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Abstract: There is a growing demand for data regarding the environmental and economic per-
formance of additive manufacturing to establish the role of this technology in the future circular
industrial economy. This paper provides a comparative analysis of direct energy deposition tech-
nology with conventional manufacturing, specifically iron casting, in the context of the repairing
capabilities of the direct energy deposition system in a damaged glass bottle mold. Making use of
already established methodologies for environmental and economic assessment, a life cycle assess-
ment and a life cycle costing study was conducted on each scenario to provide a holistic perspective
on the advantages and limitations of each system. With the gathered life cycle inventory, the main
environmental impacts and life cycle costs were determined. The hybrid repairing scenario results
show a reduction of the environmental impacts and life cycle costs by avoiding resource consump-
tion in the production of a new mold, with underlying economic advantages identified beyond the
calculated results. Through strategic integration based in life cycle approaches, it is concluded that
direct energy deposition technology can play a key role in the sustainable development of tooling
and manufacturing industries, especially in products with large dimensions, complex geometry, and
customized design.

Keywords: life cycle assessment; life cycle costing; additive manufacturing; direct energy deposition;
mold industry; sustainability; circular economy

1. Introduction

Additive manufacturing (AM) has become a disruptive production technology in
the manufacturing industry. Its application has gone beyond prototyping and at-home
production, to a positioned production strategy for the development of high-value products
with complex designs and customized features.

Contrary to the common subtractive manufacturing processes, the basic principle of
AM is the adding of material in a layer-by-layer deposition process to produce parts and
components with complex geometry, making use of tridimensional (3D) models developed
in digital design software. The deposition of material (either polymers, ceramics, composite,
bio-based or metal) occurs through melting by a localized high-intensity heat source and
deposition according to the predesigned geometry in the CAD file, followed by cooling at
room temperature, generating the desired product.

The most popular AM technologies are related to polymer AM due to the low material
costs and reduced sizes for consumer-based production. In an industrial setting, metal
AM has gained a lot of interest, specifically direct energy deposition (DED) that involves
the use of a laser beam as an energy source to deposit thin layers of sintered metal on a
substrate that can be pre-heated [1]. The DED system operation allows for a wide range of
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applications, from repairing and rebuilding damaged components to the manufacturing
of new components or equipment parts [2]. The system parameters, such as the laser
power, powder feed rate, scanning speed, powder mass flow rate and coaxial powder gas
flow rate, can highly influence the performance and characteristics of the printed part or
component [1].

When compared with traditional manufacturing technologies, 3D printing can provide
quicker prototyping, reduction of repair time and labor costs, quick and cheap produc-
tion of customized high-value items, increased competitiveness and innovation capacity,
elimination of excess material and new possibilities of technical properties with lower
material resource consumption [3]. The industrial 3D printing technologies can potenti-
ate an extended product lifecycle, improve resource efficiency (both in production and
use phase) and innovate the conventional value chains through localized production [4].
These advantages have increased interest and investment in several applications and
business opportunities as European manufacturing regulations move to a more circular
business model, especially in machine tool manufacturing, with innovative possibilities for
retrofitting, repairing, and refurbishment of inactive or obsolete machine tools.

Several innovative applications of AM in tooling can be found in the current litera-
ture [3,5,6] and a number of successful implementations have already been conducted for
different tooling fields, from automotive assembly lines to surgical medicine [7,8]. The
production systems based on machine tooling are elementary systems of the industrial
processes responsible for the production of all types of capital goods and products. The
performance and efficiency of these systems are strongly dependent on the engineering
solutions materialized in tooling. Thus, it is important to assess, manage and improve
the efficiency of resource consumption and capital goods along the life cycle of these
solutions. In this context, the environmental and economic sustainability evaluation of
the technological solutions of tooling are crucial to ensure a sustainable path towards a
greener and circular production ecosystem. In one study [9], the authors analyzed the
use of AM to manufacture molds and dies for their potential to remove engineering scrap
and reduce other harmful ancillary inputs into production. The results evidenced that
AM technologies can provide a significant impact reduction in the supply chain activities
of tooling manufacturing. The benefits of this technology can go beyond just production
of the part, and the authors mention that the capability of this technology to repair and
remanufacture tooling can translate into new tooling business models with lower waste
and resource consumption.

