Pre prints.org

Article Not peer-reviewed version

Life Cycle Assessment in Flange
Part Production Comparing Wire
and Arc Additive Manufacturing
Method (WAAM) and Conventional
Manufacturing in Terms of Energy
Consumption, Greenhouse Gas
Emissions and Solid Waste
Generation

Brunna Mothé Mattos , Jodo da Cruz Payao Filho , Claudinei de Souza Guimaraes :

Posted Date: 17 October 2023
doi: 10.20944/preprints202310.1046.v1

Keywords: Wire and Arc Additive Manufacturing; Life Cycle Assessment; carbon footprint; solid waste;
greenhouse gas emissions; energy consumption; environmental impact; sustainable development

is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

i

E E Preprints.org is a free multidiscipline platform providing preprint service that
|E|.|-=.E '-EE

Copyright: This is an open access article distributed under the Creative Commons
Attribution License which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.



https://sciprofiles.com/profile/529770
https://sciprofiles.com/profile/379790

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 October 2023 doi:10.20944/preprints202310.1046.v1

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article

Life Cycle Assessment in Flange Part Production
Comparing Wire and Arc Additive Manufacturing
Method (WA AM) and Conventional Manufacturing
in Terms of Energy Consumption, Greenhouse Gas
Emissions and Solid Waste Generation

Brunna Mothé Mattos 1, Jodo da Cruz Payao Filho 2 and Claudinei de Souza Guimaraes >*

! Environmental Engineering Program at the Polytechnic School, Federal University of Rio de Janeiro, Rio de
Janeiro, Brazil; brunnamothe.pea2022@poli.ufrj.br

2 Program of Metallurgical and Materials Engineering, Federal University of Rio de Janeiro, CEP 21941-972,
Rio de Janeiro, Brazil; jpayao@metalmat.ufrj.br

3 Department of Biochemical Engineering, School of Chemistry, Federal University of Rio de Janeiro, CEP
21941-909, Rio de Janeiro, Brazil; claudinei@eq.ufrj.br

* Correspondence: claudinei@eq.ufrj.br; Tel.: +55 21 981736060

Abstract: Additive Manufacturing (AM) has been proving suitable to support or even replace traditional
manufacturing in several industries, offering many advantages such as delivery time and reduction in terms
of material waste, energy consumption and greenhouse gas (GHG) emissions. This study aimed to carry out a
comparative assessment of the life cycle, from gate to gate, in the production of a low alloy carbon steel flange
part using ER-90 wire. The methods utilized were Wire and Arc Additive Manufacturing (WAAM) and
conventional manufacturing (CM) by forging, and comparative factors were energy demands, GHG emissions
and generated solid waste. The total energy consumption in WAAM was 10,239.40 M]J, total carbon footprint
in COz2 equivalent (COze) was 714.1 kgCOze kg, and generated solid waste was 68.6 kg, respectively, 90%, 95%
and 76% lower than consumption calculated in conventional manufacturing.

Keywords: Wire and Arc Additive Manufacturing; Life Cycle Assessment; carbon footprint; solid waste;

greenhouse gas emissions; energy consumption; environmental impact; sustainable development

1. Introduction

Industry 4.0 has enabled a world of virtual and physical manufacturing systems that work
jointly in a flexible way and on a global scale, with machines connected to each other to make
decisions without human involvement [1-4]. The automation of the system and the exchange and
accumulation of data in the production stages make the industry more productive and efficient, in
addition to reducing waste [5-9]. A relatively new concept compared to other traditional processes
on the market, additive manufacturing (AM) has proven to be essential to support this production
shift present in Industry 4.0. It consists of a manufacturing method capable of creating objects on a
large scale through a three-dimensional digital model [10-13]. Its application has proven to reduce
use of materials and optimize the final product, as well as presenting high deposition rate and lower
equipment cost. [14, 15]. The F42 American Society Committee for Testing and Materials (ASTM)
defined AM as a process of joining materials to make objects from 3D model data, usually layer upon
layer, as opposed to subtractive manufacturing methodologies, thus obtaining, in a first result, a
geometry closer to the final result of the part [16, 17, 18].

