physical
systems, Internet of Things (IoT), autonomous robots, cybersecurity, cloud infrastructure, and Additive
Manufacturing (AM) has changed the face of production processes [5]. In particular, AM has remarkable potential
for solving manufacturing challenges, fostering GM practices, and creating a sustainable production system of
metallic parts [6,7]. For example, products with sub-mm-scale, i.e., micro-scale geometrical features, are difficult
and expensive to be produced using conventional machining while they can readily and economically be fabricated
via Metal Additive Manufacturing (MAM), thanks to its layer-by-layer building approach. Recently, the field of
metal AM has witnessed radical technological advancements that were translated into price reduction and quality
improvement of AM products. Also, novel hybrid manufacturing strategies combining AM and CM processes were
introduced to achieve advanced requirements and overcome the shortcomings of each manufacturing type. As a result,
the use of AM is no longer restricted in the sphere of rapid prototyping but was extended to manufacturing functional
end-use products [8]. Biomedical [9—11], automotive [12,13], aerospace [14], and energy [15-19] are some sectors
that incorporated AM as a reliable production option for their parts and technologies.

AM opens a new horizon to revolutionize GM practices. However, selecting AM as a production route is a
crucial strategic decision aaand may lead to an array of changes to the whole supply chain. Therefore, different
aspects should be carefully evaluated before making any change. Within the context of sustainability, Life Cycle
Assessment (LCA) and Life Cycle Costing (LCC) methodologies can be employed to assess environmental and
economic impacts. Similarly, multi-objective approaches can be adopted to determine the optimal trade-off
between the different sustainability indicators when selecting a production technology for certain products. The
impact of AM, as a new technology, on sustainability continues to be debated among researchers and still no
consensus has been achieved. Over the past few years, many research investigations have been undertaken to
evaluate the life cycle impact of AM-manufactured products in terms of energy and material consumption,
generated waste and pollution, and possible influence on human health and the environment [20]. The current
paper consolidates the findings of the literature studies to clarify the environmental and economic potential of
MAM. The literature review was conducted by searching through various scientific databases, including Google
Scholar, Web of Science, Scopus, Science Direct, etc, using a combination of keywords, such as Metal Additive
Manufacturing, Life Cycle Assessment, Sustainability, Life Cycle Costing, Cost Model, etc. The papers returned
by the search were screened based on their titles and abstracts to identify those most relevant to the topic. The
paper is structured as follows: Section 2 provides an overview of different MAM technologies, Section 3 reviews
research studies concerned with the environmental impact and Life Cycle Assessment (LCA) of MAM
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technologies, Section 4 explores literature investigations on the economics of MAM, and Section 5 discusses the
environmental and economic implications of MAM and identifies optimal production contexts using MAM.

2. MAM Technologies

According to ISO/ASTM 52900:2015 standard, there are seven different categories of AM processes namely
Photopolymerization (VP), Material Jetting (MJ), Binder Jetting (BJ), Material Extrusion (ME), Directed Energy
Deposition (DED), Sheet Lamination (SL), and Powder Bed Fusion (PBF) [21,22]. Among those methods, PBF,
DED, BJ, and ME are the processes suitable for metallic feedstock. Such MAM technologies enabled the
fabrication of metallic parts with controlled properties, complex shapes, and desired functionalities. PBF, DED,
and BJ use metallic powder feedstock, while ME use solid metal wire feedstock.

In PBF processes, a layer of Metal Powder (MP) is deposited on a substrate in the powder bed and then either
a Laser Beam (LB) or an Electron Beam (EB) is used as a heat source to selectively melt the powder feedstock in
an inert atmosphere or under vacuum conditions, respectively. PBF processes can be classified, according to the
type of heat source, into EB-based PBF of metals (PBF-EB/M) and LB-based PBF of metals (PBF-LB/M). PBF-
LB/M is also known as Laser Powder Bed Fusion (LPBF), Selective Laser Melting (SLM), and Direct Metal Laser
Sintering (DMLS) [23]. Similarly, Electron Beam Melting (EBM) was used in the literature to refer to PBF-EB/M.
The vacuum and inert atmospheres used in PBF-EB/M and PBF-LB/M, respectively, are essential to reduce
oxidation during the melting process and enhance the quality of the print [24,25].

In DED processes, the heat source melts the feedstock as it is being deposited on the substrate. A protecting
environment in the form of a shield gas is applied to prevent oxidation of the molten pool during the DED process.
The feedstock is delivered to the molten zone using co-axial or off-axis (lateral) feeding technologies. According
to the type of feedstock, DED processes can be either powder or wire feeding types [26]. Powder-feeding DED
processes utilize LB as thermal energy; therefore, they are called laser directed energy deposition of metals (DED-
LB/M). Many other synonyms are used in the literature to refer to DED-LB/M processes including Laser Additive
Manufacturing-Direct Energy Deposition (LAM-DED), Laser Direct Energy Deposition (LDED), Direct Laser
Deposition (DLD), Direct Additive Laser Construction (CLAD), Laser Metal Deposition (LMD), Laser
Engineered Net Shaping (LENS), Direct Metal Deposition (DMD), Direct Metal Tooling (DMT), laser deposition
welding, laser cladding, etc. For wire-feeding DED processes LB, EB, Electric Arc (EA), or Plasma Arc (PA) can
be used. The most popular wire-feeding DED process is Wire Arc Additive Manufacturing (WAAM) or Wire Arc
Directed Energy Deposition (DED-WA). WAAM is a welding-based direct energy deposition method that uses a
robotic arm, arc welding equipment, and Metal Wire (MW) feedstock to produce large metallic parts layer-by-
layer [27]. The distinct application of WAAM is to fabricate large parts with a build volume exceeding 0.5 m?,
such as pedestrian footbridge [28].

Instead of heat sources used to fuse feedstock materials in PBF and DED, BJ processes use a liquid binding
agent, normally organic compounds, to glue or bind metallic powder particles together. For each layer of the BJ-
built part, a layer of powder is spread first in the powder bed, and then the print head dispenses the liquid binder
over the powder particles to create a 2D pattern of the layer. The initial created part via BJ is called a ‘green’ part,
which is a part composed of bonded powder particles. The de-binding process, which involves heating the ‘green’
part, is used to decompose and remove the binders. Following the de-binding, a pressure-less sintering process is
applied to strengthen and densify the green part [29].

Table 1 summarizes the working principles, advantages, and disadvantages of different MAM methods.
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Table 1. Comparison of different MAM techniques.
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MAM AM ISO
Method Category

Post-Processing

Feedstock Heat Source Principle R
Operations

Building Requirements

Key Advantages and Disadvantages

First, a layer of powder is
deposited on a substrate in the e THeat treatment
powder bed. Then, LB melts the The building chamber is filled with )
powder. The molten material  inert gas to prevent oxidation. * Removal of support
solidifies to form a new layer of structure.

the part.

PBF-LB/M PBF MP LB

It can produce highly dense parts with a very high
relative density of ~99% (+) [30].

It involves a significant thermal gradient, resulting in
many defects such as residual stresses and porosity
as well as poor ductility (—) [30-32].

It has a slow build rate (deposition rate) of 0.01-0.2
kg/h (-) [33].

The printed part has internal stresses (—) [34].
PBF-LB/M systems are expensive (—) [35-37].

EB melts the powders; then, the The process is done in a chamber e Heat treatment.
molten material solidifies to under vacuum conditions to avoid e Removal of support
form a new layer. air-electron interaction. structure.

PBF-EB/M PBF MP EB

The vacuum environment maintains the chemical
composition of the material (+) [38].

It is suitable for building highly reactive materials
(materials with a high affinity for oxygen and
nitrogen) such as titanium and aluminium

alloys (+) [39].

The PBF-EB/M-fabricated part has lower residual
stresses and defects than that produced by PBF-
LB/M (+) [39].

Due to the vacuum environment, the PBF-EB/M-
fabricated part has a higher relative density and
lower defects than the PBF-LB/M-fabricated

one (+) [39].

Its deposition rate (0.041-0.13 kg/h) is comparable
to PBF-LB/M (-) [40].

It is faster than PBF-LB/M due to wider spot size
and higher power of EB compared to LB (+) [41].

It uses the concept of cladding
and welding processes where
the part is created line-by-line
through the simultaneous
deposition of material and
energy, i.e., LB melts the
powder materials as they are
deposited onto the substrate.