In order to assess the environmental effects of products or technologies, the scientific
community uses the broadly accepted life cycle assessment (LCA) methodology, normal-
ized by ISO 14040 and ISO 14044 [10,11]. This approach is utilized to quantify potential
environmental impacts and identify the main hotspots to establish improvement action
plans and support decision making processes. The quantified environmental performance
is associated with pre-established system boundaries that accurately describe the main
energy and material flows that occur in the product system and that are correlated using
a selected functional unit that measures the system’s function as reference. The holistic
approach of LCA allows us to consider the flows that occur in all life cycle stages of the
product system—from extraction of raw materials to transport, production, assembly, use
and end of life treatment. Regarding the economic effects, the life cycle costing (LCC)
methodology can naturally complement the goal and scope of the LCA and provide the
gathering and quantification of the associated costs and economic effects of the product
system. This is due to the fact that LCC has a similar holistic approach to each life cycle
stage, making use of a functional unit and system boundaries to characterize and define
the scope of the study. This methodology is based on relevant metrics of cost-benefit
analysis, including production, use and end of life costs to quantify the real profit of a
product or system, for assessment of alternatives or improvement measures. Both LCA
and LCC are widely used in the sustainability research field to support decision making
processes [12–14] and can be applied in the assessment of the DED technological potential
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to provide support for the further development and integration of this technology in a
more sustainable and circular industry.

Research Gaps

In the literature, the fact that this is an emerging technology is reflected in the lack
of available information, since, specifically in the metal AM field for DED technology,
publications and studies regarding environmental and economic performance are still small,
contrary to the polymer AM field, where several studies can be found. One of the two
LCA studies found in the literature [15] conducted a comparative LCA between traditional
manufacturing and a DED system in the production of a carbon steel gear, using AISI 4140
alloy steel powder. The authors consider as a functional unit the function of the component
in which the gear will operate, together with a very low powder efficiency of 14%. The
results indicate that the machining of the gear generates less environmental impacts than
the production by DED, concluding that the powder and electricity consumption are the
main drivers for the total impacts of the AM scenario. On the other hand, another study
conducted in a master thesis [16] compared the environmental impacts between CNC
manufactured steel turbine blades with ones produced through DED manufacturing. The
end-of-life scenarios were considered equal and, as such, were excluded from the results.
The scenario with more impacts, referenced per produced blade and its respective height,
is the CNC production, due mostly to the higher energy intensity, even when considering
the increment in part complexity. Since these are the only LCA studies found on DED
technology, the lack of inventory data and the contrary results cannot provide a clear
understanding of the DED’s environmental performance.

Other environmental studies of metal AM technologies can be found, however there
are several functional differences that make it difficult to compare with DED [17–19].
Some studies [17,18] analyzed and compared several other AM technologies, focusing
on the typical cradle-to-grave approach (extraction, production, use and disposal). In
one study [18] the authors emphasized the lack of life cycle inventory (LCI) data for
resource consumption and other direct or indirect emissions from the AM systems but
also that there are potential environmental benefits to be accounted in the use phase
of the printed products. This can be applied to the extension of the product lifetime.
Another paper [19] measured the environmental impacts of an aluminum powder printing
operation with an SLM system, verifying that electricity consumption is the driver of
the total system impacts. Nonetheless, these results cannot be extrapolated to the DED
technology since SLM uses a powder bed to conduct the printing, instead of the powder
projecting operation that occurs in DED. SLM also has different operation parameters
and resource consumptions. Additionally, the DED technology, unlike SLM, has the
capability to restore or transform existing parts. However, there is a lack of studies of AM
applications on other production activities such as repairing, retrofitting or refurbishment.
This is the case for most literature, evidencing the need for studies in the applicability of
AM in circular business manufacturing. Studies that compared AM with conventional
manufacturing [9,20–23] have shown a significant research gap for the validation of the
technology in terms of performance on these capabilities. Walachowicz et al. (2017) [20]
compared the AM repairing capacity with conventional manufacturing methods and, even
with higher energy and inert gas consumption, the repairing generated less environmental
impacts than business-as-usual (BAU) machining and welding processes.

In summary, considering the low number of studies found in the literature for DED,
it is clear that there is a need to improve and increase the LCA studies of this technology,
mainly in providing more accurate data and conducting a more extensive analysis on the
capabilities of DED beyond part manufacturing. The variations in the performance param-
eters of the DED system and the lack of foreground data generate different conclusions
that are not possible to compare, and thus, each new case needs a new study to determine
if there are environmental gains in using AM and must consider the whole production
system operation lifetime. Overall, there is a lack of LCI data on other AM technologies and
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the operation parameters (as well as resource consumption), can vary greatly. Additionally,
the potential of AM in terms of impact reduction through lower waste generation and
lower consumption of resources is evidenced in the current literature. This potential can be
validated through the DED capability of repairing and refurbishing products or parts.

In terms of the economic assessment of DED systems, there is a lack of studies focused
on this specific AM technology. In other AM LCC studies, one paper [24] identified
significant potential cost reductions in small to medium batch productions through AM
when the component shape is adapted to the specifications of the manufacturing operation
procedure and parametrization. The authors concluded that most production costs are
related to the machine cost amortization per part. Another paper [25] emphasized this
issue, mentioning that economic models that do not consider the capital costs related to the
acquisition and setup phase can limit comparability between AM and other conventional
manufacturing systems. It was also indicated that there is a research gap regarding the
impact of AM in production costs in complex design industries. The potential opportunities
of implementing AM for complex design is also identified in another study [26] that
developed a cost model from powder production to the recycling of the metal part and
determined that there is a high level of competitiveness and economic advantage in AM for
this sector, especially for complex design products with large dimensions. A recent overall
literature review [27] on the sustainability assessment of AM concluded that most studies
focus on less subjective parameters that are easier to assess and provide clear results.