Among the various AM processes, the Wire Arc Additive Manufacturing (WAAM) stands out
in the manufacture of metallic parts, aiming to save production time and cost by reducing raw
material waste and generated energy, as well as making the production process more sustainable [19,
20]. WAAM is a well-structured and complex process, derived from electric arc welding processes,
in which a torch is used with continuous wire feed for deposition of base material [21, 22]. Its
effectiveness can be observed by carrying out a Life-Cycle Assessment (LCA), a method used for

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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analyzing the environmental impact of a product, process, service or other economic activity,
throughout its life cycle [23-29], being an important tool to help decision-making aligned with
sustainable practices. It is, therefore, a comprehensive tool for quantifying and interpreting the
environmental impacts of a product or service from cradle to grave, that is, from raw material
extraction process to its final disposal [30, 31].

In addition to environmental factors, LCA studies can be useful to evaluate cost and
performance in order to improve decisions on processes and products. It can also identify transfers
of environmental impacts and, aiding in control measurements, quantify emissions into the
atmosphere, soil and effluents during the life cycle of a process or production [32-34]. Many LCA
works allow the comparison between product and process alternatives, evaluating factors such as
changes in the use of raw materials and production processes, in order to minimize their effects. For
this purpose, it becomes necessary to evaluate the stages of the life cycle and their effects
Subsequently, it is possible to carry out comparative analyses of life cycles of competing systems with
the same function, to identify which one has lower impact in the environment by generating less
pollution and requiring less resources, among other relevant indicators for decision-making [35-37].

LCA involves the collection, organization and evaluation of all inputs and outputs of a
production system, allowing the analysis of the potential environmental impact throughout its life
cycle. This comprehensive approach involves assessing all attributes and aspects related to natural
environment, human health and resources, enabling the understanding and management of
environmental impacts more efficiently. It also stands out for focusing on the perspective of products
life cycle, which grants it a broad scope. This characteristic is fundamental to avoid the undesirable
transfer from one phase of the life cycle to another, from one region to another [38, 39].

Life-Cycle Assessment methodology can be useful to acquire a comprehensive knowledge of the
environmental impacts generated by industrial products throughout their life cycle. However, in
Latin America, local Life Cycle Inventory (LCI) data necessary for the industry is extremely scarce,
despite initiatives to support LCA issues and ongoing efforts in developing local LCI data. The
information needed for these evaluation methods can be measured or calculated, with consumption
factors expressing the amount of materials and energy consumed by an activity per amount of final
product, and emission factors expressing the amount of pollutant emitted by an activity per amount
of final product generated or energy consumed [40- 45].

However, despite many LCA applications, the methodology has limitations that should be take
into account in the studies as well as in the evaluation of their results. In Brazil, in particular, the
greatest limitations in LCA studies are national database unavailability, method uncertainty in
relation to results for decision making, difficulties collecting primary data, complexity in life cycle
inventory (LCI) phase, difficulty comparing quantitative results of studies with the same object and
high cost and time spent to execute an LCA.

Since there is an environmental context of large emissions, discards, resources exploitation and
environment degradation, it becomes increasingly necessary to change production processes and the
initiative of industries to invest in these changes. By using norms, bibliographic research and
collection of experimental data, this work proposes, in a Life Cycle Analysis, a comparison between
two manufacturing methods: conventional subtractive manufacturing by forging and Wire and Arc
Additive Manufacturing (WAAM), of the same flange piece, using energy demands, greenhouse gas
(GHG) emissions and waste generated in each production process as comparative factors.

2. Materials and Methods

This work was developed by the National Laboratory of Welding Technology (LNTSold) and
the Air Pollution Control Laboratory, both located at the Technology Center of the Federal University
of Rio de Janeiro, Brazil. It aims to perform a comparative LCA between two manufacturing methods
of the same flange part whose main function is to seal the connection between two pipes, preventing
any fluid from escaping at these junctions.

Life Cycle Assessment (LCA) was prepared in accordance with the ABNT NBR ISO 14040:2009
and ABNT NBR ISO 14044:2009 standards [46, 47], with three defined stages: objective and scope;
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inventory analysis; and impact assessment. One more phase, interpretation, was added and is present
in all stages, as shown in Figure 1.
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Figure 1. Phases of Life Cicle Assesment (LCA).

This work adopted, as functional unit, the production of a flange unit considering the limit of
gate-to-gate systems, and the phases assessed for the work analysis comprehend the material
production until its manufacture in the factory. The study was restricted to the stage in which the

company operates directly, within its production processes, having the transport stages removed
from the analysis.