Inert gas is used in the

DED-LB/M DED MP LB building chamber.

HIP, to minimize
residual stresses.

¢ Finishing operations to
enhance surface quality.
e Heat treatment, such as

It has lower dimensional accuracy/resolution and
higher surface roughness and deposition rate than
PBF (-) [26].

The minimum feature size of the DED-LB/M
fabricated part is greater than that obtained by PBF
methods (—) [26].

It can be used for large parts (+) [26].

It can be used for even and uneven substrates

) [26].

The building rate is in the range of 0.5-6 kg/h, which
is faster than PBF processes (+) [42].

It can be used for repair (+) [26].
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Table 1. Cont.
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MAM
Method

AM ISO
Category

Feedstock Heat Source

Principle Building Requirements

Post-Processing
Operations

Key Advantages and Disadvantages

WAAM

DED

MW

EA

The wire feedstock is
simultaneously fed and melted,
using electric arc, onto the
surface of the substrate.

Inert gas.

Heat treatment
processes such as
annealing and Hot
Isostatic Pressing (HIP).

It has low capital investment and it is cheaper than
DED-LB/M and PBF processes (+) [30,43].

It has a high deposition rate in the range of 1-8 kg/h
(+) [44].

It is suitable for large-sized structures with medium
geometric complexity (—) [44].

Its dimensional accuracy is inferior to DED-LB/M
(=) [26].

It has less health and safety concerns than PBF and
DED-LB/M as they don’t use powder feedstock
(+) [45].

It offers less energy consumption than DED-LB/M
and PBF due to the use of EA as an efficient fuse
source [45].

BJ

BJ

MP

NA

First, a layer of powder
feedstock is deposited on the
building plate. Then, a liquid
binding agent is applied to join
powder materials in selective
areas of each layer.

None

De-binding.

Sintering.

Infiltration (optional) to
increase the density of
the part.

It has a large build volume (+) [29].

It can print a wide range of materials, including those
with high optical reflectivity, high thermal
conductivity, and low thermal stability [46].

It has a relatively high build rate (200 cm3/min)
compared to MJ processes (+) [29].

BJ process requires no protective environment, such
as vacuum used in PBF-EB/M or inert gas used in
PBF-LB/M or DED-LB/M (+) [46].

It doesn’t require support structures (+) [46].

The MJ-fabricated part has a relatively low density
(-) [46].

Sintering causes significant dimensional change
where the shrinkage during sintering may reach
15%-20% (-) [29].
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3. Environmental Performance of MAM
3.1. Environmental Assessment Tools

The environmental advantage of MAM can be assessed by its ability to reduce material utilisation, decrease
energy consumption, and process an eco-friendly material. LCA is an effective tool for evaluating the impact of
MAM on global environment [33,47]. Unlike conventional assessment methods that only consider one stage of
the product development cycle, LCA is a comprehensive method that examines energy and material flow and
assesses the environmental impact during the different stages, or gates, of the product life cycle from materials
extraction until product disposal, as shown in Figure 1. Depending on its scope, LCA can be either comprehensive
or partial. The comprehensive LCA, or cradle-to-grave LCA, considers all product life stages. Conversely, partial
LCA considers only a limited number of stages within the product life span and can be classified into cradle-to-
gate, gate-to-gate, or gate-to-grave.

Product
Life Cycle

Figure 1. Product life cycle from material extraction till disposal. Transport of feedstock and manufactured and
used product and recovered material are intermediated stages. Material and energy are the input for each stage
while emissions (in solid, liquid, and gaseous forms) and waste hear are outputs.

ISO14040 standard prescribes the LCA procedure and framework [48]. According to this standard, the LCA
study consists of four main steps, as shown in Figure 2, including first, defining goals and scope; second, compiling
an inventory of inputs and outputs for materials, energy, and emissions; third, assessing the impact associated with
the inputs and outputs; and fourth, interpreting the results of inventory analysis and impact evaluation with respect
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the objective of the study. The LCA study is typically conducted for a particular functional unit (product) to provide
a reference to which inputs and outputs are mapped.

Define goals Life cycle Impact
and scope inventory assessment

> i = y.

D

Interpretation

®
o

Figure 2. The ISO14040 standard LCA framework.

In the subsequent sections, literature studies on LCA research of different MAM technologies were reviewed
to assess the environmental impact of MAM. Also, the studies that merely focused on comparing energy or material
consumption of the AM and CM processes were surveyed. Table 2 summarizes previous research investigations
on the LCA of MAM.
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Table 2. Summary of MAM LCA investigations.

Renew. Sustain. Energy Technol. 2025, 1(1), 6

MAM Method Material LCA Scope Functional Unit Main Findings Ref
e CM techniques (machining and forming) are more sustainable
Aluminium allo than PBF-LB/M for fabricating parts with simple geometries.
PBF-LB/M (AISi10Mg) Y Cradle-to-grave A component with an axisymmetric geometry. e PBF-LB/M is more environmentally friendly than machining  [49]
& or forming processes for fabricating aircraft parts with
complex shapes (have low solid-to-cavity ratios).
e The PBF-LB/M process can reduce the environmental impact
of producing the standard valve design by 37.42% compared
. . to the CM method.
PBF-LB/M Stainless steel (316L Cradle-to-gat Hydraul lve body. . . 50
ainless steel ( ) radieto-gate ydraulic vaive body e The powder preparation stage and electrical demands of the [50]
process are the main causes of the negative environmental
impact of the PBF-LB/M process.
e Aluminium alloy e A sprocket adapter made of aluminium . .
PBF-LBM  (AISilOMg). Gate-to-gate alloy (AISil0Mg). ® PBELDM-fabricated paris have a lower environmental [51]
e Stainless steel (316 L) e A tie rod made of stainless steel (316 L). P parts.
i 0 y
PBF-LB/M Inconel 718 Gate-to-gate A jet engine turbine blade * P.BF LB/M p I'Od}l ces 4% liess C(.)2 CIISSIONS than CM [52]
(investment casting combined with precision machining).
e Anair eiector e PBF-LB/M is more environmentally demanding than
PBF-LB/M Stainless steel (316L) Cradle-to-grave . A tr'J Fice plat conventional subtractive machining methods due to the high [53]
centric oritice plate. electrical demands of the PBF-LB/M process.
PBF-LB/M Stainless steel (316L) Cradle-to-grave A flat washer. ° aci\é[ :cs(l)rrlli il(z; lliﬁzz?lggf%g /Dn/}ore environmentally friendly [54]
e PBF-LB/M Stainless steel (316L) Cradle-to-gate A part with an axisymmetric geometry and e The PBF —EB/M process is more eco-friendly than PBF-LB/M [55]
e PBF-EB/M holes. and machining processes.
Aluminium alloy . e The electricity consumption of the PBF-LB/M process has the
PBF-LB/M (AlSi10Mg) Cradle-to-grave A small turbine. highest share of its environmental impact. [36]
e PBF-LB/M process has less environmental damage than
.. machining for fabricating a part with a topology-optimized
PBF-LB/M Algﬁlsnillu (;I;/lalioy Cradle-to-gate A rocker arm. geometry. [57]
8 e Machining is more eco-friendly than PBF-LB/M for producing
the standard geometry of the part.
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Table 2. Cont.

MAM Method Material LCA Scope Functional Unit Main Findings Ref
An automotive engine with different

. . [ )
components made of different materials, such as
cast iron, stainless steel, low-alloy steel, and
aluminium alloy.

PBF-LB/M has the potential to improve environmental
performance if future technological developments enable the [58]
printing of low-alloy steel engine parts.

Various materials (see

PBF-LB/M function unit column).