Considering the existing research gaps, the purpose of this study was to quantify
the potential of AM technology, specifically direct energy deposition (DED), in terms of
environmental and economic performance in the context of integration in a sustainable
industry development, specifically in the European mold industry. It is important to assess
and quantify the environmental and economic performance of this emerging technology,
in order to establish its role in the manufacturing industry for an optimized use of its
potential in the reduction of environmental impacts, production costs and drive design
innovation for high-value products. Through the gathering of foreground data, an LCA
and an LCC study was conducted in the use of the DED system to repair a damaged
glass bottle mold. This paper provides foreground LCI data, collected from suppliers and
measurements taken in situ, as well as environmental and economic key performance
indicators for DED applications through the lenses of sustainable manufacturing. The
focus is the environmental and economic assessment of the applicability of DED in tooling,
assessing a repairing process instead of mass production, to reduce waste, extend the tool
lifetime and avoid potential environmental damage. The findings of this paper can also be
applied in refurbishment and retrofitting activities.

Firstly, in Section 2, a case study of a repairing process of a glass bottle mold is pre-
sented, together with the definition of the system boundaries and collected inventory. Then,
in Section 3, the gathered inventory is analyzed through LCA and LCC methodologies, by
conducting a comparison between conventional manufacturing and the repairing system.
Finally, in Section 4, the main conclusions and limitations are presented.

2. Materials and Methods
2.1. Life Cycle Thinking Approach

The chosen approach for this assessment is based on life cycle thinking [28–30], which
implies considering all of the value chain leading up to the desired final product or produc-
tion process and its performance in the environmental, social and economic dimensions.
This paper focuses on the environmental and economic aspects. In this case, an attributional
LCA was conducted to quantify the main environmental impacts using the framework
standardized by ISO 14040 and ISO 14044 [10,11] that consists of four phases:

• Goal and Scope;
• Life Cycle Inventory;
• Life Cycle Impact Assessment;
• Interpretation.
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The LCC methodology follows the same phases, but accounting for economic values
rather than mass and energy flows. In an LCA study, the first phase defines the main
purpose of the study and the scope, range, geography, magnitude and limits of the system
boundaries. In this phase, a functional unit is selected to be the reference value from
which the environmental impacts will be presented and quantified. The second phase is
the gathering of data regarding the main inputs and outputs of mass and energy (costs
in the case of LCC) that occur within the previously defined boundaries with the help of
foreground data, literature, life cycle databases and others. With the collected information,
the third phase consists of using environmental indicators to convert the collected flows
into environmental impacts, usually making use of well-established quantification methods
and software. The last phase evaluates the outcomes to draw conclusions for decision
makers and of the study itself as whether there is a need to change the scope, data or other
parameters to better reach the initial goal.

The LCC method has the same goal and scope of the LCA study and has as a main
purpose the quantification of all the associated costs within the life cycle, from the per-
spective of one or more stakeholders or interested parties. For this study the costs were
calculated considering the perspective of the tooling user.

The following subsections present the case study for the DED system, together with
the goal and scope, including system boundaries, functional unit, and limitations for the
LCA and LCC.

2.2. Case Study—Goal and Scope

The analyzed case study involved a damaged cast iron mold for glass bottles from
an industrial manufacturer (Figure 1). The main purpose of the LCA and LCC study is to
analyze the performance of a hybrid manufacturing process (combination of subtractive
and additive manufacturing) for the repairing of the damaged mold, in order to extend its
lifetime and avoid the consumption of resources to produce a new mold.

Sustainability 2022, 14, 2105 5 of 17 
 

• Interpretation. 

The LCC methodology follows the same phases, but accounting for economic values 

rather than mass and energy flows. In an LCA study, the first phase defines the main 

purpose of the study and the scope, range, geography, magnitude and limits of the system 

boundaries. In this phase, a functional unit is selected to be the reference value from which 

the environmental impacts will be presented and quantified. The second phase is the gath-

ering of data regarding the main inputs and outputs of mass and energy (costs in the case 

of LCC) that occur within the previously defined boundaries with the help of foreground 

data, literature, life cycle databases and others. With the collected information, the third 

phase consists of using environmental indicators to convert the collected flows into envi-

ronmental impacts, usually making use of well-established quantification methods and 

software. The last phase evaluates the outcomes to draw conclusions for decision makers 

and of the study itself as whether there is a need to change the scope, data or other pa-

rameters to better reach the initial goal. 