2.1. Data Quality

For the study to be successful, data quality and reliability are essential items. Thus, it used data
from primary sources for information on WAAM system inputs and outputs measured by LNTSold
laboratory. Figure 2 shows the construction of the flange part carried out in laboratory to obtain
experimental data. Secondary and other data were obtained from bibliographic research and
database.

(B)

Figure 2. Stages in the manufacture of the flange carried out at the National Laboratory of
Technology of the Federal University of Rio de Janeiro, Brazil. (A) Complete flange manufacturing
system and (B) Flange ring deposition.
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2.1.1. Product and Equipment Edge System

WAAM edge systems and conventional manufacturing are shown in Figure 3. Figure 3a shows
the part production sequence by conventional manufacturing, using low alloy carbon steel, and
Figure 3b presents WAAM flange production sequence, using ER-90 wire for the part production.
Inputg flows work as electricity for running machines, while outputs are the gases emitted in the
process and the solid waste discarded at each stage.

Main flows: - Energy ; - Atmospheric emissions ; - Wastes

1"

Production of carben
steel and

pre

(a)

Burr cutting
and finishing
final matrix

Cutting and heating
(900°C to 1220°C)

Carbon steel
low league

Machines and steps

" preform and form
ing

1 Tt t 1

ER-90wire 3 Wire Arc Additive
Pre-manufacture of Manufacturing
wire and substrate (Deposition of materfal
. > in layers)
Substrate

t )

Figure 3. Frontier of the conventional manufacturing system (a) and WAAM (b).
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2.2. Life Cycle Inventory Analysis (LCI)

2.2.1. Conventional Manufacturing Data (Forging)

Data referring to the process shown in Figure 3a were found in literature per kg of the built part
using the forging method [48] and, to obtain the results, they were multiplied by the mass used in
the process to obtain a flange. Value of the raw material mass used in the calculation of results was
based on the size of the flange produced by WAAM, obtaining a value of m = 340.5kg.

2.2.2. Impacts on WAAM Material Production and Pre-Manufacturing

The first stage of Figure 3a took into account the material fabrication, its hot rolling into large
plates and wiredrawing. At this manufacturing stage, it was possible, with the use of literature [49],
to obtain data on energy spent in the respective processes and emission of greenhouse gases (GHG)
directly or indirectly into the atmosphere in CO:z equivalent (COze), and the results were 54.8 MJ kg-
1 and 4.35 KgCOze Kg, respectively.

Using information from Worldsteel Association (WSA) and Ago do Brasil institute, it was
possible to obtain data on greenhouse gas (GHG) emissions in COze, waste generation and embodied
energy related to crude steel production. It was also possible to remove emission data using the
OpenlLca software, and agribalyse database that contains some Ecoinvent data. The methodologies
used were IMPACT 2002+, ReCiPe 2016 Midpoint (H) and IPCC 2013 GWP 100a. The values are
shown in Table 1.
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Table 1. Environmental indicators of steel manufacturing.

Sustainability Average
Reference Process and Material
Indicator (2018 - 2020)

Brazil Steel Institute:

Crude steel production 1.8
World Steel Association
Brazil Steel Institute:
IPCC methodology Crude steel production 1.7
(2021)
GHG emissions

e) Lea: IMPACT Hot rolling of steel 1.846

(kg COze kg pentca

crude steel) 2002+ Steel drawing 0.455
OpenlLca: ReCiPe Hot rolling of steel 1.959
2016Midpoint (H) Steel drawing 0.495
OpenLca: IPCC 2013 Hot rolling of steel 1.926
GWP 100a Steel drawing 0.486

Solid waste Specific generation of
Brazil Steel Institute 0.620

(kg kg crude steel) Co-products and wastes
Embodied energy

World  Steel Association Crude steel production 20.4

(M] kg crude steel)

According to the Brazilian Steel Industry, in its 2021 sustainability report, more than 90% of co-
products and waste generated in the steel production process can be reused. Its uses are diverse such
as primary coating, bases and sub-bases to replace gravel, and in agriculture as a corrective of soil
acidity replacing limestone. Even blast furnace slag is used in cement production. The calculation of
stand-by times in the WAAM is shown in Table 2.

Table 2. Calculation of Stand-by Times in the WAAM.