Cradle-to-grave

e PBF-LB/M has less environmental burden but is more

PBF-LB/M  Titanium alloy (Ti6Al4V) Cradle-to-grave  An aeroplane doorstop. expensive than conventional machining, [59]
Different representative aircraft components:
o Fork fitting made of titanium alloy.
e PBF-LB/M Various materials (see *  Bracket made of titanium ?"‘uoy' e Adopting AM for the aircraft industry could result in
. . Cradle-to-gate e Seat buckle made of aluminium alloy. c . . . . [60]
e PBF-EB/M function unit column). o oo substantial energy savings and reductions in GHG emissions.
¢ Bionic bracket made of titanium alloy.
e Engine cover door hinge made of titanium
alloy.
e The hybrid manufacturing approach combining AM methods
e PBF-LBM ° T1‘Fan1um alloy Cradle-to-gate . with ﬁnl.sh machl.m.ng is more eco-friendly than conventional
e PBF-EB/M (Ti6Al4V). Cradle-to-orave A single produced part. subtractive machining. [61]
e Stainless steel g e The use phase influences LCA results of components, which
are parts of a transportation system, such as cars and aircrafts.
e The machining process is more energy-efficient than PBF-
Carburizine steel LB/M for standard gears.
PBF-LB/M (16Mn Cgr 5) Cradle-to-gate  An industrial gear wheel. e PBF-LB/M is more energy-efficient than machining for [36]
fabricating gears with lightweight designs at a small
production volume.
e PBF-LB/M e The AFSD process has better sustainability performance than
e Additive the PBF-LB/M process.
Friction Stir ~ Titanium alloy (Ti6A14V)  Cradle-to-gate 1 kg of blocks. e The lower sustainability score of PBF-LB/M is due to the high [62]
Deposition energy demands of the powder preparation process and the
(AFSD) need for argon protective gas during the process.
Nickel- e The PBF-LB/M-based repair reduces energy consumption,
PBF-LB/M Cradle-to-gate ~ Repairing a gas turbine burner. carbon footprints, and material footprints compared to [63]

based super alloy . S .. .
conventional repair using machining and welding processes.

e PBF-LB/M in a distributed manufacturing scenario has a
PBF-LB/M Stainless steel Cradle-to-gate =~ Metallic components of an electric ducted fan. lower environmental impact than conventional machiningina  [64]
centralized manufacturing scenario.
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Table 2. Cont.

MAM Method Material LCA Scope Functional Unit Main Findings Ref
PBF-EB/M  Titanium alloy (Ti6Al4V)  Gate-to-grave = Manufacturing one turbine. e PBF-EB/M is more eco-friendly than CNC milling. [65]

e PBF-EB/M has better ecological performance than milling,
PBF-EB/M  Titanium alloy (Ti6Al14V) Cradle-to-grave A femoral component of a knee implant. requiring less materials, consuming less energy, and releasing  [66]
less carbon emissions.

e PBF-EB/M is a more sustainable manufacturing strategy than
machining for parts with complex geometry.

e Machining has better sustainability performance than BEM for
parts with simple designs.

PBF-EB/M  Titanium alloy (Ti6Al4V) Cradle-to-grave A component with an axisymmetric geometry. [67]

e The DED-LB/M process caused less damage to the
environment, natural resources and human health compared to
machining. [68]
e The main driver of DED-LB/M environmental impact was the
powder preparation.

A mechanical part with complex geometrical

DED-LB/M  Titanium alloy (Ti6Al4V)  Cradle-to-gate
patterns.

e Compared to machining, additive remanufacturing, and hybrid
additive-subtractive, the pure additive manufacturing approach [69]
by the DED-LB/M process was the least eco-friendly option
for impeller production due to its high electricity demands.

DED-LB/M Titanium alloy Cradle-to-gate ~ Turbomachinery impeller.

e The DED-LB/M-based repair was more cost-effective and

DED-LB/M  Hot work tool steel (H13)  Cradle-to-gate  One functional mould of a glass bottle. environmentally friendly than the conventional repair, [70]
e The material efficiency of PBF-LB/M was higher than that of
e WAAM High strength low alloy L . WAAM and pure milling.
e PBF-LB/M steel (ER70) Cradle-to-gate A marine propeller e The WAAM process had the lowest environmental impact, [37]
while the PBF-LB/M had the highest impact.
e The CNC milling was the most ecological manufacturing
e WAMM High strength low alloy option for the considered component. On the other hand,

PBF-LB/M steel (ER70) Cradle-to-gate A flat wall. e PBF-LB/M had the most environmental impact due to the high

energy demand and shielding gas requirements.

[71]
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Table 2. Cont.
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MAM Method Material LCA Scope Functional Unit Main Findings Ref
WAAM demonstrated higher material savings and reduced
Three different parts environmental impact compared to the milling operation.
High strength low alloy e A gear The environmental impact associated with the Wire Arc
AAM le-to-gat . hy . L 2
W steel (ER70) Cradle-to-gate e A Cylinder Additive Manufacturing (WAAM) process primarily stems [72]
e S-shaped geometry from the production of primary material and the consumption
of shielding gas.
Preparation of feedstock material, energy consumption, and
the use of shielding gas were the main reasons for the
WAAM Stainless steel (316L) Cradle-to-gate  An engineering part. WAAM’s environmental impact. [73]
WAAM exhibited a lower impact on human health,
ecosystems, and resources than the machining process.
Structural mild steel o N The 1ntegrgted maqufacturmg approach combqnng WAAM
WAAM Cradle-to-gate A component containing cavities. with finishing milling operation was more environmentally [27]
(ER70S-6) . i o
friendly than the traditional machining approach.
WAAM Structural steel (EN Cradle-to-gate A blade. The integrated WAAM-machmmg approach eqa‘pled materials [74]
S235JR) and energy savings compared to the pure machining approach.
Aluminium alloy
(AA2319) e Acrospace frame made of AA2319 The WAAM-based integrated additive/subtractive production
WAAM Structural mild steel Cradle-to-gate . Crantl.lever beam made of ER70S-6 approgch was found to yield a re.ma?kable redpctlon in CO; [75]
(ER708-6) ¢ Titanium aerospace bracket made of emissions and energy consumption in comparison to
Titanium alloy Ti6Al4V machining.
(Ti6AI4V)
L . . . The AM-based repair approach was more environmentally
WAAM Hot work tool steel (H13)  Cradle-to-gate =~ Mould inserts used in the casting process. friendly than the conventional substitution-based approach, [76]
BJ Stainless steel (316L) Cradle-to-gate  Plates for microscale chemical reactors BJ was more ego-fnendly than MIM for low production [66]
volumes, and vice versa.
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3.2. PBF
3.2.1. PBF-LB/M

The PBF-LB/M process was the most investigated MAM process in terms of its environmental impact. Many
studies reported that PBF-LB/M has a higher environmental impact than CM or other MAM processes due to its
high energy demands. Kellens et al. [77] evaluated the environmental impact of PBF-LB/M-fabricated stainless
steel (316L) parts. They revealed that the environmental burden of the PBF-LB/M process is greater than that
generated during the material production phase. This was mainly due to the high electrical energy consumption of
the PBF-LB/M process. The melting phase was the most energy-demanding phase, accounting for 80% of total
energy consumption. Ingarao et al. [49] evaluated the environmental impact of PBF-LB/M, machining, and
forming manufacturing techniques for fabricating aluminium (AlSi10Mg) components via applying cradle-to-grave
LCA. They reported that CM approaches were more environmentally friendly than PBF-LB/M for simple parts that
do not have AM-oriented geometries. The power required for the laser to process the aluminium was the most
impactful factor on the environmental performance of the PBF-LB/M process. The study showed that PBF-LB/M
can only be more sustainable than CM approaches if it enables shape complexity with significant weight reduction,
i.e., parts with low solid-to-cavity ratio, and the manufactured part is used on an aircraft. Similar findings were
reported by Vytisk et al. [53], who conducted cradle-to-grave LCA to compare PBF-LB/M and CM for fabricating
an air ejector and a centric orifice plate. They found that PBF-LB/M was more environmentally demanding in most
impact categories and is also a more energy-intensive process, requiring 30% more Primary Energy Demand (PED)
than CM. The high PED of the PBF-LB/M process may drop by recycling the metal wastes from support structures
and the powder sieving process. The high energy consumption of the PBF-LB/M process was due to the laser cooling
phase, which consumes four times more energy than the printing phase. The negative environmental impact of the
PBF-LB/M process caused by its high energy consumption was also noted by Guarino et al. [54], who performed
LCA to compare PBF-LB/M and CO, Laser Cutting (LC) processes for manufacturing flat washers. They found that
the damaging impact of PBF-LB/M was four times greater than LC. Faludi et al. [56] used LCA to determine the
phase that has the most environmental impact during the PBF-LB/M process of aluminium parts. They found that
the electricity consumption of the process accounts for around four-fifths of embodied energy, thus dominating
the environmental impact. They attributed the high energy consumption of the process to the auxiliary equipment
and processes, such as the chiller of the PBF-LB/M system and Electron Discharge Machining (EDM) used for
part removal. Ahmed et al. [62] conducted a comprehensive sustainability comparison of two MAM methods,
including Additive Friction Stir Deposition (AFSD) and PBF-LB/M. The comparison was conducted utilising the
LCA framework for producing 1 kg of titanium (Ti6Al4V) blocks. The authors found that AFSD had a superior
sustainability performance than PBF-LB/M and attributed this to the high energy consumption associated with
preparing powder material and supplying argon protective gas required for the PBF-LB/M process. The sensitivity
analysis revealed that build volume, production speed, and material cost are the main factors influencing the
sustainability score of AM processes.

