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Abstract

The transition to a Circular Economy requires assessment tools that capture not only the
environmental and economic performance of products, but also their circular design, functionality,
and durability. In this study, two types of injection molds for plastic part production are compared:
a conventionally manufactured mold and an additively manufactured metal mold produced by Laser
Powder Bed Fusion (L-PBF) technology. The comparison integrates Life Cycle Assessment (LCA),
Life Cycle Costing (LCC), and a set of Micro-Circularity Indicators, including the Material Circularity
Indicator (MCI), Recycling Desirability Index (RDI), Circular Design Guidelines (CDG), Disassembly
Effort Index (DEI), Longevity Indicator (LI), and Circular Economy Indicator Prototype (CEIP).
Results show that the AM mold exhibits lower environmental impacts across almost all categories,
while its slightly higher initial cost is largely offset by reduced indirect costs over the product
lifecycle. Micro-circularity indicators reveal that the AM mold achieves higher material circularity
and better circular design performance (MCI, CDG, CEIP), but shows only minor improvements in
disassembly and recyclability (DEI, RDI) and lower longevity (LI) compared to the conventional
mold, indicating potential limitations for remanufacturing and end-of-life recovery. Overall, this
study demonstrates that traditional sustainability metrics (LCA and LCC) are insufficient to fully
assess product circularity. The integration of micro-circularity indicators provides a comprehensive
framework encompassing circular design, repairability, and durability, highlighting the importance
of combining LCA, LCC, and circularity metrics to support truly circular design decisions in additive
manufacturing.

Keywords: additive manufacturing; life cycle assessment; circularity indicators; injection molding;
laser powder bed fusion

1.Introduction

Over the past decades, increasing environmental awareness, driven by social and legislative
factors, has led to growing attention to the principles of sustainability and circularity in product
development processes [1]. In this context, a gradual transition is occurring from the traditional linear
economic model toward a circular economic model aimed at promoting more sustainable and
resilient societies.

Product design plays a strategic role in circularity, as decisions made at this stage determine the
potential for product reuse, refurbishment, modularity, and disassembly [2]. Designers can simplify
product architecture during the conceptual phase to facilitate end-of-life treatment. Two
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complementary approaches to circular design can be distinguished: (A) extending product lifespan,
and (B) promoting circular flows and closing material loops to prevent waste and emissions [1].

To support the transition to circularity, it is essential to assess new product strategies in advance,
comparing them with linear approaches to determine their sustainability potential and alignment
with the principles of the circular economy [3], [4]. Circularity alone does not guarantee
sustainability, so companies require tools capable of evaluating both circular performance and
environmental and economic impacts [3]. Life Cycle Assessment (LCA) and Life Cycle Costing (LCC)
are well-established methodologies that quantify environmental and economic impacts throughout
a product’s life cycle [4], [5]. LCA, standardized under ISO 14040, covers goal and scope definition,
life cycle inventory, impact assessment, and results interpretation, supporting informed
environmental decisions [6], [7]. LCC evaluates total costs across the life cycle including direct,
indirect, and operational costs, and can adopt different approaches, such as conventional,
environmental, or corporate [42-46]. The integration of LCA and LCC enables a more holistic
assessment by balancing environmental impacts with economic performance, thereby providing a
robust basis for the simultaneous optimization of the sustainability and economic viability of
products [13].

However, these methods have limitations in assessing structural circularity, as they do not
capture modularity, durability, reparability, material diversity, or potential for reuse, repair or
refurbishment [6], [7] [48-50]. To address this gap, product-level circularity indicators (micro-
indicators) provide both quantitative and qualitative insights, capturing aspects critical to circularity,
such as reparability, lifespan extension, and the potential for reuse and recyclability [1], [30-32]. Thus,
integrating LCA/LCC and micro-indicators offers a more nuanced and representative evaluation of
a product’s actual circular potential.

For the transition to a circular economy to materialize, it is essential to monitor product
performance throughout its life cycle, which requires the development of specific tools that are
widely recognizes by the scientific community, as well as by business and policy stakeholders and
sustainability- related organizations [18]. In this context, circularity indicators - quantitative or
qualitative measures progress towards specific objectives -have been developed for different
purposes and levels of application (micro-, meso-, and macro-level) depending on their focus on
products and companies, industrial systems, or territories and regions [19], [20]. Micro-indicators, in
particular, complement LCA and LCC, by evaluating design- and circularity-related aspects, such as
reuse, recyclability, resource efficiency, dismantling, and end-of-life management, thereby
supporting decision-making from the early product design stages [55-58]. However, the lack of
standardization introduces subjectivity in the interpretation of results, and their focus on recyclability
and end-of-life neglects energy consumption, durability, and indirect environmental impacts,
providing only a partial view of product sustainability and circularity [55-59].

In this context, the present study focuses on compare the environmental and economic impacts,
as well as to assess the circular potential, of two metal polymer injection molds —one produced via
conventional machining and the other manufactured using additive manufacturing through Laser
Powder Bed Fusion (L-PBF). The analysis employs LCA/LCC alongside product-level circularity
micro-indicators as analytical tools. This study seeks to demonstrate that circularity micro-indicators
are reliable and complementary to traditional sustainability metrics (LCA/LCC), enabling the
identification of circularity dimensions related to design, disassembly, and lifespan extension. This
approach provides a significant methodological contribution for the evaluation and optimization of
products oriented toward the circular economy.

2. Methodology

In this chapter, we present the methodology employed to assess the environmental impacts and
associated costs of two case studies involving the production of molds using conventional and
additive manufacturing techniques. Specifically, we describe the approaches used to perform Life
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Cycle Assessment (LCA), Life Cycle Costing (LCC), and circularity indicators, as well as the
procedures adopted to address the uncertainties associated with the data used in the LCA.

2.1. Case Study Selection

The case studies selected for this article consist of two steel injection molds for plastic products:
one produced by conventional machining and the other produced by additive manufacturing,
specifically using the Laser Metal Powder Bed Fusion (L-MPBF) process. Both molds were produced
by Erofio.

The conventional mold consists of 449 components, of which 44 are massive elements, 64 are
cylindrical elements, 244 are screws, 88 are accessories for the cooling channels, and 9 are other
standard elements used in mold assembly. The accessories for the cooling channels and all standard
elements (screws, cooling channels accessorizes, ejection components, and other elements) are
supplied to Erofio by the suppliers already machined. However, for most standard elements, Erofio
was unable to provide data regarding all the materials used. Only for the screws and the insulation
plate do we know their materials. Therefore, for the other standard elements, it was decided to
consider only the transport of these elements from the supplier to Erofio.