Total waiting time

Layer gap in flange Waiting time per
Cords per layer between cords
thickening cord (min)
(min)
1-5 9 80
2

6-7 8 28
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6
8-9 7 24

10-11 6 20

12-13 5 16

14-41 4 168
Total time spent waiting between cords (min): 336
Waiting time between layers (min): 4.5
Number of layers: 41
Total time spent waiting between layers (min): 180

Number of layers in the central cylinder deposition

120
(each layer has 1 cord):
Waiting time between layers (min): 2
Total time spent waiting between layers in the central cylinder (min): 238
Total time spent during WAAM initialization and adjustment (min) 30
Total time spent with WAAM in stand-by (Tmasb) 784

The time spent in deposition (Tmad) was calculated through the consumption of shielding gas.
Once the consumption flow of 15 L/min, and the amount of volume used for deposition of 55,000 L,
are known, the value obtained was 61.1 hours. The energy incorporated into the shielding gas for the
WAAM deposition system was calculated and a value of 0.03 MJ/L obtained, considering shielding
gas with a mixture of Argon with 8% of COz. During the machining of the part, the material is
extracted and removed, the holes in the flange are made, obtaining the part in its final format, ready
for use. Machining data are presented in Table 3.

Table 3. Necessary data for machining the flange manufactured by WAAM.

Parameter Value

Electrical power demand: Machining machine 1

23.18 kW
(inside diameter machining)
Total time on Machine 1 4 hours
Electrical power demand: Machining machine 2

17.31 kW

(parts drilling machining)

Total time on Machine 2 10 hours
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2.3. Life Cycle Impact Assessment (LCIA)

2.3.1. Calculation of Energy Demand in WAAM Process

In the second stage of the production process, shown in Figure 3b, the electrical energy required
during the process was evaluated. For this calculation, the energy consumed by the machine in 2
operating moments was considered: during stand-by and during material deposition. Energy
demand is calculated according to Equation (1):

EWAAMZ = (Pmasb X Tmasb) + (Pmad X Tmad) + (Ega’s X Cg X Tmad) (1)

where,

Ey aamo: electrical energy demand of the WAAM unit process in step 2 (M])

Prasp: WAAM system power demand in stand-by mode (kW)

Timasp: time of initialization, configuration and wait between layers and strands (h)

Praa: WAAM system power demand in deposition mode (kW)

Tinaq: deposition time (h)

Egss: shielding gas embodied energy (MJ/L)

Cy4: shielding gas consumption rate (L/h).

In step 3 of Figure 3b, for finishing machining, 2 machines are used, one to machine the internal
diameter and the external part ad other to make the holes in the flange. For this stage, the operating
and stand-by time of the machines was disregarded and the operating times were estimated
according to manufacturing information. The required electrical energy was calculated according to
Equation (2):

EMAAA3 = (qul X qul) + (quZ X quZ) (2)

where,
Ewaaams: electrical energy demand of the WAAM unit process in step 3 (MJ)
Puwg1: machining machine power demand (inside diameter) (kW)
Tmg1: machine time (h)
Pug2: power demand of the machining machine (parts hole) (M])
Tmg2: final finishing machine time in cutting (h)

2.3.2. Calculation of COze Emissions in WAAM Process

To transform this measured energy into CO:2 emissions in the environment, it is necessary to
calculate the Carbon Emission Factor (CEF), an estimate of CO2 amount associated with a given
electrical energy generation. This study is carried out by the Brazilian Ministry of Science,
Technology, Innovations and Communications, which prepares constant inventories on CO:
Emission Factor in electricity generation in Brazilian National Interconnected System and makes
them available on its online portal [50]. Through the CEF it is possible to value the environmental
impact using electricity in machinery, and the average in the last 5 years, from 2018 to 2022, was
calculated as 0.0759. It became then possible to calculate the average value of the Carbon Emission
Factor of the local electricity network as 0.4943 kgCO2 kWh-1.

To calculate CO2 emission in the WAAM production process it was necessary to use electrical
energy demands in WAAM found and applied in Equation (3):

CO;waam = (Ewaamz + Ewaamsz) X CEF + Cfyqs (3)

where,
COy waam: CO2 emission in WAAM (kgCOze)
Ewaamz: energy demand of WAAM unit process in step 2 (kWh)
Eywaams: energy demand of WAAM unit process in step 3 (kWh)
CEF: Carbon Emission Factor of local electricity grid (kgCOze kWh)
Cfgqs: Carbon footprint related to shielding gas (kgCOze)
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In order to calculate the greenhouse gases (GHG) emission in COze in this work, it was necessary
to convert the gas volume (Argon + 8% COz) to kg. Using the European Life Cycle database and the
Intergovernmental Panel on Climate Change [51, 52], we could obtain the GHG emission factors
involved in the production of gases, in kgCO:e Kg?, for argon and CO: 0.88425 and 0.811,
respectively. The total COze emission present in shielding gas is shown in Table 4.