Despite the high energy demand, PBF-LB/M can still be more sustainable than CM for producing parts with
complex geometry or lightweight parts with topology-optimized geometries because CM of such parts is
challenging and often requires multiple steps and technologies [49]. Figure 3 shows some examples of attaining
better environmental performance for PBF-LB/M when utilized for parts with optimized geometries. Torres-
Carrillo et al. [52] adopted gate-to-gate LCA to conduct an environmental impact analysis of PBF-LB/M for
manufacturing a jet engine turbine blade. It was found that PBF-LB/M can yield up to a 4% reduction in the total
CO, emissions compared to the CM route using Investment Casting (IC) and Precision Machining Manufacturing
(PMM) processes. 7.027 and 7.325 tons of CO; emissions were estimated to be produced during the whole life
cycle of 600 blades manufactured by PBF-LB/M and CM, respectively. Peng et al. [50] and Wang et al. [78]
conducted a cradle-to-gate LCA analysis to estimate the environmental impacts of PBF-LB/M-fabricated hydraulic
valve bodies with standard and optimized designs. The PBF-LB/M approach was compared with CM using lost-
wax casting and machining processes. The PBF-LB/M process yielded a 37.42% reduction in environmental
impacts compared to CM when used to produce the standard design of the part. Interestingly, the environmental
impact of PBF-LB/M when producing the optimized design was only 10-23% less than CM, indicating that PBF-
LB/M may have a more profound environmental impact when used to fabricate an optimized part with lightweight
potential. The powder preparation stage and the high electricity consumption were the main reasons for the high
environmental damage of PBF-LB/M. Swetha et al. [51] utilized gate-to-gate LCA to compare the environmental
impact of Conventionally Manufactured (CMed) and PBF-LB/M-fabricated (PBF-LB/Med) parts, including
sprocket adapters and tie rods. The findings showed that topology-optimized PBF-LB/M-fabricated parts had less
impact on the ecosystem, human health, and resources compared to PBF-LB/Med and CMed components without
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topology optimization. The good environmental performance of optimized PBF-LB/Med parts was because they
required less building time and consumed less energy during the manufacturing process. Ramadugu et al. [57]
used cradle-to-gate LCA to compare the environmental impact of PBF-LB/Med and machined automotive rocker
arms. Topology optimization and Design for Additive Manufacturing (DfAM) approaches were applied to redesign
the part with less weight for PBF-LB/M. The PBF-LB/Med part with topology-optimized geometry exhibited
21.31% less environmental damage than the machined part. On the other side, the machined part has 14.53% less
environmental impact than the PBF-LB/Med part without topology optimization. The primary cause of the
environmental footprint of the PBF-LB/Med part is the high energy consumption during the printing process.
Kamps et al. [36] employed cradle-to-gate LCA framework to identify the most energy-efficient production
scenario for industrial steel gear wheel. Three manufacturing methods including machining, hobbing, and PBF-
LB/M; and three design variants of the part, including one standard and two lightweight designs, are evaluated for
low- and high-volume production scenarios. The milling process was more energy-efficient than PBF-LB/M and
hopping for standard gears. PBF-LB/M was competitive with other manufacturing processes in terms of energy
efficiency for fabricating lightweight design gear at a small production scale.
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Figure 3. Estimated cradle-to-gate CO2 kg equivalent for manufacturing (a) stainless steel hydraulic valve body
(b) aluminium rocker arm (produced based on data reported in [50,57]).

PBF-LB/M process showed environmental benefits for producing lightweight parts for automotive and
aeronautical applications. Bockin and Tillman [58] used LCA to estimate the potential environmental effects of
using PBF-LB/M for fabricating metallic engine parts for a light distribution truck. The authors stated that PBF-
LB/M has the potential to improve the life cycle environmental performance by fabricating advanced lightweight
engine parts with improved functionalities. Such potential can be achieved if future technological developments
enable PBF-LB/M to process low-impact materials, such as low-alloy steel, rather than highly impacting materials,
such as stainless steel and nickel alloys. Mami et al. [59] conducted LCA to explore the eco-efficiency of PBF-
LB/M as a manufacturing approach for titanium aeroplane doorstops. PBF-LB/M was more eco-efficient and had
less environmental burden than machining. Huang et al. [60] conducted a cradle-to-gate study to estimate the net
changes in GHG emissions and life-cycle primary energy consumption associated with adopting PBF-EB/M and
PBF-LB/M for the production of different lightweight metallic aircraft components. The results indicated that
MAM could lead to an annual energy saving of 70—173 million GJ and a reduction in GHG emissions of 5.4—13.3
million tons of CO; equivalent in 2050. The study also projected that MAM could save thousands of tons of
aluminium, titanium, and nickel alloys by 2050. This work demonstrated the potential of MAM in enabling the
aircraft industry to meet long-term sustainability goals.

PBF-LB/M process may yield some environmental advantages if used in the hybrid additive-subtractive
manufacturing approach. Priarone and Ingarao [61] compared the required PED and released CO, emissions
associated with manufacturing titanium alloy (Ti6Al4V) and stainless steel parts using purely machining and
hybrid additive-subtractive production routes. PBF-LB/M and PBF-EB/M processes were evaluated for the hybrid
production scenario. The hybrid approach with the ability to fabricate lightweight and highly surface-finished parts
is the most eco-friendly approach for parts of transportation systems (automotive and aerospace parts). The study
showed that the impact of the use phase on LCA results is significant if the part belongs to a transportation system.
Ahmad and Enemuoh [55] conducted cradle-to-gate LCA assessment and developed analytical models to estimate
the energy consumption of hybrid additive-subtractive, combining PBF-LB/M with milling for producing stainless
steel (316L) parts. Solid-envelope ratio was used to define the geometrical shape of the parts manufactured in this
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work. The hybrid approach was compared with PBF-EB/M and conventional milling processes. It was found that
the part production stage of the hybrid process is the most energy-demanding phase, consuming an average of 84%
more energy than PBF-EB/M and conventional milling processes. On the other side, the primary material
production stage was the highest energy consumption phase in the milling process, requiring an average of 70%
more energy than the PBF-EB/M and hybrid processes. Regardless of the solid-envelope ratio, PBF-EB/M was
the most eco-friendly process with the lowest total energy consumption.

PBF-LB/M can also be environmentally beneficial for repair applications. Walachowicz et al. [63] utilized a
cradle-to-gate LCA framework to compare the environmental impact of PBF-LB/M-based with conventional
repair methods of a gas turbine burner. The considered burner consisted of a main body made of stainless steel and
an upper section made of nickel-based superalloy. The conventional repair process involved replacing the damaged
parts of the burner with new prefabricated parts having the same geometry and materials. Different welding
technologies and finishing processes were used in the conventional repair approach. Conventional repair might
sometimes involve removing/replacing undamaged parts. The PBF-LB/M-based repair involved removing the
damaged part only and then building a new one using a customized PBF-LB/M system. The PBF-LB/M-based
repair provided many sustainability and environmental benefits as it yielded significant reductions in PED, carbon
footprint, and material footprint compared to conventional repair using machining and welding processes.

Decentralized manufacturing is another context where PBF-LB/M can yield environmental benefits. Tran et
al. [64] performed cradle-to-gate LCA analysis to compare the energy consumption of PBF-LB/M and CM for
producing stainless steel parts for an electric ducted fan in a decentralized manufacturing setting. The study found
that the transportation cost of the centralized manufacturing scenario via CM had a greater impact on the overall
energy consumption, ranging between 3 and 4.4 times that of the decentralized manufacturing scenario using AM.
This research proved the distinct environmental advantage of AM over CM in a distributed manufacturing setting.