The 5G mold produced by Erofio consists of 116 components, of which 10 are massive elements,
7 are cylindrical, 5 are manufactured by additive manufacturing, 68 are screws, 8 are cooling channel
accessories, and 24 are standard components. In contrast to conventional molds, whose production
is based exclusively on traditional machining processes for the manufacture for their components,
the 5G mold adopts a hybrid approach that integrates machining techniques with advanced additive
manufacturing technologies. This combination allows for a significant reduction in the number of
assembly operations, while enabling functional optimization of certain mold elements. In the case of
the 5G mold, additive manufacturing is used in the production of the bushing, cavity, and respective
support plates, which are manufactured as two single pieces using the Laser Powder Bed Fusion (L-
PBF) process. Additionally, the mold incorporates three supplementary cable protection covers,
produced by Fused Deposition Modeling (FDM), components absent in the conventional mold, and
which demonstrate advances in functional integration and geometric complexity.

2.2. Life Cycle Assessment and Life Cycle Costs

This subchapter describes the goal and scope of definition and the inventory phases of Life Cycle
Assessment and Life Cycle Costs (LCA/LCC) framework, including the identification of relevant
environmental impact categories. In parallel, LCC analysis was conducted to complement
environmental assessment and support economically informed decision-making in mold production.

The LCC analysis was performed in Excel and included direct cost (e.g., materials, energy, labor,
transportation, and waste management) and indirect costs, represented by monetized environmental
impacts based on global monetization factors (2010 values in Table S.1, Supplementary Materials).

The LCA modeling was performed on the OpenLCA with the Ecoinvent 3.9 database applying
the Allocation at the Point of Substitution (APOS) system. This approach was selected due to its
suitability for multifunctional processes and recycling scenarios typical of mold manufacturing,
enabling the allocation of environmental burdens and credits based on economic value and
substitution effects [26], [27].

As this study involves a comparative assessment of two molds and relies on data from multiple
sources, an uncertainty analysis was conducted to evaluate the robustness of the results.
Uncertainties used from data gaps and assumptions were systematically addressed to ensure
transparency and reproducibility.

2.2.1. Goal and Scope
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The objective of this LCA study is to compare the environmental impacts of a conventionally
manufactured plastic injection mold with those of an additively manufactured mold, assessing
whether additive manufacturing offers environmental advantages over conventional production.

The study encompasses all initial stages of the mold lifecycle, from the extraction of natural
resources to final assembly, including relevant transportation and outsourced finishing operations.
Use and end-of-life phases were not considered due to the prototype status of the additively
manufactured mold. Therefore, the cradle to gate approach was adopted.

The functional unit was defined as one complete mold, weighing approximately 500 kg for the
conventional mold and 92 kg for the additively manufactured mold (5G mold).

System boundaries and process were defined through two LCA flowcharts — one for each study
— illustrating in- house manufacturing process and external activities such as raw material supply,
transportation, and outsourced operations. Figures 1 and 2 present system boundaries for the
conventional and 5G mold, respectively.
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Figure 1. Flowchart for LCA/LCC analysis for conventional molds.
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Figure 2. Flowchart for LCA/LCC analysis for AM Mold.

2.2.2. Life Cycle Inventory Analysis

In this phase of the LCA/LCC study, data collected by the mold manufacturing company were
developed to construct the LCI of the two molds, so that the LCA and LCC can be carried out later.

To systematize the Life Cycle Inventory (LCI) modeling, the analysis was organized by mold,
identifying and quantifying all input (inputs) and output (outputs) flows associated with each
system. To prepare the LCI, we divided the flow to be evaluated into elements that make up the mold
and that share the same machining processes. In addition, we divided the inventory into three stages
to evaluate in the LCA/LCC study, namely, raw material acquisition, transportation, and production
of the elements. In the following subchapters, the specific inventories of the two molds under study
are presented in detail, allowing a complete characterization of the processes involved and providing
a basis for the assessment of environmental impacts.

Conventional Mold

The LCI of the conventional mold was developed using based on primary data provided by the
manufacturing company, including: machine operation parameters, material removal rates, steel
typologies, component volumes, consumption of water and cutting fluids, and annual waste
generation. Based on this data, energy and material flows were estimated for each machining step
and modeled using existing Ecoinvent flows. When company-specific data was unavailable,
technologically and compositionally similar Ecoinvent datasets were selected. Otherwise, new flows
were modeled using data available in the literature

The massive components of the mold were classified into three groups (1 to 3), according to their
machining process. Accessories for the cooling channels and all standard elements (e.g., screws,
accessories for the cooling channels, extraction components, and other elements) were supplied pre-
machined by external suppliers.

For reporting purposes, LCI inputs and outputs were aggregated by component category and
flow type, with the complete inventory available upon request. Table 1 summarizes the component
groups, including initial and final mass, associated Ecoinvent flows, and steel unit costs.
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Table 1. LCI for the extraction and production stage of the raw materials involved in the conventional mold.

Conventional Mold Raw Material

Final
Mold . Initial . . Price
Elements Material weight (Kg) Ecoinvent Flow Weight (EUR/kg)
(Kg)
12312 Steel  3sgog  oreel production, electric low- 0 o) g5y
. alloyed
Massive 1 Steel production, converter
1.1730 Steel 154.99 P ’ ’ 116.95 1.35
unalloyed
Massive 2 1.2343 Hardened 36.69 Steel production, electric, low- 25.60 426
Steel alloyed
1f-lubricati
Self-lubricating 108.16 Brass production 4.25 13.00
Bonze
Massive 3 1.2343 Steel 7.88 Steel production, electric, low=; 55 426
alloyed
1.2311 Steel 1708 Oteel production, electric low- 50 55
alloyed
steel production, converter,
1.1730 Steel 6.56 4.29 1.35
unalloyed
Cylindrical 1.2343 Hardened 39.90 Steel production, electric, low- 27,00 126
Steel alloyed
12311 Steel 9.84 Steel production, electric, low- 765 350
alloyed
1.7295 Steel ) Steel production, electric, low- 0.94 4474
alloyed
Serews Steel production, electric, low-
1.6510 Steel - P ’ ’ 0.76 203.19
alloyed
Insulation RGE ) Glass fiber reinforced plastic,
thermosetting - .
board ) polyester resin, hand lay-up
composite

Raw material transport was modeled considering a representative scenario, in which steel
supply was equally distributed among five countries (China, Germany, Mexico, USA, and India). A
similar approach was applied to the standard elements. Detailed transport distances and costs are
provided in the Supplementary Materials (Table S. 2).