The LCC method has the same goal and scope of the LCA study and has as a main 

purpose the quantification of all the associated costs within the life cycle, from the per-

spective of one or more stakeholders or interested parties. For this study the costs were 

calculated considering the perspective of the tooling user. 

The following subsections present the case study for the DED system, together with 

the goal and scope, including system boundaries, functional unit, and limitations for the 

LCA and LCC. 

2.2. Case Study—Goal and Scope 

The analyzed case study involved a damaged cast iron mold for glass bottles from an 

industrial manufacturer (Figure 1). The main purpose of the LCA and LCC study is to 

analyze the performance of a hybrid manufacturing process (combination of subtractive 

and additive manufacturing) for the repairing of the damaged mold, in order to extend its 

lifetime and avoid the consumption of resources to produce a new mold. 

 

Figure 1. Case study: damaged mold for glass bottles. 

The LCA and LCC study intended to identify and quantify the main environmental 

and economic hotspots (respectively) of the repairing process, as well as compare the hy-

brid manufacturing with a conventional BAU scenario—discarding and production of a 

new mold by sand casting, with a final machining. The hybrid process involves three 

steps: initial machining of the damaged area, deposition of material with DED technology 

and final machining to obtain the desired features. The system boundaries of the environ-

mental and the economic analysis are presented in Figure 2. 

Figure 1. Case study: damaged mold for glass bottles.

The LCA and LCC study intended to identify and quantify the main environmental
and economic hotspots (respectively) of the repairing process, as well as compare the
hybrid manufacturing with a conventional BAU scenario—discarding and production of a
new mold by sand casting, with a final machining. The hybrid process involves three steps:
initial machining of the damaged area, deposition of material with DED technology and
final machining to obtain the desired features. The system boundaries of the environmental
and the economic analysis are presented in Figure 2.
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Figure 2. System boundaries of the possible routes of the damaged cast iron mold and respective
input and output flows for each scenario.

Following the conventional scenario, the mold would be discarded and a new one
produced. On the other hand, with the repairing process, the damaged mold is directed
towards the hybrid manufacturing process where the affected area is machined and then
goes to the DED system where H13 hot work tool steel (Oerlikon AM) powder is deposited
in the part, rebuilding the previously machined area in 4.5 minutes. After the AM process,
the mold is machined again to give the shape and finishing required, being then ready for
the glass bottle manufacturer that will make use of the mold for longer. This approach
allows a shorter response time to restore the mold.

The LCA and LCC studies focused on the processes that occur when the mold arrives
already damaged to the hybrid manufacturing process, analyzing the machining to remove
the damaged area, the deposition of H13 steel powder with DED technology to fill the dam-
age and the final machining process. Additionally, the study considered that the repaired
mold can only last a third of the total 125,000 cycles sustained by a newly produced mold.
As such, the inventory of the repairing will be gathered per repair process for transparency
purposes and for better understanding. In the results, the presented environmental impacts
and economic costs are correspondent to a total of three repairs. The selected functional
unit—from which the energy, mass, and cost flows as well as the environmental and eco-
nomic impacts will be normalized—was one functional mold, weighing 4.55 kg and with a
durability of 125,000 cycles.

2.3. Life Cycle Inventory

The data gathering for the characterization of materials and energy consumption of
the DED system has already been conducted in another study [31], where the information
was collected in situ and mostly through direct suppliers and operators, except for the
chiller, where the data was gathered from a similar system [19]. For the economic data
regarding purchase and assembly of the DED, information from consumables, powder and
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argon were supplied by the developers of the system, making use of previously installed
sensors. Regarding the background data, life cycle database Ecoinvent v3.7.1 [32] was
used to obtain information regarding supply chains and raw material extraction activities,
as well as to match the identified flows with the correct processes in the database (see
Appendix A for Table A1, regarding the Ecoinvent matching processes for the conventional
production scenario and Table A2, regarding the Ecoinvent matching processes for the
hybrid repair scenario). Some of the dataset was adapted when necessary to accurately
describe the links between activities and resource flows. The production and assembly of
the machining equipment was also obtained from the database as it is integrated in the
Ecoinvent processes for milling. To accurately represent the environmental impacts of the
DED system in the repairing activities, it was necessary to characterize the use phase of the
DED for this specific case study, considering the deposition time for each repair, operation
conditions per year and the total lifetime of the DED system. The values considered for
these parameters are presented in Table 1, to characterize a scenario where a DED system is
used to repair a similarly damaged mold for a total lifetime of 10 years, independently of
the machining activities of the hybrid repairing system.

Table 1. Characterization parameters for the use phase of the DED system.