3.2.2. PBF-EB/M

Paris et al. [65] compared the environmental impacts of manufacturing a titanium alloy (Ti6AlV) aeronautic
turbine using PBF-EB/M and CNC milling approaches. The study utilized manufacture-to-grave LCA that considered
three life cycle phases: production, use, and end-of-life (EoL). The results showed that PBF-EB/M was a more
environmentally friendly manufacturing option than CNC milling as it generated lower environmental impacts.
However, the study noted that the milling process could reach the same environmental impact as PBF-EB/M if the
starting part had a close geometry to the final part. A similar observation was also reported by Lyons et al. [66] who
evaluated the environmental impact associated with manufacturing a femoral component of a titanium (Ti6Al4V)
knee implant. The authors compared PBF-EB/M and milling manufacturing methods using cradle-to-grave LCA,
focusing on CO, emissions and PED. The study found that PBF-EB/M had better sustainability performance than
milling, consuming 45.5% lower PED and releasing 31.8% less CO». The good ecological performance of PBF-EB/M
was attributed to its high material efficiency, which was 65% compared to 15% in the milling process. The poor
material efficiency of the milling process was due to the complex geometry of the part. PBF-EB/M produced 3.9 times
less CO, emissions per part compared to the milling process. The preparation of material powder in the PBF-EB/M
process was the most polluting stage, accounting for 76.8% of the total CO, emissions. Priarone et al. [67] conducted
a cradle-to-grave LCA to compare the PBF-EB/M and machining processes, in terms of energy efficiency and CO»
emissions, for fabricating titanium (Ti6AL4V) parts. They reported that for parts with complex geometry having
a small solid-to-cavity ratio, PBF-EB/M was a more sustainable manufacturing strategy. This was due to PBF-
EB/M utilizing less material, consuming less overall energy, and releasing less CO, emissions than machining.
Conversely, for simple parts with a high solid-to-cavity ratio, the high energy demand of PBF-EB/M surpassed
the material savings, resulting in lower sustainable performance and higher CO, emissions. Therefore, sustainable
performance is not only dependent on the used manufacturing process but also on the geometrical features of the
part. Baumers et al. [79] compared the energy consumption of PBF-EB/M and CNC machining for fabricating
titanium parts with different levels of shape complexity. They used a convexity-based metric to quantify the shape
complexity of the parts. They found that energy consumption of PBF-EB/M was not driven by the shape
complexity of the part, indicating a weak connection between the two.

Le et al. [80] conducted an environmental assessment for hybrid additive-subtractive manufacturing. They
used PBF-EB/M with machining to transfer an existing part into a new part. They revealed that the hybrid PBF-
EB/M-machining route was more environmentally friendly than the CM strategy involving casting and machining
if more than 60% of the existing part material was reused for the new part. The environmental burden of the hybrid
manufacturing strategy was mainly due to the electricity- and resources-intensive nature of the powder production
and the PBF-EB/M process.
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3.3. DED
3.3.1. DED-LB/M

Serres et al. [68] compared the environmental impact of machining with the DED-LB/M process (termed
CLAD) for titanium alloy (Ti6Al4V) parts using cradle-to-gate LCA. The study found that the DED-LB/M process
had 70% less environmental impact than machining and resulted in reduced damage to natural resources and human
health. The largest environmental impact of DED-LB/M was during the powder production phase. Peng et al. [69]
conducted a cradle-to-gate LCA assessment to compare the environmental impact of different manufacturing
methods for impeller production, including machining (milling), hybrid additive-subtractive approach, AM using
DED-LB/M, and additive remanufacturing. The research concluded that additive remanufacturing was the most
environmentally friendly approach, while pure AM was the least favourable due to its high environmental burden
caused by its high electricity requirements. Gouveia et al. [70] compared the economic and environmental
performances of DED-LB/M and casting in the context of repairing a damaged glass bottle mould. The authors
assessed two repairing scenarios: using casting to produce a new mould to replace the damaged one or using the
DED-LB/M process to repair the damaged mould. The DED-LB/M-based repair involved three steps, including
machining of the damaged area, deposition of material via DED-LB/M, and then machining again to obtain the
final geometry. The DED-LB/M-based repair was more cost-effective and environmentally friendly than the
conventional repair. The DED-LB/M-based repair resulted in 2.62 kg CO, equivalent, while the conventional
repair released 10.95 kg CO, equivalent.

3.3.2. WAAM

In general, WAAM has lower energy demands than laser-based MAM processes because it uses an electric
arc as a heat source. This feature enabled WAAM to exhibit better environmental performance than laser-based
MAM processes, such as PBF-LB/M, as shown in Figure 4. Kokare et al. [37] conducted a comparative analysis
of the environmental impact of PBF-LB/M, WAAM, and CNC milling in the production of marine propellers
made of ER70 steel. The cradle-to-gate LCA revealed that PBF-LB/M exhibited the highest material efficiency of
at 58%, consuming 1.3 times and 5.8 times less raw material (powder) than WAAM and pure CNC milling,
respectively. On the other hand, WAAM was found to yield 2.5 times and 3.4 times less environmental impact
compared to CNC and PBF-LB/M. The work highlighted the high energy requirements of the PBF-LB/M as the
main driver of the high environmental impact. In a similar work, Kokare et al. [71] used cradle-to-gate LCA to
compare the environmental impact of manufacturing a single wall using WAAM, CNC milling, and PBF-LB/M.
They found that the CNC milling process was the most ecological manufacturing option for the considered
component. On the other hand, PBF-LB/M was the least favourable option due to its high environmental impact
caused by the use of Argon shielding gas and the high energy consumption during the process.
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Figure 4. Estimated cradle-to-gate CO2 kg equivalent for manufacturing (a) high-strength low-alloy steel part with
modesty complicated shape (b) ER70 Steel wall (produced based on data reported in [71,81]).

Reis et al. [72] used cradle-to-gate LCA comparative analysis to quantify the environmental impact of
WAAM and CNC milling operation for fabricating three steel parts, including a gear, cylinder, and S-shaped
geometries. The study found that using AM for metal products resulted in 40%-70% material savings and a 12%-
47% reduction in the environmental impact compared to CNC milling. The production of primary material, i.e.,
the steel billet, and the consumption of shielding gas were the main contributors to the environmental impact of
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WAAM. On the other side, the hot rolling process, used in both manufacturing routes, had the lowest
environmental impact. Dial et al. [73] performed a cradle-to-gate LCA analysis to compare the environmental
performance of WAAM and traditional machining processes. The evaluation focused on a part made of stainless
steel (316L). The analysis revealed that the primary contributors to the environmental impact of the WAAM
process were the preparation of feedstock material, energy consumption during the process, and the use of argon
as a shielding gas. A comparison between WAAM and the machining process showed that WAAM had distinctive
environmental advantages, exhibiting a lower impact on human health, ecosystems, and resources. The study
highlighted that the remarkable sustainability behaviour of the WAAM process stemmed from its high material
utilisation and low material waste. Catalano et al. [82] studied the influence of WAAM process parameters on
cradle-to-gate economic and environmental performance of titanium alloy (Ti6Al4V) parts. The research revealed
a negligible effect of the deposition rate on the environmental performance of the parts, as most of the carbon
footprint and the energy demand were associated with the pre-manufacturing phase, specifically the material
production stage. However, the deposition rate did affect the production time and manufacturing costs. Increasing
the deposition rate can reduce the production time by 25%. The study also highlighted that the environmental
impact of CM was higher than that of the WAAM process in parts with complex geometries featuring low solid-
to-cavity ratios or high Buy-To-Fly (BTF) ratios. Shah et al. [83] conducted a cradle-to-gate LCA to compare the
environmental impact of using WAAM and hot-rolling techniques for manufacturing steel beams. They considered
topology-optimized truss structures with tubular elements for the WAAM process and simple [-section beams for
the hot rolling process. The study found that WA AM-manufactured stainless steel and carbon steel beams have
24% and 7% less environmental impact than the corresponding hot-rolled I-beams. The research pointed out that
the shielding gas used in the WAAM process had the greatest environmental impact, even surpassing the impact
of electricity consumed during the process. The researchers suggested that the environmental performance of
WAAM can be improved further by increasing the material deposition rate, which would reduce the consumption
of both shielding gas and electricity. Priarone et al. [75] used cradle-to-gate LCA and a multi-criteria decision-
analysis method to compare the environmental impacts of products manufactured by WAAM and machining
processes. The authors looked at medium-to-large metallic parts, including an aluminium (AA2319) aerospace
frame, steel (ER70s-6) cantilever beam, and titanium (Ti6Al4V) aerospace bracket. The study focused on
cumulative CO; emissions and Cumulative Energy Demand (CED) as environmental performance metrics. The
results showed that using WAAM can significantly reduce CO, emissions and energy consumption.