Machining processes varied by components type: massive elements 1 underwent Faceting,
Rough Machine, Milling, and Finishing; massive elements 2 additionally included Wire Erosion,
Spark Erosion, and Heat Treatment; massive elements 3 involve only Rough Machining and
Finishing; cylindrical elements underwent Turning and Finishing. Cutting tools were excluded from
the LCI due to their negligible contribution relative to ither flows.

Wire Erosion requires no cooling water or lubricating liquids, generating no water waste or
sludge. Spark Erosion involves internally manufactured graphite electrodes, with graphite
consumption estimated based on Erofio non-ferrous waste generation. All graphite waste is collected
and recompacted. Massive elements 2 were subjected to subcontracted heat treatment, due to limited
data availability, only transportation to and from the contracted company was included.

Steel shavings, dust, sludge, dust, sludge, and emulsions were estimates from primary data and
allocated proportionally based on the contribution of conventional mold production to Erofio annual
waste generation (0.22%). Waste typologies, allocation procedures, and associated Ecoinvent flows
are detailed in Supplementary Materials (Table S. 3 and Table S. 4). Energy, raw material, water,
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coolant, and subcontracted process were aggregated as inputs, and the generated solid and liquid
waste was consolidated as outputs, as shown in Table 2.

Table 2. LCI for processing of elements machined by conventional company.

Unit
Cost
Conventional Mold Ecoinvent Flow

Flow (EUR)

MassiveMassive Massive

1 5 3 Cylindrical
Market for electricity,
E i i 1
nergy consumptiong, o1 197462 161588 417633  edum - voltage,
(kWh) aluminium industry (IAI

Area, EU27 & EFTA)

Market for lubricating oil

Lubricating Oil (Kg) 1.11 1.094 0.27 1.4 (RER)

5.93

Market for tap water

Tap water (Kg) 7.72 0.79 2.28 13.95 (Europe without1.63
Switzerland)
Market  f ter,
Distilled water (Kg) 0.1  0.008 0.024 0.14 arke or - WAl gs

ultrapure (RER)

Graphite (Kg) - 8.84 - - Graphite (GLO) 0.43
Transport to the Transport, freight, light
subcontracted commercial  vehicle |

. company to carry out 240%25.6 0_ i transport,' freight, light .

o fthe heat treatment commercial vehicle

= . .

5 and  vice  versa (Europe without

% (Km*Kg) Switzerland)
Swarf waste and steel Treatment of  waste
dust for recyclingl55.35 6.07 1751 17.36 reinforcement steel,0.05
(Kg) recycling (RoW)

Treatment of refinery
Recoverable  waste
sludge, hazardous waste
0.25 0.24 1.52 incineration, with energy0.87

recovery (Europe without

from sludge
containing hazardous
substances (Kg)

Output Flow

Switzerland)

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Non- bl
on-recoverable Treatment of sludge from

0.95 0.21 0.22 1.34 steel rolling, residual0.87
material landfill (RoW)

sludge residue
containing hazardous
substances (Kg)

Emulsion  residues Treatment of wastewater
hal -f f 1 i

and N a ogen'ree&23 0.68 192 117 rom lorry plroduc’clon,a87

machining solutions wastewater treatment,

(L) urban (RoW)

Market for residue from

mechanical treatment,
Graphite chips and 197 industrial device | residue
dust (kg) ' from mechanical
treatment, industrial
device (RoW)
Waste  from the
operatlon' of 1038 3.09 201 1717 (See T.able 5.4 in Supplementary
company's Material)

infrastructure (Kg)

5G Mold

The 5G mold combines conventional machining with additive manufacturing, enabling reduced
assembly and functionally optimizing of key elements. The bushing, cavity, and respective support
plates were produced as two single stainless-steel pieces via L-PBF, while supplementary cable
protection covers were manufactures in PA6 filaments using FDM.

As no specific Ecoinvent flows exist for stainless-steel powder or PA6 filament, these were
modeled using similar existing flows. The stainless-steel powder production was based on the “steel
chromium 18/8” process, adjusted for composition, with additional Vacuum Induction Melting Gas
Atomization (VIGA) atomization flows incorporated based on literature for the atomization of nickel
alloys [28] and 316L stainless steel [29]. The data for modeling the extraction and production process
of the steel powder used in the elaboration of Mold 5G are found in the supplementary Material
(Table S. 5).

Nylon 6 filament production was modeled starting from Nylon 6 granules and integrating
extrusion steps, with energy consumption and waste adapted to reflect the filament production
process [30],[31]. The LCI of the PA6 filament extraction and production process can be found in the
Supplementary Material (Table S. 6). Standard elements with known composition used Ecoinvent
flows. Unknown components accounted only for transportation impacts. The type of steel allocated
to each of the other elements of the 5G mold and the corresponding initial mass are found in Table 3,
as well as the flow assigned in Ecoinvent. Transportation and processing followed the same approach
as for the conventional mold. The detailed list of distances and flows is in the Supplementary Material
(Table S. 7).

During L-PBF, the machine's build chamber holds approximately 130 kg of powder. Unmelted
powder (84.24 kg) is recovered and reused, while unavoidable losses (~15%) including 10% recycled
and 5% discarded as metallic waste. Subsequent conventional machining process (Wire Erosion, Shot
Peening, Rough Machining, and Finishing) were applied, with subcontracted treatments considered
in LCA only for transportation impacts.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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For FDM parts, energy consumption, emissions, and waste were estimated from the final mass,
assuming a 5% rejection rate due to process preparation. All waste was collected and recycling for
filament reuse [32]. Total waste generated by 5G mold was proportional to its contribution to the
annual Erofio waste (0,03%) present in Supplementary Material (Table S.2). The breakdown of the
type and mass quantity of waste generated by the operation of Erofio infrastructure, allocated
proportionally to the production of one 5G mold, is presented in supplementary material (Table S.8).

The input and output flows of the 5G mold processing stage, including transport flows to
subcontracted companies, are summarized in Table 4.

Table 3. LCI for the extraction and production stage of the raw materials involved in the 5G mold.