Parameters Units Value

Time for DED deposition in one mold hour 0.0749
Time for switching between molds hour 0.0167
Daily DED operation time hour 4.00
Daily number of repairs - 43
DED lifetime year 10
Number of total lifetime repairs - 110,536

The amount of DED system to consider for each deposition in order to distribute the
impacts of the system’s production, is the inverse of the total lifetime depositions carried
out by the DED—9.19 × 10−6 p (amount) of DED system per deposition. The primary
flows of material and energy consumption are presented in Figure 2 for each scenario. For
the repairing scenario, the production of H13 steel powder through atomization was also
considered, making use of data from one paper [15]. According to the available literature,
the DED powder usage efficiency (percentage of powder that is melted into the product)
can vary from 14% [15] to 90% [33]. For this study, an optimized scenario was considered
with an average 80% of powder efficiency, where the DED system is operating within an
industrial setting, in a production line for the repairing of glass bottle molds. The main
resource flows in this scenario are the electricity consumption during machining steps
and DED, as well as argon and powder from the DED system. In the conventional BAU
scenario, the new mold is produced through iron casting and final machining. The waste
generated from each scenario and the damaged mold in the BAU scenario are assumed
to go to landfill. Whenever necessary, data from similar processes were considered and
mass proxies were used to fill any lack of information. From the Ecoinvent database, it was
possible to estimate the flows from producing cast iron, as well as the machining processes
and the end-of-life treatment (landfill). The existing energy consumption process in the
database for Portugal was updated to the energy mix from August 2019 and August 2020,
through the available information from APREN [34] and DGEG [35]. With the use phase
scenarios characterized, the associated costs for the consumption of materials and energy
were calculated and are presented in Table 2 for the repairing scenario. It is assumed that a
conventionally produced mold costs 1000 € for a glass bottle manufacturer.
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Table 2. Energy and material costs during the use phase of the hybrid system, for one repair.

Material and Energy Flows Consumption Per Mold Costs 1

Electricity for initial machining 1 0.3048 kWh €0.04
Electricity for deposition 1 1.4345 kWh €0.19
Powder (H13) 2 38.45 g €1.87
Argon 2 0.1234 m3 €2.55
Electricity for final machining 1 0.0109 kWh €0.001

1 Cost data collected from invoices. 2 Cost data collected for industrial users from Portugal in 2021 [36].

The argon consumption is the costliest flow from the repairing system, followed by
the H13 powder. These material flows can vary greatly, depending on the complexity of
the product that is being produced. This generates a great number of discrepancies in
economic analysis results, since the costs can overcome the conventional production costs.
An analysis on this issue is presented in Section 3.3. For the acquisition of machinery, the
invoices related to the purchase and assembly of equipment were gathered and inventoried.
The machining equipment is considered to be already present in the installations of the
manufacturer due to its broad usage in the industry, and only the DED system needs to be
purchased. The maintenance costs related to the activity of the DED system are mainly from
small repairs and consumables (filters for the chiller, chiller water, additives, degreasing
chemicals and tape). Inactivity costs are mostly for cleaning of the space, security, and
rental of the area. Due to confidentiality issues, these values cannot be presented.

3. Results & Discussion
3.1. Life Cycle Assessment (LCA)—Environmental Impact Assessment

With the gathered information, the life cycle impact assessment was conducted to
determine the environmental performance of each scenario. The results were obtained in
the LCA software Simapro v9.1.0.7 [37] and the selected quantification method was ReCiPe
2016 v1.1 [38] Endpoint (H) in Ecopoints (pts) to characterize the environmental effects on
the most relevant impact categories in the literature.

To determine the environmental impact categories that are more relevant for this type
of technology and avoid bias in the assessment of the environmental performance, an
analysis of the available literature on LCA of AM was conducted. A total of 18 papers were
assessed on the used LCIA methodology and impact methods [9,15,17,19–23,39–48]. Each
impact category was scored from one to ten, according to the number of times it appears in
the literature. Equation (1) presents the weighting score calculation conducted to assess
each impact category.

number of papers of the category × maxscore
total number of papers

= weighting score (1)

The identified impact categories and the respective score points are presented in
Table 3. For this study, the maximum score is 10 and the total number of papers is 18. For
example, considering that the Global Warming category, expressed in kg CO2 eq., is present
in all the analyzed papers; the weighting score for this category is 10.
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Table 3. Parameters for homogenizing the results for the selected functional unit.