The results of cradle-to-gate LCA conducted by Priarone et al. [27] showed that the integrated manufacturing
approach, combining WAAM with finishing milling operation, had lower energy requirements and carbon
footprint than the traditional machining approach for manufacturing mild steel parts with a relatively low solid-to-
cavity ratio. The study also demonstrated that the environmental metrics of the two approaches may converge as
the solid-to-cavity ratio increases. Therefore, the solid-to-cavity ratio can be considered a useful indicator for
making informed decisions in manufacturing planning. In a similar work, Campatelli et al. [74] applied a cradle-
to-gate LCA to compare PED and material consumption of integrated WAAM-machining and pure machining
approaches for producing a steel blade. The authors observed that the integrated approach had higher material
utilisation, leading to material savings of approximately 60% over pure machining. Additionally, the additive-
subtractive approach was more energy efficient, achieving an energy saving of 34% compared to pure machining.

Priarone et al. [76] conducted a cradle-to-grave LCA to assess the environmental effectiveness of using
WAAM for repairing steel (H13) mould inserts used in the casting process. The study found that the AM-based
repair approach was more eco-friendly than the conventional substitution-based approach. Specifically, the AM-
based repair strategy reduced the life-cycle energy consumption by 16.1% and carbon emissions by 20.2%
compared to traditional repair methods. These findings highlight how AM supports the fundamental principles of
the circular economy by enabling the repair and extension of product lifespan.

3.4. Other MAM technologies

Raoufi et al. [84] applied cradle-to-gate LCA to estimate the environmental impact of stainless steel (316L)
plates used in microscale chemical reactors. They compared the sustainability performance of two manufacturing
methods: Metal Injection Moulding (MIM) and BJ. The results of the environmental impact assessment showed
that for low annual production volumes (up to 1000 reactors), BJ had lower Cumulative Energy Demand (CED)
and Global Warming Potential (GWP) than MIM. However, for high production volume, MIM was more
environmentally friendly than BJ.
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4. Economics of MAM
4.1. Early Economic Models of AM

It is important to assess economic viability of MAM to understand its potential for adding business value.
The economic viability of a manufacturing process can be measured by its ability to reduce costs or shorten
production time. Many research studies have been conducted to evaluate the production cost and time of MAM
techniques compared to CM methods. Reliable cost models that can forecast the cost of AMed parts are essential
to inform investment decisions. CM cost models are limited to material and labour costs and are unsuitable for
modern manufacturing systems involving high capital investment. Therefore, cost models accounting for
investment, overheads, energy costs, etc. are needed for MAM methods, as shown in Figure 5. The cost models of
MAM techniques have evolved from simple generic models considering material and labour costs to more
comprehensive models accounting for machine and maintenance costs, process-based defects, and pre- and post-
printing operations.

Earlier economic studies of AM methods focused on evaluating the economic performance of AM methods
for rapid tooling applications. These studies proved that AM techniques can produce durable prototypes within a
short time, leading to significant economic value in reducing the time to market and expediting the development
cycle of new products [85,86]. Some examples of cost models relevant to MAM methods are those presented by
Hopkinson and Dickens [87] and Ruffo et al. [88,89]. Hopkinson and Dickens [87] presented a cost model for the
SLS process encompassing machine, labour, and material costs. The modelled costs of the part assumed that the
machine produces one part consistently for one year. The costs of the post-building operations were not included
as the surface finish of the produced part was assumed to be of good standard, requiring no finishing operations.
The researchers found that SLS was more cost-effective than Fused Deposition Modelling (FDM) and
stereolithography. The research highlighted that material costs had a significant impact on the cost model. The
study concluded that SLS was a more viable option than injection moulding for a production volume up to around
14000. Ruffo et al. [88] proposed a cost model of the SLS process that included direct costs (raw materials costs)
and indirect costs (the machine tool, administrative and production overheads, and labour costs). The model did
not consider the energy cost of the machine or costs associated with pre- and post-processing operations. The
model used a packing ratio factor, which represents the utilization ratio of the build space, to calculate the costs of
producing multiple copies of the same part. Machine cost was found to be the most significant factor, accounting
for around 38% of the total cost per part. The part size and packing ratio had a notable impact on the cost model.
The results demonstrated that the cost per part decreases as the production volume (the number of manufactured
parts) increases. In another work, Ruffo and [89] enhanced their earlier cost model by expanding it to accommodate
the production of multiple parts with different geometries. The main goal of incorporating parts with different
geometries in the same build job was to increase the build packing ratio and, consequently, lower the part cost.
Their research demonstrated that cost savings were achievable by adopting this mixed production method.
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Figure 5. Main cost elements of MAM technologies.
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4.2. PBF