Extraction and Production of Raw Material

Initial Final Price
Mold Elements Material weight Ecoinvent Flow Weight
K (EUR/kg)
(Kg) (Kg)
teel ducti t
Massive 1.1730 6846  -recl production, converter, g 15y g5
unalloyed
1 .
Cylindrical 1.1730 4o7  Steelproduction, converter, ) g 55
unalloyed
AM Steel Powder 43.45 (See Table 4) 35.88 60.00
PA6 - (See Table 5) 0.03 45.00
17905 i Steel production, electric, low- 0.03 4474
alloyed
Serews Steel production, electric, low-
1.6510 P ’ ’ 0.024  203.19
alloyed
Insulation board RGF thermo§ettlng i Glass fiber rel.nforced plastic, 135 203
composite polyester resin, hand lay-up
teel producti lectric, low-
Ejector and insert 1.2343 Hardened Steel production, electric, low 0.30 4.26
alloyed
Washers 11731 i Steel production, converter, 0.01 135
unalloyed
Accessories - - - 019 13021
Cooling channels
Other Standard i i i 539 63176
Elements
Table 4. LCI for the processing of elements machined by conventional mold company.
5G Mold Elements Unit
Flow . lindrical Ecoinvent Flow Cost
Massive Cylindrical AM (EUR)

Market for electricity,

Energy consumption medium voltage, aluminum

(KWh)) 330 330 40110 industry (IAI Area, EU27 & 0.09
EFTA)

é Lubricating Oil (Kg) 0.014 0014 Market fo(r;é;r)icaﬁng ol 12

E* Tap water (Kg) 0.16 016 2751 Maﬂ;ﬁzzga V:Z:i;f;; °P¢ 163

Distilled water (Kg) 00031 00031 0024 (arketfor (VR";tS ultrapure o5

Inert Gas (Nitrogen) (L) - - 108.04 Market for (Ei];;))gen, liquid 5.00
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Transportation to the Transport, freight, light
subcontracted company to commercial vehicle |
carry out the flnlshlng - - 10582.4 transport, freight, llght 0.03
. commercial vehicle (Europe
processes and vice versa . .
without Switzerland)
(Km*Kg)
Treatment of waste

Swarf te and steel dust

wart waste and steet Cust 137 1.37 12.63 reinforcement steel, recycling 0.05

for recycling (Kg) (RoW)

Recoverable waste from Treatment of refinery sludge,

hazardous waste incineration,

sludge containing 0.013 0.013 029 yith energy recovery (Europe 087

hazardous substances (Kg) without Switzerland)

Non-recoverable sludge Treatment of sludge from

residue containing 0.020 0.020 0.26 steel rolling, residual material 0.87
landfill (RoW)

hazardous substances (Kg)

. . Treatment of wastewater
Emulsion residues and °

2 from lorry production

) - ,

g halogen-free machining 015 015 252 wastewater treatment, urban 087

g solutions (L) (RoW)

8 Reused steel powder ) i 8421 i )
residue (Kg)

Discarded steel powder Treatment of waste
- - 2.31 reinforcement steel, collection 0.87
residue (Kg) for final disposal (RoW)
Market for waste
polyethylene, for recycling,
unsorted (Europe without

Switzerland)

PA6 Waste 1.04 0.05

Waste from the operation

(See Table 5.8 in Supplementary
of company's 0.07 0.07 3.59

Material)
infrastructure (Kg)

2.2.3. Environmental Impact Categories Selection

The modeling and analysis of the systems under study were performed using the open-source
software OpenLCA 2.4.0, adopting the ReCiPe 2016 v1.03 impact assessment method, from a
hierarchical (H) perspective. The ReCiPe method allows the quantification of environmental impacts
at two levels: midpoint indicators —representing specific environmental categories, such as climate
change, human toxicity, among others—and endpoint indicators, which aggregate impacts in
protected areas such as human health, ecosystems, and resources. For this study, the midpoint
approach was chosen exclusively, using the ReCiPe Midpoint (H) — Europe factor set to assess 18
environmental impact categories. In order to allow comparison between different impact categories,
a normalization step was performed based on the 2010 global reference factors provided by the
ReCiPe 2016 method (Table S. 9, supplementary material). After obtaining and normalizing the
results, those categories that presented the most significant contributions to the total environmental
impact of each mold were selected from among the 18 evaluated, in order to facilitate the
interpretation and comparative analysis of the scenarios studied.

The environmental impact categories selected for evaluation were defined based on the results
obtained through the LCA methodology, namely: Global warming potential (GWP), Fine particulate
Matter Formation Potential (FPMFP), Non-carcinogenic human toxicity potential (HTPnc), Ionasing
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Radiation Potential (IRP), Marine Ecotoxicity Potential (METP), Terestrial Ecotoxicity Potential
(TETP), Water consumption Potential (WCP), Fossil Fuel Potential (FFP), Surplus Ore Potential
(SOP), and Land Occupation Potential (LOP).

2.2.4. Uncertainties Assessment

To ensure the robustness and reliability of the results obtained in the LCA of conventional and
5G molds, an uncertainty analysis based on the Pedigree matrix associated with inventory data was
performed, complemented by Monte Carlo simulations with 5,000 iterations. This approach enabled
the quantification of result variability and the evaluation of the sensitivity of environmental impact
categories to the quality and origin of the data used. The comparison between the two scenarios
considered deterministic values, confidence intervals, and standard deviations from the simulations,
providing a statistically sound basis for the conclusions. The Pedigree matrix was constructed using
qualitative criteria of completeness, reliability, and temporal, geographical, and technological
representativeness, resulting in the values (2,2,1,2,3), which were rescaled to reflect a conservative
and realistic approach. The coefficients used are detailed in the Supplementary Material (Table S.10).

2.3. Micro-Circularity indicators

The transition to a circular economy (CE), based on reducing, reusing, recycling, and recovering
materials, is fundamental to sustainability by minimizing resource extraction and environmental
impacts. Assessing product circularity requires tools that complement traditional environmental and
economic metrics, considering design and function aspects that influence reuse, reconditioning, and
end-of-life management. For both molds, circularity was analyzed using micro-circularity indicators,
which provide quantitative and qualitative information on performance in circular flows. These
indicators complement LCA and LCC by evaluating design characteristics, material choices, and
strategies that affect durability, repairability, and recyclability. The Material Circularity Indicator
(MCI); Recycling Desirability Index (RDI) and Longevity Indicator (LI) accessed materials flows,
recycling compatibility, and overall lifespan, while Disassembly Effort Index (DEI), Circularity
Design Guidelines (CDG), and Circular Economy Indicator Prototype (CEIP) supported design
improvements, repairability, and Lifecyle extension.