Table 4. Equivalent CO2 Emission (COze).

Total volume (
Gases present in Total mass (kg) GHG
L)
the used in the emissions
used in the
shielding gas process (kg COze)
process

Ar 255.0 79,18 70,0

CO2 (8%) 24.3 8,31 23,4

Total present in shielding gas (Cfgas) 93,4

2.3.3. Calculation of Waste Generation from Conventional and Additive Manufacturing

Considering steps 2 and 3 of WAAM process (Figure 3) and steps 2, 3 and 4 of conventional
manufacturing by forging, it was possible to calculate the amount of waste generated by the
difference, in mass, between the amount of material used at the beginning of production and in the
final part. For additive manufacturing, initial mass was considered as the wire amount necessary to
manufacture the part, and for conventional manufacturing, initial mass was considered as the initial
block mass before forging. The calculation is performed from Equation (4).

(4)

It is important to point out that at WAAM there is also the substrate used as support in the
manufacturing process, cut and discarded at the end of production.

Solid waste (kg) = Initial massyire or piock (kg) — Final mass (kg)

3. Results and Discussion

With primary and secondary data, measured and collected, presented in “Methodology”, it was
possible to obtain information regarding energy demand, CO:ze emissions and solid waste generation
in the life cycle of the product manufactured using conventional methodology by forging and
WAAM. The results obtained are shown on Tables 5 and 6.

Table 5. LCA Indicators for Conventional Manufacturing.

Conventional Manufacturing Results Value Unit
Pre-manufacture (step 1)

Embodied specific energy 125 M]J kg

Specific carbon footprint ratio 10 kg COze Kg'!

Mass of material used 340.50 kg

Total Embodied energy 42,561.90 M]

Total Carbon Footprint 3,404.95 kg COze
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Subtractive Manufacturing (step 2 and 3)

Specific energy consumption 45 kWh kg1
Specific carbono footprint ratio 32 kgCOze Kg!
Total Embodied Energy 55,160.20 M]
Total Carbon Footprint 10,895.85 kg COze
Machining (step 4)
Embodied specific energy 40 M]J kg
Specific carbono footprint ratio 4 kgCOze Kg!
Total Embodied Energy 3,832.0 M]
Total Carbon Footprint 383.2 kg COze

Solid Waste Generation

Block volume 0.04332 m?
Steel density 7.860 Kg m-®
Mass of material used 340.5 kg
Final part mass (post machining) 58.1 kg
Solid Waste generated 282.40 kg

Table 6. LCA Indicators for Wire Arc Additive Manufacturing (WAAM).

WAAM results Value Unit

Pre-manufacture (step 1)

Embodied specific energy 54.8 M] kg
Specific carbon footprint ratio 4.35 kgCOze Kg!
Total mass of the flange once deposited 126.7 kg
Total Embodied Energy 6943.2 M]J
Total Carbon Footprint 551.1 kgCO:ze

Additive Manufacturing — deposition (step 2 and 3)

WAAM system power demand in stand-by mode (Pmasb) 0.0426 kW
Total stand-by time (Tmasb) 13.07 hours
Waam system power demand in operation (Pumas) 3.5 kW
Time spent in deposition (Tmad) 61.1 hours
Embodied energy of shielding gas (Egus) 0.0285 MJ L1
Shielding gas consumption flow (Cg) 15.0 L min™
WAAM unit process electrical energy demand (Ewaamz) 2339.1 M]
Carbon Emission Factor of the local electricity network 0.0759 kgCOze kWh-!