# Environmental Impact Categories Analyzed in LCA of AM Weighting Scores

1 Global warming 10
2 Land use 6
3 Ozone formation, Human health 4
4 Ozone formation, Terrestrial ecosystems 4
5 Terrestrial acidification 4
6 Fossil resource scarcity 4
7 Fine particulate matter formation 3
8 Freshwater eutrophication 3
9 Ionizing radiation 2
10 Terrestrial ecotoxicity 2
11 Freshwater ecotoxicity 2
12 Marine ecotoxicity 2
13 Human carcinogenic toxicity 2
14 Human non-carcinogenic toxicity 2
15 Mineral resource scarcity 3
16 Marine eutrophication 2
17 Water consumption 1
18 Stratospheric ozone depletion 1

Using the obtained classification, the seven impact categories with higher weighting
factor were selected to be presented for this study thus focusing on the most important
impact categories for the literature in LCA of AM. However, the category “Land Use” was
not considered for this study as most potential impacts come from an Ecoinvent process that
has no data available and is based only on assumptions for the raw material composition.
As such, the authors of the quantification method recommended not to use the results
from this process if the relative influence is high. Finally, the following impact categories
(Table 4) were selected:

Table 4. Selected environmental impact categories.

Impact Category Midpoint Unit Description References

Global Warming kg CO2 eq
Quantification of the integrated

infrared radiation forcing increase of
a greenhouse gas (GHG)

[49,50]

Ozone Formation,
Human Health kg NOx eq Human population intake of ozone [51]

Ozone Formation,
Terrestrial Ecosystems kg NOx eq

Sum of the differences between the
hourly mean ozone concentration and

40 ppb during daylight hours over
the relevant growing season

[51]

Freshwater Eutrophication kg P eq Measurement of the phosphorus
increase in freshwater [52,53]

Fine Particulate Matter
Formation kg PM2.5 eq Particulate emission with a diameter

lower than 2.5 µm. [51]

Terrestrial Acidification kg SO2 eq Quantification of proton increase in
natural soils [54]

Fossil Resource Scarcity kg oil eq
Ratio between the higher heating
value of a fossil resource and the

energy content of crude oil
[55]

Long-term emissions and infrastructure impacts from the Ecoinvent background data
were also included. The results are presented in Figure 3 for the comparison between
conventional production and hybrid repair of one mold with 125,000 cycles, in Ecopoints
per impact category.
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Figure 3. Environmental impact comparison between the conventional production and the hybrid
repairing system, expressed in Ecopoints (Pt) through ReCiPe Endpoint (H) per functional unit—one
functional mold with a durability of 125,000 cycles.

The results show that the main impacts are connected with the effects of Global
Warming (GW) and fine Particulate Matter Formation (PMF). The second most relevant
impact category in this analysis is the Fossil Resource Scarcity, followed by Terrestrial
Acidification.

The difference between the conventional and the hybrid repair is 76% in GW and 71%
in PMF, indicating that there is a strong potential to reduce the environmental impacts
by using this technology, together with the benefits of avoiding the consumption of more
resources by extending the lifetime of the mold. Since GW and PMF are the most relevant
category for this analysis, a more detailed examination into each process step within
the scenarios revealed that the main sources of impact in both categories are the same—
combustion of fossil fuel for the generation of energy and electricity to be consumed during
the production of the process flows. For that, a more specific analysis was conducted on
GW through ReCiPe Midpoint (H) as this is the most relevant category identified in the
literature analysis (Table 4). Figure 4 presents the carbon footprint for each scenario per
functional unit.
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As previously observed, the hybrid repairing process has less environmental impacts
than the conventional process. The process steps that contribute the most for the impacts are
casting and final machining for the conventional production and the additive production
for the hybrid repair. The conventional production scenario generates 10.95 kg of CO2 eq,
where the casting process has 7.44 kg of CO2 eq (68% of total conventional production
impacts) and the final machining 3.49 kg of CO2 eq (32%). In the casting, most impacts
are generated from pig iron production, related to the use of iron and coke. The final
machining of the mold has the second highest impacts due to the waste generated by the
iron shavings. Considering the impacts from initial machining, additive manufacturing
and final machining finishes, the repairing process generates around 2.62 kg of CO2 eq.
In this scenario, the additive manufacturing through the DED system dominates the total
impacts due mostly to electricity consumption (43%), through the contribution of natural
gas to the Portuguese electricity mix. Argon consumption also has a high contribution to
the total impacts (34%), mostly because of electricity use in the cryogenic air separation to
isolate the gas. The H13 powder contributes 9% to the total impacts, where most impacts
derive from the presence of molybdenum and chromium in its composition. The initial
machining of the damaged part has a contribution of 0.07 kg of CO2 eq, and the final
machining contributes 0.08 kg of CO2 eq, mostly due to the generated metal waste, being
the least contributing process to the total impacts of the hybrid repairing system.

3.2. Life Cycle Costing (LCC)—Cost Assessment

The life cycle economic impacts are related to the operation phase of the BAU scenario
and the hybrid repair scenario, since it was conducted from the stakeholder perspective of
a manufacturer (tooling user) that needs to have a working mold to put back into its glass
bottle production system. The result for each scenario is presented in Table 5. Regarding
the economic impacts, an estimate from the producers of cast iron molds was given for
the total cost to produce a new mold: €1000. The results for the economic impact of the
hybrid system include the man-hours for all stages of active life; as well as equipment
usage, material, and energy consumption for the use phase; inactivity and adjustments
for the maintenance phase; and environmental costs that would be normally considered
externalities to the current conventional economic system. Most of the gathered data are
related to laboratorial conditions but easily scalable to an industrial setting. Due to lack of
information, the end-of-life and associated costs were not considered.