Together, these analyses enable a comprehensive assessment of the molds’ circular potential,
guiding design decisions and aligning the 5G mold with circular economy principles.

2.3.1. Material Circularity Indicator

The Material Circularity Indicator (MCI), developed by the Ellen MacArthur Foundation in
collaboration with ANSYS Grant, evaluates product circularity based on material flows and product
usefulness, ranging from 0 (fully linear) to 1 (fully circular) [33], [34]. In this study, the MCI was
applied to conventional and 5G molds, following the calculation methodology detailed in [37], [ 38],
as described in Section S.5 in Supplementary Materials.

For the MCI, data on recycled content, reused and bio-based materials, and end-of-life recovery
(recycling, reuse, composting or incineration) were collected. The conventional mold, mostly
composed of steel (468.76 kg), self-lubricating bronze (1.35 kg) and mixed materials such as plastic
and composites (19.89 kg), incorporated ~29% recycled material and has an end-of-life recovery of
~90,5%. The 5G mold, composed of 54.1 kg solid steel, 35.9 kg steel powder, and mixed materials,
incorporates ~53% recycled material, with ~90% recoverable at end-of-life, indicating that its
circularity is strongly influenced by metallic components while polymers reduce overall circularity
[59-65].

Service life was considered for both molds. Conventional molds typically operate for ~500.000
cycles (~10 years) [66-68]. Additively manufacturing molds, may have shorter lifespans (~5-7 years)
due to porosity, heterogeneity, and fatigue [45], [115], but post-treatments can extended durability to
match conventional molds [44], [46]. Accordingly, the 5G mold was assessed under two scenarios:
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life span equal to conventional molds and slightly shorter, conservative scenario (~7 years). Detailed
data for MCI calculation are provided in the supplementary material (Table S.11).

2.3.2. Recycling Desirability Index

The Recycling Desirability Index (RDI) studies whether there is an advantage in recycling a
product or not. This micro-indicator is expressed on a scale of 0 to 3 and results from the sum of three
factors: the Material Separation Simplicity Index, the Material Safety Index (MSI), and the assessment
of technological maturity through the Technologic Readiness Level (TRL)[47]. The individual
formulas for calculating each of these factors and the calculation methodology used are duly detailed
in Section S.7 in supplementary Material, as well as the classifications of the material safety index
(MSI) and the classifications of the technological readiness level (TRL) for each material involved in
both molds under study are available in Supplementary Materials (Tables S.12 and S.13, respectively).

2.3.3. Longevity Indicator

The Longevity Index (LI) evaluates the effective durability of a mold throughout its life cycle,
integrating initial useful life, potential for component reuse, life extension from reconditioning, and
materials circulation after recycling. The calculation methodology adopted followed that described
by[48] and is detailed in Section S.8 in Supplementary Material.

For the conventional mold, a typical useful life of 10 years was considered, while for the 5G mold
produced by additive manufacturing, a conservative scenario of 7 years was adopted. Approximately
94% of the conventional mold and 80% of the 5G mold mass are structural or hardened steel elements
with high reuse potential. Direct reuse was considered negligible, in line with literature [42], [49],
[50], whereas reconditioning operations (grinding, polishing, heat treatment and replacement of
critical components) were assumed to extend life cycle by 5 years in both molds, according to
industrial studies reported in [46], [50].

The circulation time of the materials after recycling was set at 20 years for both molds, reflecting
the high recyclability of structural and hardened steels in the conventional mold [51], [52], and of
steels adapted for additive manufacturing in the 5G mold [53],[54].

All quantitative assumptions and bibliographic sources, can be consulted in the supplementary
material (Table S.14).

2.3.4. Disassembly Effort Index

The Disassembly Effort Index (DEI) considers the effort and processes required to disassemble
a product and provides a percentage score that can be used to calculate the cost of disassembly [55].
Disassembly practices allow for the recovery of parts or subassemblies, the removal of hazardous or
toxic materials, and the remanufacturing of products. To calculate the DEI, it is necessary to evaluate
factors such as disassembly time, tools, fastening, access to certain components, instructions for
performing the disassembly, imminent hazards, and force requirements to perform it. The
combination of these factors therefore allows for a reduction in the environmental impact and
ecological damage associated with product disposal. The detailed calculation methodology, as well
as tables with the evaluation of each disassembly step for the molds under study, are described in
Section S.9 in Supplementary Material (Table S.15 and Table S.16, respectively)

2.3.5. Circular Design Guidelines

The Circular Design Guidelines (CDG) indicator is a holistic tool that identifies design
approaches to improve a product by assessing the potential for improvement and the relevance of a
set of circular design guidelines[56]. These guidelines are divided into five groups, corresponding to
the fundamental principles of the Circular Economy: life extension, disassembly, product reuse,
component reuse, and material recycling. For each guideline, an improvement level is assigned,
ranging from 1 to 3 (1 being irrelevant and 3 highly relevant to the product under study). This process
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is repeated for each of the five groups. Then, the average improvement level for each group of
guidelines is calculated and multiplied by the relevance index assigned to each group. The
improvement level for each circular design group ranges from 0 to 9. The guidelines with the highest
improvement levels are those that should be prioritized to increase the product's circularity. The
results of this micro-indicator are presented in a radar diagram, which shows the groups of guidelines
that require improvements, as well as the level of improvement for each one [56].

The detailed calculation methodology, as well as the levels assigned to relevance and
improvement for each circular design guideline relating to the analyzed molds, are described in
Section 9 in Supplementary Material (Table S. 17 and Table S.18).

2.3.6. Circular Economy Indicator Prototype

The Circular Economy Indicator Prototype (CEIP) indicator is a cross-cutting indicator across all
phases of a product's life cycle that allows us to verify the level of circularity of a product. In addition
to circularity, this indicator also shows us at which stages of the life cycle the product should make
improvements to increase its circularity. The CEIP is a tool based on the 'Kingfisher Circularity
Calculator' (KCC), which consists of a set of 15 questions divided into five phases of the life cycle,
with the results presented according to the minimum and maximum limits of circularity performance
[25], [57], [58]. The assignment of the maximum CEIP score (152 points) followed the logic of
distributing an equal number of points for each phase of the product's life cycle: design/redesign (27
points), remanufacturing (25 points), commercialization (30 points), use (35 points) and end of useful
life (35 points). There are questions where the score is given according to the answer provided, and
others that are yes/no, where the total score for the question is given if the answer is affirmative. The
detailed calculation methodology, as well as the scoring levels assigned to each phase of the life cycle
for the molds analyzed, are described in Section S.10 in Supplementary Material (Table S.19).