Many studies compared the economic performance of PBF and CM processes in producing usable metallic
products, focusing on cost and production time. Atzeni and Salmi [35] compared the economic performance of
PBF-LB/M and High Pressure Die Casting (HPDC) processes for manufacturing landing gear structures made of
aluminium alloy (AISil10Mg). The part redesign was conducted to exploit the ‘freeform fabrication’ capability of
AM. The cost analysis showed that the die in HPDC and the machine tool in PBF-LB/M contributed the most to
the overall cost of each process. It was estimated that around 90% of the PBF-LB/M-manufactured part cost was
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associated with the depreciation of the AM system due to its high initial costs. The research concluded that PBF-
LB/M is an economic manufacturing method for small to medium-batch productions. For a batch size of less than
42, the cost of the PBF-LB/M -manufactured structure was less than the HPDC-manufactured one. The study also
revealed that PBF-LB/M can reduce costs and shorten the time from design to manufacturing by eliminating delays
associated with die tooling preparation. Guarino et al. [54] compared the economic performance of PBF-LB/M
and CO, Laser Cutting (LC) processes for flat washer production. They found that PBF-LB/M was less cost-
effective than LC. They attributed the high production cost of PBF-LB/M to the significant consumption of the
inert gas during the process. The production capacity of PBF-LB/M was 217 times less than that of LC, confirming
that PBF-LB/M is only suitable for small-volume production. Mami et al. [59] found that the production costs of
PBF-LB/M were higher than Computer Numerical Control (CNC) machining for fabricating a titanium aeroplane
doorstop. Bouquet et al. [90] compared the production times of steel spur gear manufactured using milling, Wire-
cut Electrical Discharge Machine (WEDM), and PBF-LB/M techniques. They found that milling was the fastest
route, completing the gear manufacturing within 14.25 h. PBF-LB/M, with 17 h production time, was the second
fastest option, while WEDM, with 22 h, was the slowest method. Héllgren et al.[91] compared cost- and time-
effectiveness of PBF-LB/M with High Speed Machining (HSM). The evaluation considered three different
materials: steel, titanium and aluminium, as well as eight parts that can be cut from rod blanks. The results showed
that manufacturing using PBF-LB/M is more expensive than milling, even for a production scale of one unit. The
cost of PBF-LB/M can increase further if the printed parts need post-processing machining. Parts with simple
designs and made from soft (easy-to-cut) materials are more cost-effective to be manufactured by CM rather than
AM. The study found that PBF-LB/M could be a more economical production option than machining if the printing
speed could be increased by eight times. It also highlighted that eliminating post-printing requirements and
reducing the material requirements through lightweight design are possible routes to reduce the cost of PBF-
LB/Med parts. In a similar work, Kamps et al. [36] found that machine equipment and powder costs are the main
drivers of the high cost of the PBF-LB/M process. They reported that the lightweight design that enables less
material consumption and higher material utilisation is essential to reduce the cost of the PBF-LB/Med part.
Manogharan et al. [92] constructed cost models to compare the costs of manufacturing titanium (Ti6Al4V) parts
using subtractive CNC milling and hybrid PBF-EB/M-machining strategies. The researchers found that despite
the higher material utilisation of the hybrid approach, its production cost was higher than that of the milling
approach for a batch size of four. The production cost of the hybrid approach decreased by increasing the batch
size due to high fixed costs for each run. The study suggested that the hybrid approach is advantageous for parts
made of expensive and hard-to-machine materials, while the subtractive approach is more economical for cheap
and easy-to-machine materials. It also identified that the economic viability of the hybrid approach could be
enhanced by reducing the production time, feedstock material cost, and operating costs of PBF-EB/M.
Constructing cost models that suit the nature of the PBF processes was an endeavour of many studies.
Baumers et al. [93] constructed a cost model of the PBF-LB/M process, considering the indirect costs arising from
labour costs, machine costs, administrative and production overheads, as well as direct costs, including raw
material and energy costs. The authors reported that a build with different parts and maximum utilization capacity
of the build volume resulted in cost reduction and lower energy consumption, leading to improved overall
sustainability performance. Rickenbacher et al. [94] presented a cost model of the PBF-LB/M process, taking into
account costs associated with pre- and post-processing operations. The model is based on a build job containing
multiple parts with identical or different geometries. The work showed that the simultaneous printing of multiple
parts can reduce machine set-up time and powder coating time per printed part, thereby lowering the overall cost
of the manufactured part. Baumers et al. [95] developed a production cost model of PBF-EB/M and PBF-LB/M
processes. Their model indicated that machine productivity is a key cost driver for both processes. The authors
observed that specific costs of the two MAM processes were high and greater than conventional manufacturing
processes, such as injection moulding and machining. The specific cost of PBF-LB/M was greater than that of
PBF-EB/M due to its lower deposition rate. The study suggested that as AM systems continue to advance, process
productivity will improve, leading to cost reductions. Baumers et al. [96] presented a cost model for the PBF-
LB/M process that considered the cost impact of the print failure and post-build operations, including the removal
of the anchor structures, surface improvement, washing, and inspection. The study proved that the capacity
utilization of the build space is an important factor in the cost of the part. It also showed that the cost of a part in
a mixed build at full utilization capacity was lower than that in a build with a single geometry but lower utilization
capacity. The research also highlighted that cost savings associated with the use phase of AM-designed and built
parts may outweigh that of the manufacturing phase. Colosimo et al. [97] demonstrated the impact of in-situ
monitoring capabilities on AM production costs by developing a cost model that considered the cost implication
of process defectiveness. The model included costs associated with pre- and post-processing operations, the
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building process, and raw materials. The cost of in-situ monitoring tools was reflected in the model by introducing
extra equipment costs. The authors found that using the in-situ monitoring tool resulted in economic benefits for
high-value metal products made of expensive materials and required long building time. The effectiveness of the
in-situ monitoring tool stemmed from its capability to provide early defective process interruption, thus reducing
the scarp rate, material waste, and the overall part cost. Table 3 summarizes the main cost drivers of PBF-LB/M
as the most explored MAM process in the literature.

The economic performance of PBF-LB/M process in manufacturing tooling for other CM processes was a
topic for some studies. Vasco et al. [98] considered the machine, material, and energy costs to assess the economic
viability of PBF-LB/M to produce metallic inserts for the injection moulding process. The authors found that PBF-
LB/Med inserts enhanced both the quality and productivity of the injection moulding process because they
produced high-quality parts with less scrap rate and shortened the overall cycle time of the injection process. The
study revealed that the quality and productivity enhancement achieved by PBF-LB/Med inserts reduced the energy
consumption of the injection process. However, despite energy savings, the part cost manufactured using a mould
with PBF-LB/Med inserts was greater than that manufactured using conventional tooling due to the high initial
tool cost of the PBF-LB/M system. Wiedenegger et al. [99] demonstrated the economic value of using PBF-LB/M
to manufacture die-casting inserts with conformal cooling channels in improving the heat dissipation process and
reducing the scrap rate of the HPDC process. The results showed that PBF-LB/Med inserts had a scrap rate of
3.74%, less than 7.1% of conventional inserts. Additionally, PBF-LB/Med inserts had the potential to reduce the
cycle time and increase the tool life of the HPDC process. The study highlighted that despite the high initial cost
of PBF-LB/M equipment, the positive outcomes in terms of enhanced heat dissipation, improved part quality, and
reduced scrape rate can generate significant cost savings.

Table 3. Main cost drivers for PBF-LB/M process.

MAM Process Cost Drivers Refs.
Machine cost. [35-37]
Feedstock. [36,92]
PBF-LB/M Operation and labour. [37,92]
Machine productivity (deposition rate). [95]
Utilization capacity of the building platform. [96]
4.3. DED

Dias et al. [73] developed a cost model to estimate the economic viability of WAAM for producing metallic
parts as an alternative to machining processes. The study found that material cost, with a 55% share of total production
costs per part, was the main cost driver of the WAAM process. The cost model confirmed the economic viability of
WAAM, predicting a 34% cost reduction when WAAM is used instead of machining. Priarone et al. [27] found that
the WAAM process had a lower total cost and production time than machining for fabricating parts with small
solid-to-cavity ratios. The economic performance of WAAM, in terms of production costs and efficiency,
decreased as the solid-to-cavity ratio of the parts increased. The study showed that machining processes had higher
production efficiency and lower costs than WAAM for parts with high solid-to-cavity ratios. In another work,
Priarone et al. [75] compared the economic performance of different WAAMed and machined parts. The authors
employed product cost and manufacturing time as economic performance metrics. The study found that
manufacturing time and costs depend on the part’s material. WAAM and machining exhibited comparable
economic metrics for manufacturing titanium and aluminium parts. However, the manufacturing cost and time of
WAAMed steel parts were greater than those of machined parts. Kokare et al. [37] conducted LCC to compare the
production costs using PBF-LB/M, WAAM, and CNC milling for manufacturing a marine propeller. The findings
revealed that WAAM was the most cost-effective production route for the propeller compared to CNC and PBF-
LB/M. The study identified that the high cost of the PBF-LB/M machine tool caused the high production cost for
this process. In a similar study, Kokare et al. [71] compared the economic performance of WAAM, PBF-LB/M,
and CNC for manufacturing a single steel wall. The work showed that CNC and PBF-LB/M were the most and
least economical manufacturing options, respectively. It also highlighted that the machine and labour costs were
the primary cost drivers of the PBF-LB/M process.

Mandolini et al. [100] constructed a cost model for the DED-LB/M process to assess the production costs
from the machine set-up to removing the built part. The model ignored the costs of the post-processing operations
and only accounted for material, consumables, labour, equipment, and energy costs. The study found that the
machine and material costs were the most influencing factors in the cost model.
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4.4. Other MAM Technologies

The economics of other MAM methods, such as BJ, have received limited studies, which proposed some
preliminary cost models of these processes. Raoufi et al. [84] compared the relative cost of microreactor steel
plates fabricated by BJ and MIM processes. The cost assessment revealed that the BJ-fabricated plates were more
expensive than the MIM-fabricated ones. Capital tooling and labour costs were the key cost drivers of the BJ
process. The MIM process had lower capital tooling costs and shorter cycle times to make the product. In a similar
work, Manoharan et al. [7] conducted a comparative cost analysis of BJ and PBF-LB/M processes for fabricating
microreactor stainless steel plates. The authors developed cost models, accounting for raw materials, facility, tool,
maintenance, labour, utilities, and consumables expenses. The results suggested that BJ was more cost-effective
than PBF-LB/M by around 40% for an annual production of 1000 reactors. Furthermore, they indicated that the
good economic performance of the BJ process was due to lower capital investments and shorter cycle times for
producing the parts.