Table 5. Life cycle economic costs for each scenario for the functional unit of one functional mold
with a durability of 125,000 cycles.

Scenarios Use Maintenance Environmental 2 Total

Conventional production €1000 - €3.40 €1003.40
Repairing processes 1 €19.74 €0.33 €2.38 €22.45

1 Cost results for three repairing processes of one mold, for a durability of 125,000 cycles. 2 Environmental prices
V1.01 (European 2015), adjusted inflation of 1.06% to Euro 2021.

Most of the accounted costs in this analysis derive from the use phase for each sce-
nario (99.7% in the conventional production and 87.9% in the repairing process). In the
conventional scenario, the costs come mainly from the production process of the new mold
from sand mold casting, that is usually subcontracted from another business. This is the
only cost considered that directly affects the manufacturer of glass bottles. For the repairing
processes, the main driver of the costs associated to the use phase are the material and
energy consumed during the repairing activities (83.1% of the total use phase costs), where
argon is the most expensive consumable in the system, accounting for 38.7% of the total
use phase costs. The H13 steel is the second most expensive consumption in the repair-
ing operation with 28.4%, followed by labor costs with 13.0% and electricity (2.8%). The
most inexpensive cost associated with the operating activities is the individual protective
equipment, with 0.1% of the total costs for this phase. The equipment purchase contributes
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17% of the total use phase costs. In maintenance, the costs correspond to 1% of the total
life cycle costs for the repairing, where inactivity costs are the most relevant, with 73.6% of
the total costs for this phase. The registered maintenance activities (chiller filter and water
substitution, additives, degreasers, etc.) are negligible considering the total life cycle costs
of the repairing activities.

The environmental costs—currently externalities to the economic system—quantify
the worth of the affected environmental resources in a European setting. These values can
be of interest when comparing scenarios with similar costs to consider the environmental
aspect. The results show a clear advantage to the repairing scenario. The environmental
costs of repairing are lower than conventional production, indicating lower emissions and
environmental damage that can translate into lower carbon taxes in the future. In the
conventional scenario, almost all the environmental costs are related to the iron casting. In
the repairing scenario, the material and energy consumption during the additive deposition
are responsible for 88% of the total environmental costs.

3.3. Discussion

The environmental and economic assessment results are consistent regarding the most
relevant processes that can greatly affect the performance of each scenario. The material
and energy flows are the main drivers of costs and environmental impacts even when
accounting for the machinery acquisition. In the repairing scenario, the amount of argon
and powder consumed by the DED can cause significant increase to the operation and
maintenance costs. The electricity consumed has more significance in the LCA study, mostly
due to the contribution of natural gas to the Portuguese electricity mix, in agreement with
recent literature [20,56].

Even when the mold needs to be repaired three times to match the longevity of a new
mold, the hybrid repair scenario has significant economic and environmental advantages.
These results can vary greatly with the type of damage that occurs in the mold, mainly in
the size, geometry, and complexity [18]. The increase of active time in the DED system can
greatly increase the consumption of electricity, argon, and powder. When comparing the
performance of the repairing with conventional production, a better environmental and
economic performance is verified but not guaranteed, as confirmed by the current literature
in AM technology [56,57]. As the impacts and costs from the conventional scenario increase
with the size of the mold to be produced, due to the proportional increase of resources and
waste generation, so does the impacts and costs from the repairing scenario if the damaged
area is increased.

It is clear that the repairing can significantly improve the environmental and economic
performance of this case study, within the previously described characteristics and assump-
tions. For other case studies, with larger parts that need to be repaired, the contribution
of AM technology can not only avoid the associated impacts of producing a new mold,
but also reduce costs and the delayed time due to a damaged part, which was not taken
into account in the LCC study. Additionally, the social dimension was not considered, as
the lack of information and an established methodology significantly limited the approach.
Most literature on sustainability analysis does not consider the social aspects of AM [27],
although there may be underlying social effects when opting for this technology, this may
be an interesting research topic to complement the presented results.

4. Conclusions and Limitations

The main purpose of this study was to contribute with more data regarding the
performance and capabilities of the DED technology in the development of sustainable
and competitive European manufacturing. As such, the research activities successfully
created a life cycle inventory on the operation of a DED system with foreground data
from laboratorial measurements, invoices, and sensors (see Appendix A) with a high level
of reliability. With the gathered information, it was possible to present results for the
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environmental and economic axis of sustainability performance in the scope of repairing
capabilities.