3. Results

The results were presented in sequential analytical sub-steps to ensure traceability and
understanding of the main contributors to the environmental impacts. Initially, the total
environmental impact of the conventional and 5G molds were accessed. Subsequently, the most
critical life cycle stages and mold elements were identified, followed by an analysis of the impact
categories with highest contributions. Finally, the key elementary flows (e.g., energy consumption,
water consumption, cutting fluids, waste generated, etc.) driving these impacts were examined. This
systematic approach allowed the identification of the main flows causing environmental impact in
both mold systems analyzed.

3.1. Conventional Mold

To facilitate the interpretation of the LCA results for the conventional mold, the data were
structured into three life cycle stages: (i) raw materials extraction and production, (ii) transportation,
and (iii) manufacturing processes, later further disaggregated by component. Absolute impact results
by category are present in Section 11 in Supplementary Materials (Table S.20), while Figure 3 shows
the relative contribution of each stage.

The raw materials extraction and production was the dominant stage, accounting for
approximately 70% of total impacts, followed by manufacturing (26%), with transportation
contributing marginally (4%). The massive elements 1 and 3 were identified as the main contributors,
whereas massive elements 2, cylindrical elements, and screws showed significantly lower impacts.

For the most impactful components group, the dominant raw materials were identified, as
illustrated in Figure 4. Steels 1.2312 and 1.1730, predominantly used in massive elements 1, were the
most critical materials. Steel 1.2312 accounted for approximately 30%-50% of impacts, while steel
1.1730 contributes around 20%, particularly in Mineral Resource Scarcity (SOP), Water Consumption
Potential (WCP), Fossil Fuel Potential (FFP), Land Occupation Potential (LOP), Global Warming
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Potential (GWP), and Particulate Matter Formation Potential (PMFP). These results are largely driven
by high mass of these components and the energy-intensive of steel production.

In contrast, the self-lubricating bronze used in the massive elements 3 showed a significant
environmental contribution in Terrestrial Ecotoxicity Potential (TETP), Human Toxicity — Non-
Cancer Effects (HTPnc), and Marine Ecotoxicity Potential (METP), with contributions ranging from
60% and 70%, mainly associated with its metallic composition and casting process.

In the production stage , massive elements 1 and cylindrical elements accounted for
approximately 42% and 34% of the total impact, respectively The Finishing process was identified as
the main contributor, representing 56% and 71%, respectively of the impacts for these two groups,
consistently across all impact categories

100%
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40%
70.55%

30%
20% 41.51%
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Figure 3. Contribution of groups of elements of the conventional mold in the total environmental impacts per

life cycle stages.

In the finishing process of massive elements 1 (Figure 5), electricity consumption remained the
main impact factor, exceeding 90% of the total in all categories analyzed. The contributions associated
with steel shavings and lubricating fluid remained marginal, with greater expression in the Land
Occupation Potential and Surplus Ore Potential categories, related to waste management and the
mineral origin of the resources. A similar pattern was observed for cylindrical elements.
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Figure 4. Contribution of the raw-material of the main contributor’s group on the overall environmental impact
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Figure 5. Contribution of the flows involved in the Finishing process of massive elements 1 in the evaluated

impact categories.

In economic terms, conventional mold costs are dominated by raw materials acquisition (58.4%)
and processing (41.5%). Standard elements accounted for 86.5% of raw material costs due to their
acquisition as pre-machined components, while massive elements 1 represent 8.4% (Figure 6).
Processing costs are highest for massive elements 2 (35.3%) and cylindrical elements (34%), followed
by massive elements 1, with massive elements 3 showing the lowest contribution.

Labor constitutes the main internal cost driver, except for massive elements 2, where
subcontracting accounts for 76% of total costs. Electricity contributes between 8% and 16%, while
waste costs are negligible (<0.5%) (Figure 7). Indirect costs dominate raw-material acquisition and
transportation (> 80%), whereas in processing they represent less than 25% of the total costs (Figure
8), reflecting component mass, environmental intensity, and the outsourcing pre-machined
components.
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Figure 6. Percentage distribution of direct costs among the elements incorporated into the conventional mold.
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Figure 7. Distribution of the economic impact of each flow involved in the elements that constitute the
conventional mold.
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Figure 8. Percentage distribution of direct and indirect costs of the different elements and stages of the
conventional mold life cycle.

Overall, energy consumption is the main driver of environmental impact in mold
manufacturing, highlighting the need for mitigation strategies focused on energy efficiency, material
selection, and decarbonization of the electricity grid. Residual flows, although of smaller quantitative
significance, remain relevant in specific categories. Economically, the stages of raw material
acquisition and processing dominate costs, making it crucial to optimize internal production and
reduce subcontracting to minimize the total cost of conventional molds.

3.2.5G Mold

The absolute values of the total environmental impact of 5G mold, by selected impact category,
are presented in Section 5.12 in Supplementary Materials (Table 5.21). The results demonstrate that
the raw material extraction and production stage is the dominant contributor to the environmental
impact of 5G mold, accounting for 72% of the total impact of the 5G mold, followed by the processing
stage with 23%. Transportation stage presents a residual contributor, contributing only 5% to the
environmental impact.

Figure 9 shows the percentage contribution of each elements group in environmental impact of
each life cycle stage. In the raw material extraction and production stage, the L-PBF manufactured
elements dominate the environmental impact, accounting for more than 95% of this lifecycle stage.
As steel powder is the solo material used in these elements, its production emerges as the main
environmental hotspot, due to the high energy consumption and the complexity of atomization
processes, which typically involve gas or plasma atomization, and energy-intensive alloy production
steps [59].

The processing stage is the second largest contributor to the environmental impact of 5G mold
and is likewise dominated by L-PBF-produced elements, which represent about 86% of the impact .
Within this stage, the L-PBF process and subsequent conventional finishing together account for more
than 80% of the total processing impact (Figure 10).
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Figure 9. Contribution of each group elements in different life cycle stages to the overall environmental impact

of the 5G mold.
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Figure 10. Percentage distribution of machining processes involved in the processing of L-PBF elements by

different impact categories evaluated.