Carbon Footprint in WAAM?2 142.82 kgCO:ze
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Machining

Electrical power demand in machining 1 (Pumq1) 23.18 kW

Total time 1 (Twmq1) 4 hours
Electrical power demand in machining 2 (Pumg2) 17.314 kW

Total time 2 (Tmq2) 10 hours
WAAM unit process electrical energy demand (Ewaams) 957.10 M]
Carbon Footprint in WAAM3 20.19 kgCOze

Solid Waste Generation

Mass deposited at WAAM (initial mass) 95.8 kg
Substrate mass 30.9 kg
Total mass deposited initially 126.7 kg
Mass of the final part (after machining) 58.1 kg
Waste generated 68.6 kg

3.1. Environmental Impact

By using the data collected, modeled and calculated in the conventional and WAAM
manufacturing processes presented in Tables 5 and 6, we observed that the WAAM pre-
manufacturing stage was the one that consumed the greatest amount of energy, 67.8% of the total,
followed by the deposition manufacturing and the machining steps, with 22.8% and 9.4% energy
consumption, respectively. The deposition manufacturing phase is dependent on the deposition rate
of the solder material and in this work the Pulsed GMAW process was used, with 1.2 mm wire
diameter and 1.9 kg h' melting/deposition rate. The WAAM process machining step showed lower
energy consumption, 9.4%, as this phase is very efficient and spends shorter time and, consequently,
lower energy consumption. The production stages of raw materials and pre-manufacturing were
responsible for the highest electricity expense in both manufacturing techniques. The total result
obtained from energy consumption in conventional manufacturing was about 90% greater than in
WAAM, shown in Figure 4.
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Figure 4. Total energy consumption in Conventional Manufacturing (CM) and Wire and Arc
Additive Manufacturing (WAAM).

In WAAM, the highest COze emission occurred in pre-manufacturing, 77.2%, followed by
deposition manufacturing with 20.0% and machining with 2.8%. It is important to highlight that in
the deposition stage, the gas was only used during deposition and, when the machine was in stand-
by mode, the shielding gas was not released from the cylinder. The greater the amount of material
used in the manufacturing process, the greater the emission of COze. Reductions in environmental
impact are predominantly propelled by reduction of shielding gas and electricity for fume extraction
per kilogram of printed material. The result obtained from the total carbon footprint in conventional
manufacturing was approximately 95% greater than in WAAM and is displayed in Figure 5.
Conventional manufacturing generated higher COze emissions in steps 2 and 3 of Figure 3b, which
requires high temperatures, consumes a lot of energy and consequently generates high
concentrations of greenhouse gases.
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In 2019, Brazil produced about 30 million tons of crude steel (WSA) and the global CO2 emissions
of the steel sector in the same year were approximately 3.6 Gt, representing more than 8% of total
energy use and than each ton of crude steel, generating about two tons of CO2 emissions [53]. In this
context, when compared to conventional manufacturing, WAAM would be a promising
manufacturing technique in terms of environmental impact.

Solid waste generated in WAAM was 75.7% lower than in conventional manufacturing, proving
that WAAM consumes less energy and emits less greenhouse gases into the atmosphere. Figure 6
shows the difference, per kg, of solid waste generated in the two manufacturing systems. Traditional
manufacturing processes often involve cutting and shaping materials, causing additional waste and
potentially lower energy efficacy compared to WAAM.
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Figure 6. Solid waste generated in Conventional Manufacturing (CM) and Wire and Arc Additive
Manufacturing (WAAM).

It is important to emphasize that at WAAM there is also the substrate used as support in the
manufacturing process, cut from the part and discarded after production. However, it is important
to note that this iron plate, the substrate, has a high recycling potential, since it presents little
alteration during the process. There is a difference in the waste generated in the two processes: in
WAAM the waste generated consists of iron chips, that is, small pieces of cast iron from the
machining process. In conventional manufacturing, the main generated residue is mill scale, a
superficial exfoliation formed by oxidized residues. That is to say scale is iron oxides, therefore, it has
low recycling value, unlike cast iron chips.

4. Conclusions

Steel industry contributes to the harmful effects in the environment through material waste,
resource and energy consumption and CO: emissions, besides other greenhouse gases related to
climate change. In this sense, Life Cycle Assessment (LCA) was the method used in this work to
analyse life cycle during flange manufacturing and Wire and Arc Additive Manufacturing (WAAM),
compared to Conventional Manufacturing. WAAM showed a high reduction of all parameters
evaluated in this manufacturing technique, proving to be an excellent alternative in the steel industry
and indicating a promising option for industries in the production of parts with lower environmental
impact. WAAM provided acquisition of components with geometry similar to the final format
design, with reduction of post-processing steps, low solid waste generation, reduced electricity and
lower greenhouse gases emission throughout the production chain, proving to be a promising
alternative for sustainable development.
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