In the results of the LCA study, the reduction on resource consumption and the
extended lifetime of the mold translates into significant environmental impact reduction
when compared with conventional production. For the LCC study, the results indicate that
there is a need for higher efficiency of argon and powder consumption since these flows
are the highest contributors to the total life cycle costs of repairing. The environmental and
economic performance of the hybrid repairing system has the potential to be significantly
better than the conventional production, even considering that the repaired mold has a
third of the durability of the new one. Since most data for the conventional scenario came
from the literature and the life cycle database, a more accurate detailing of the conventional
iron casting process is necessary to corroborate these findings.

The economic gains for the manufacturer in the hybrid repair scenario are interlinked
with the deferred costs of third parties to produce a new mold that can take more time
to be available for integration in the production line. The cost for this time reduction
can be integrated in future studies. Another unquantified advantage is the capacity to
upgrade the damaged mold into new designs and customization, which can potentially
generate high-value products with lower economic effort. Other effects, such as the social
dimension must be considered for future studies to integrate the three pillars of the life
cycle sustainability assessment (LCSA).

The presented impacts and costs associated with the repairing scenario assume that
the damage that occurs in the mold is relatively similar every time. Furthermore, the
case study considered a small, damaged area, when compared with the total area of the
mold. Since the environmental and economic performance is directly associated with
the consumption of materials and energy in the deposition phase, by comparing small
repairing areas with the production of a new mold, it is clear that this technology can
have significant reductions in costs and environmental impacts for case studies with large
dimensions, complex geometry, or customized design. Additionally, most case studies in
the literature focus on full production of parts and do not assess key process steps to the
future circular industrial paradigm, such as repairing, refurbishment or retrofitting. As
such, the results from this study can serve as basis for future research in the capabilities of
AM in a circular economy perspective.

In conclusion, through strategic application of life cycle-based approaches in the
tooling and manufacturing industry, the DED hybrid manufacturing technology can play a
significant role in the path towards a circular economy and sustainable manufacturing.
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Appendix A

Table A1. Matching production stages and processes from the Ecoinvent v3.7.1 database for the
conventional production scenario.

Production Stages Ecoinvent Process Units Value

Casting Cast iron {RER}|production|APOS, U kg 4.55

Machining Cast iron removed by milling, average {RER}|cast iron milling,
average|APOS, U kg 1.047

End-of-life Scrap steel {Europe without Switzerland}|treatment of scrap
steel, inert material landfill|APOS, S kg 4.55

Table A2. Matching production stages and processes from the Ecoinvent v3.7.1 database for the
hybrid repair scenario.

Production Stages Ecoinvent Process Units Value

Initial Machining

Chromium steel removed by milling, average {RER}|chromium
steel milling, average|APOS, U (adapted) 1 g 14.5

Scrap steel {Europe without Switzerland}|treatment of scrap
steel, inert material landfill|APOS, S g 14.5

H13 powder

Tungsten kg 0.005
Vanadium kg 0.089

Iron ore concentrate {GLO}|market for iron ore
concentrate|APOS, U kg 0.808

Chromium {GLO}|market for|APOS, S kg 0.055
Molybdenum {GLO}|market for|APOS, S kg 0.013

Manganese {GLO}|market for|APOS, S kg 0.006
Silicon, metallurgical grade {GLO}|market for|APOS, S kg 0.0086
Phosphorus, white, liquid {RER}|production|APOS, S kg 0.00016

Carbon monoxide {RER}|market for|APOS, S kg 0.0188
Sulfur {GLO}|market for|APOS, S kg 0.00015
Cobalt {GLO}|market for|APOS, U kg 0.0003

Heat, central or small-scale, natural gas {CH}|natural gas, burned
in micro gas turbine, 100 kWe|APOS, S kWh 0.46

Argon 2

Argon, liquid {RER}|market for argon, liquid|APOS, U kg 1.619
Steel, unalloyed {GLO}|market for|APOS, U kg 0.0063

Argon (emissions to air) kg 1.619
Scrap steel {Europe without Switzerland}|treatment of scrap

steel, inert material landfill|APOS, S kg 0.0063

DED deposition

H13 powder g 38.45
Argon m3 0.123

Electricity, medium voltage {PT}|market for|APOS, U (updated
to 2020) kWh 1.4345

Electric arc furnace dust {CH}|treatment of electric arc furnace
dust, residual material landfill|APOS, S g 7.69

DED system p 9.19 × 10−6

Final machining

Chromium steel removed by milling, average {RER}|chromium
steel milling, average|APOS, U (adapted) 1 g 16.26

Scrap steel {Europe without Switzerland}|treatment of scrap
steel, inert material landfill|APOS, S g 16.26

1 Steel material removed. 2 85 kg of steel bottle with 10.5 m3 of argon, equivalent to 17 kg.
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