The analysis of the environmental impacts associated with the inputs and outputs involved in
the L-PBF process (Figure 11) reveals that energy consumption is the main driver, contributing more
than 90% across most categories. This result is consistent with the literature, which highlights the
high energy consumption of laser-based additive manufacturing due to the need for controlled
atmosphere, high-precision optical systems, and elevated temperatures during selective melting of
the metal powder [60]. Purge gas (nitrogen) is the second largest contributor (6-7%), with particularly
relevant in the Land Occupation Potential category (33%), mainly due to the energy- and
infrastructure — intensive cryogenic separation process used in its industrial production [61]. Waste
generation has a marginal contribution (<1%), reflecting the high rate of metal powder reuse. The
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reduced contribution of these streams is associated with the high powder reuse rate (with reuse in
multiple cycles after sieving) and the limited amount of operational waste allocated proportionally
to the analyzed production.
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Figure 11. Percentage distribution of L-PBF process inputs/outputs across the different impact categories
assessed.

In the Finishing stage of L-PBF produced elements (Figure 12), energy consumption remains the
main impact factor, accounting for approximately 99% of the total environmental impact. The
remaining flows have residual contributions (<1%), with cutting fluids and sludge wastes being
relatively more relevant in toxicity- and eutrophication-related categories, due to the presence of
persistent organic compounds with pollutant potential.

Overall, the main environmental hotspots of 5G mold are associated with steel powder
production and the high energy demand of the L-PBF and finishing process. Consequently,
mitigation strategies should prioritize the optimizing metal powder production, the reduction of
energy consumption — through more efficient equipment, renewable energy integration, or design
adaptions that reduce laser exposure time — as well as the replacement of conventional fluids with
biodegradable alternatives and the implementation of recirculation and local treatment systems
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Figure 12. Percentage distribution of inputs/outputs of the Finishing process of additively produced elements
by the different impact categories evaluated.
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Regarding the economic analysis, raw materials acquisition is the most expensive step,
accounting for about 83% of the total cost, followed by processing (17%). The L-PBF and standard
elements dominate the acquisition costs, while L-PBF and massive elements drive the processing
costs (Figure 13). The transportation costs are dominated by the massive elements accounting more
than 72%, due this elements present the major weight fraction in the 5G mold.
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Figure 13. Percentage distribution of direct costs among the elements that make up the 5G mold.

This reflects the high unit cost additive manufacturing materials, the commercial values of
externally acquired standard elements, and the specialized, high precision nature of L-PBF
production. Massive elements incur significant processing costs due to material volume and
processing time.

Analysis of economic flows shows that costs vary by element type of elements and technology,
with raw materials, labor, and energy as the main economic hotspots. A detailed evaluation of direct
costs per element (Figure 14), reveals that screws and standard elements concentrate costs in raw
materials, while FSM elements are dominated by labor (73%) and energy (23%), followed by energy
consumption (23.42%), reflecting the high cost of the materials used and the need for manual
operations, CAD preparation and final finishes. L-PBF elements mainly incur raw-material (66%) and
labor costs (22%), due to photopolymer resins and conventional finishing. Other flows show a
residual contribution.

In cylindrical elements, transportation (58%) and raw materials (33%) dominate costs, while
massive elements are driven by raw materials (67%), labor (17%) and electricity (14%) due to material
volume and machining complexity.
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Figure 14. Distribution of economic impact across the flows involved in each element that constitutes the 5G
model.

Indirect costs (Figure 15), linked to environmental impacts, are also significant, particularly in
raw material acquisition and transportation stages, occasionally exceeding direct costs for

conventionally machined elements.
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Figure 15. Comparison of direct and indirect costs at different stages of the life cycle of each of the 5G mold
components.

In the raw material acquisition stage, indirect costs — linked to environmental impacts — exceed
direct costs only for conventionally machined elements, particularly massive and cylindrical ones,
representing 70% of the total and highlighting the high environmental footprint of material extraction
and processing. In FDM elements, direct and indirect costs are balanced, while in L-PBF and standard
elements, direct costs clearly predominate, reflecting lower relative environmental burdens.

In transportation, indirect costs are dominant (>90% of the total for most elements), showing that
the environmental impact of logistics outweighs direct transportation costs influenced by distance,
transport mode, and element weight/volume. This underscores the importance of optimizing logistics
to reduce emissions and costs.

the author(s). Distributed under a Creative Commons CC BY license.



https://doi.org/10.20944/preprints202602.0930.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 February 2026 d0i:10.20944/preprints202602.0930.v1

22 of 32

During processing, direct costs prevail, especially for FDM (99%), massive (82%) and L-PBF
elements (82%), indicating labor and energy as the main drivers. Cylindrical elements are an
exception, with indirect costs at 32%, reflecting the environmental impact of conventional machining.

In summary, the analysis of direct and indirect costs across the 5G mold lifecycle shows that
economic burdens are closely linked to both materials/process characteristics and environmental
impacts, emphasizing the need for holistic approach to economic and environmental sustainability.

3.3. LCA/LCC Results Discussion

A comparison of the LCA/LCC results for the two analyzed molds show that the 5G mold with
additive manufacturing produced elements achieved an approximately 56% reduction in
environmental impact compared to the conventional mold (Figure 16). The environmental impact
associated with raw material acquisition was reduced by 39%, while the reduction in the processing
stage was lower but still significant (15%).

100%
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20%
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Figure 16. Comparison of LCA results of two molds in study.

The comparative analysis between the conventional and 5G molds was statistically supported
by Monte Carlo simulations, enabling the assessment of both differences in average environmental
impact and the statistical robustness of these differences across impact categories. In general, the
results indicate a consistently superior environmental performance of the 5G mold; although the level
of confidence varies by category. A comparative synthesis of average values, variability, and
statistical robustness by impact category allows the identification of those in which the 5G mold
presents a clear environmental advantage and those where uncertainty limits the reliability of the
conclusions. The complete table is available in Section 13 on Supplementary Material (Table 5.22),
providing a detailed basis for interpreting the environmental performance differences between the
conventional and 5G molds.

Overall, the results demonstrate that the environmental superiority of the 5G mold is clearly
supported in key categories related to emissions, resource consumption, and marine and terrestrial
ecotoxicity. In categories with higher uncertainty, the advantage remains indicative but not
statistically conclusive, highlighting the importance of uncertainty analysis for transparent and
robust LCA interpretation. Considering both mean values and variability, the 5G mold emerges as
the more environmentally efficient solution, with strong statistical evidence in the most
environmentally relevant categories.