5. Environmental and Economic Advantages and Limitations of MAM

Table 4 summarizes the key environmental and economic advantages and limitations of MAM. From an
economic point of view, cost models developed in the literature confirmed that MAM technologies are more
expensive than CM methods, such as machining, according to cost models developed in the literature. The principal
causes of the low economic performance of some MAM technologies are the high costs of machine tools and
feedstock materials, and slow process speed. For example, the cost of powder feedstock used in PBF and DED
processes is one or two orders of magnitude higher than that of wrought stock used in machining. For successful
MAM building, powder feedstock must meet specific morphology and size requirements (they must be small-sized
particles with a spherical-like shape). Such powder requirements are only achievable by using advanced powder
atomization processes. In general, MAM processes with wire feedstock, such as WAAM, are more cost-effective
than MAM with powder feedstock. The slow process speed is another reason affecting the economic performance
of MAM. The slow process speed stems from the low material deposition rate of MAM and it causes an increase
in indirect time-dependent costs, increasing the cost of the manufactured unit [95]. DED processes have
substantially higher material deposition rates (0.5 kg/h for DED-LB/M to 10 kg/h for WAAM [101]) than PBF
processes (0.1 kg/h for PBF-LB/M [102]) and PBF-EB/M (0.041-0.13 kg/h [40]), resulting in better economic
performance for DED over other PBF processes. The typical rate of CM processes, such as machining, can reach
100 kg/h which is substantially greater than MAM processes [95]. The productivity limitation of MAM processes
renders them unsuitable for medium- to high-volume production and only favourable for small-volume production.
Despite being an expensive option, MAM still yields some economic benefits in achieving higher production
efficiency and shortening production times compared to CM processes that require custom tools, such as inserts,
dies, and punches. MAM builds the part directly from a 3D CAD model, reducing the setup and changeover times
and the number of assemblies.

From the environmental perspective, using MAM in industrial sectors provides multiple avenues for
environmental benefits but also involves some caveats. On the positive side, MAM processes have higher material
efficiency and lower material waste than subtractive processes, such as machining, due to the layer-by-layer
building approach. Also, MAM processes require no specific tooling, such as those used in casting and forging
processes, reducing the carbon footprint associated with preparing such tooling. The environmental caveats of
MAM processes stem from different sources. Some MAM processes, such as PBF-LB/M and DED-LB/M, use
high-intensity lasers that may increase their energy demands. Additionally, the powder feedstock of many MAM
processes may increase overall energy consumption and environmental impact due to the powder preparation
stages. The MAM-accepted powder feedstock is produced through Gas Atomization (GA) processes, which are
energy-intensive processes with CED of 77.94-112.43 MJ/kg and GWP of 4.61-6.69 kg CO»-eq [103]. The
contribution of GA to the overall environmental impact of MAM depends on the specific type of MAM process
and its material efficiency. For instance, Ehmsen et al. [104] found that the powder production stage can account
for up to 55% of the total environmental impact in the high-speed DED-LB/M process. Similarly, Serres et al. [68]
reported that approximately 90 % of the environmental impact in the DED-LB/M process arises from the powder
production stage. Wang et al. [78] noted that powder production has the greatest environmental impact among all
stages of PBF-LB/M. Peng et al. [50] indicated that the powder production stage is responsible for approximately
44.13% to 46.38% of the environmental impact associated with PBF-LB/M. The poor surface finish of MAM-
fabricated parts and their need for post-processing treatments are other sources of environmental impact. Many
literature studies indicated that the specific energy consumption of MAM is one or two orders of magnitude higher
than CM processes [20,105,106].
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One aim of this paper is to identify the MAM production contexts that are environmentally and economically
valuable. Table 5 compares the quality, environmental, and economic indicators of different MAM technologies,
highlighting production scenarios in which they can be beneficial. Based on the current landscape of MAM
technologies, market needs, and economic and environmental constraints, it is evident that MAM is both
economically viable and environmentally friendly for low-volume production of high-value parts with intricate
geometries and hard-to-machine materials that are costly and not easy to manufacture by CM methods.
Manufacturing enterprises can achieve a more sustainable business model by adopting MAM technologies in
parallel with their CM processes and using them for job orders of customized parts with complex geometry and
low quantities.

Table 4. Environmental and economic advantages and limitations of MAM.

Advantages

Limitations

L]
. MAM processes have high material utilisation
due to the layer-by-layer building approach,
resulting in less resource consumption
compared to CM processes. .
. MAM processes are environmentally friendly

Laser-based MAM processes, such as PBF-
LB/M and DED, have high specific energy
consumption due to the use of the laser beam as
a heat source.

Powder feedstock used in PBF-LB/M, PBF-
EB/M, and DED-LB/M has a significant carbon

Environmental processes for manufacturing lightweight footprint due to the energy-intensive gas
products with optimized geometries. atomization process required to produce MAM-
. MAM processes can reduce the environmental accepted feedstock.
burden when used for repair applications . Parts produced by MAM processes tend to have
. Wire-based MAM processes, such as WAAM, rough surfaces, requiring post-building
have low energy demand. operations that may have a high environmental
impact.
. High specific cost of feedstock, particularly in
. MAM processes are more cost-effective than MAM technologies that use powder (PBF-
CM for manufacturing geometrically complex LB/M, PBF-EB/M, and DED-LB/M).
parts in low quantities. . Some MAMs, such as PBF-LB/M, have low
. MAM processes enable the production of material deposition rates, resulting in slow
high-value parts with multiple functionalities process productivity.
Economic and better utility. . The use of inert gas in the building chamber of

. MAM processes are more cost-effective than
machining for manufacturing hard-to-machine
materials.

. MAM-based repair is more economical than e
the conventional repair approach.

some MAM processes, such as PBF-LB/M,
DED, and WAAM, increases the specific cost of
the produced part.

Parts produced by MAM processes may require
significant and expensive post-processing
operations due to rough surface finish.

Table 5. Comparison of quality, environmental, and economic indicators of different MAM technologies.

Quality Indicators Env1r0‘nmental Economic Indicators
MAM Indicator Feasible Production Scenario
Surface Dimensional Energy Process Feedstock
Roughness Accuracy  Consumption Speed Cost
PBF- Small-scale production of small
Low High High Low High parts with customized or
LB/M
complex shape.
PBF- Small-scale production of
Medium Medium Medium Medium High complex parts with
EB/M ; .
medium resolution.
DED- . . . . Repairing and revamping
LB/M High Low High High High damaged large parts.
Manufacturing large parts with
WAAM High Low Low High Low medium shape complexity and

low resolution.

6. Conclusions

In response to the urgent need for sustainable manufacturing processes, there is a growing focus on
developing manufacturing strategies that prioritize environmental sustainability alongside economic profitability.
Additive Manufacturing (AM) technologies, particularly Metal Additive Manufacturing (MAM), are gaining
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attention in this context. With sustainability in mind, economic profitability is no longer the sole determining factor
for a manufacturing option. The capability of a manufacturing process to yield environmental sustainability is
another key indicator in the decision-making matrix. MAM continues to grow as a manufacturing option for a
wide range of industrial parts; therefore, understanding its environmental and economic impacts is gaining
momentum. Thus, this paper conducted a comprehensive literature review on the environmental and economic
performances of MAM to evaluate its remits in the sustainable/green manufacturing realm. The main
recommendations that can be drawn from this review are:

e  The environmental and economic performances of MAM are highly context-dependent and sensitive to
multiple interconnected factors, such as geometrical features, feedstock type, production volume,
dimensional tolerances, and surface finish requirements.

e  Comprehensive Life Cycle Assessment (LCA) and Life Cycle Costing (LCC) analysis are indispensable tools
for manufacturing firms to fully realize the ecological and economic benefits of MAM compared to their
current manufacturing methods.

e  Leveraging the free-form fabrication capability of MAM, maximizing the utilization capacity of the build space,
optimizing the process parameters, improving process productivity, and minimizing post-processing treatments
are essential for enhancing the cost-effectiveness and reducing the environmental burden of MAM processes.

Although recent studies enabled a fair understanding of the environmental and economic impacts of MAM,
there are several areas that still require further investigation. The environmental and economic performance of
some MAMs, such as BJ and LAB-DED, have not received enough attention. Therefore, they require further LCC
and LCA studies to establish their sustainability and economic merits. Also, existing literature on the sustainability
of MAM process parameters often neglects quality or mechanical performance assessments of the produced parts.
Future research studies should integrate environmental, economic, and quality assessments to ensure the
production of high-quality, environmentally friendly, and cost-effective parts that meet the industry requirements.

As a final remark, it is anticipated that MAM will become more competitive in the future, particularly with
technological advancements that enable reducing costs and increasing the energy efficiency of MAM-acceptable
feedstock materials and systems.
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