Regarding life cycle costs, and accounting for the mass differences between molds, total direct
and indirect costs — both overall and by life cycle stage — were normalized per kilogram of mold, to
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ensure a fair comparison. Figure 17 presents the comparative analysis of the direct and indirect costs
of the conventional and 5G molds, disaggregated by life cycle stage.
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Figure 17. Comparison of LCC of the conventional mold with the 5G mold.

Comparing direct costs, the 5G mold is 24% more expensive than the conventional mold, mainly
due to a 34% increase in raw materials acquisition costs. Processing costs show a slight reduction of
~13%. Indirect environmental costs decrease by 24% for the 5G mold, with the largest reduction (22%)
in the raw material acquisition phase

Thus, it can be concluded that, although the 5G mold requires a higher initial investment due to
the high cost of the additive manufacturing equipment, the reduction in indirect costs — mainly from
avoided emissions over the mold’s life cycle — balance this increase, demonstrating that the 5G mold
is a technically and economically viable solution, particularly in sustainability-focused contexts.

3.4. Circularity Analysis

This section presents the circularity analysis of conventional and 5G molds, using selected
circularity indicators. The study evaluated the mold’s potential for circular design, disassembly,
reuse, recycling, and material recovery throughout the life cycles, highlighting structural and
operational differences that impact resource efficiency. The indicators provide a quantitative and
qualitative view of the material loop closure, showing which design strategies and processes enhance
circularity and sustainability.

3.4.1. Material Circularity Indicator

Figure 18 presents the MCI results, enabling a direct comparison between the conventional and
5G molds under different service life scenarios. The conventional mold achieves an MCI of 64%,
reflecting relatively high circularity, mainly due to its metallic components, which incorporate
recycled content (30% in steel and 15% in bronze) and show high end-of-life recoverability (95% for
steel and 90% for bronze). In contrast, the mixed and plastic materials, despite representing only
about 6% of the total mass, reduce overall circularity, due to their low recycling content (20%) and
have limited recoverability (20%), with most being landfilled.

The 5G mold produced by additive manufacturing reaches an MCI of 75.6% when a 10-year
service life is assumed, outperforming the conventional mold due to high recycled content of steel
powder (70%) and its good end-of-life recoverability. However, under a conservative scenario with
a reduced service life of 7 years, the MCI decrease to 54.8%, falling below that of the conventional
mold. This result highlights the strong influence of durability on circularity and shows that the
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advantage of additive manufacturing depends on achieving a service life comparable to conventional
solutions.

In general terms, the results confirm that additive manufacturing can offer a higher circularity,
provided that adequate durability is ensured. Accordingly, the literature recommends strategies such
as appropriate alloy selection, process control to reduce porosity, post-processing treatments [62],
and hybrid manufacturing approaches [87-89], to prevent circularity gains from being offset by
reducing service life.

04 0.756
0.3 0.637

Conventional Mold 5G Mold (10 years ) 5G Mold (7 years)

Figure 18. Result of the MCI calculation for both molds under study.

3.4.2. Recycling Desirability Index

Based on the results obtained in Figure 19, the RDI remains largely unchanged with the
incorporation of additive manufacturing, with very similar values for the conventional mold (2.33)
and the 5G mold (2.36). Nevertheless, differences are observed in the underlying parameters. The 5G
mold presents greater material simplicity (DMSI = 0.55 versus 0.60), indicating reduced materials
diversity and improved recyclability. A slight improvement in material safety is also observed (DS =
0.90 compared to 0.84), reflecting a higher share of materials considered safer for recycling. In
contrast, the technological readiness level of the recycling process (DTRL), remains unchanged for
both molds (0.90).

In summary, the 5G mold exhibits modest improvements in material simplicity and safety, but
these do not significantly affect the overall recyclability performance. Both molds therefore present
very similar RDI values, indicating that the adoption of additive manufacturing does not
substantially alter recyclability, nor does it provide advantages in terms of technological maturity of
recycling process.
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Figure 19. RDI result for each mold under study.

3.4.3. Longevity Indicator

The Longevity Index of the conventional mold is 35 years, while the 5G mold reaches 32 years
(Table 5). Although the conventional mold shows a slightly higher value, the difference is small,
reflecting similar circularity and overall durability for both solutions The marginal advantage of the
conventional mold is mainly related to structural robustness and the higher technological maturity
of conventional manufacturing process.

Despite its shorter initial service life, the 5G mold achieves comparable longevity, supported by
the positive effects of reconditioning and the high recyclability of materials used.

In summary, while the 5G mold offers benefits in material efficiency and geometric optimization,
the conventional mold still provides greater total durability, highlighting the need to consider both
structural robustness and circular strategies when assessing mold longevity.

Table 5. Data used and respective results of the longevity indicator for both molds under study.

Criterion Conventional Mold  5G Mold
Initial service life 10 years 7 years
Time saved through reuse 0 years 0 years
Time saved through reconditioning 5 years 5 years
Time saved by material’s recycling 20 years 20 years
Longevity Indicator (LI) 35 years 32 years

3.4.4. Disassembly Effort Index

For the conventional mold the total disassembly time was 11,400 seconds, considering all stages
and factors associated with the DEI indicator, namely time, tools, fastening, access, instructions,
hazard, and force indices described in Table 6. In contrast, the 5G mold required 3,880 seconds to
complete disassembly, accounting for same operation factors. The total DEI value was 10.2% for the
conventional mold and 8,64% for the 5G mold, reflecting a more efficient and focused disassembly in
the latter. The DEI attribution values for each factor, as well as the detailed description of each
disassembly step for both molds, are presented in Tables 5.19 and S.20 in the Supplementary Material.

In the conventional mold, the effort is evenly distributed across critical tasks—removal of
accessories, sheet separation, and extraction system disassembly (17.7-17.8%)—with the final
separation of parts requiring the least effort (DEI 10.1%). In the 5G mold, the highest effort was
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concentrated on carburetor cleaning and extraction system disassembly (9.91%), while accessory
removal and sheet separation required less effort (7.66-8.16%).

The 5G mold disassembles almost three times faster than the conventional mold, concentrating
effort on critical operations, while secondary steps demand less time and effort. Complex component
handling remains important in both molds but represents a smaller proportion of the total effort in
the 5G mold, reflecting a more optimized design. The final step of separating parts by type or material
is essential for recycling in both cases. Overall, the 5G mold demonstrates lower effort for
disassembled, shorter disassembly time, and a more focused effort on critical operations, highlighting
improvements in maintenance, ergonomics, and operational safety.

Table 6. DEI classification for each mold in study.

Time Tools  Fixatio  Acces Instructio Danee Force Effectiv
n mon n
Mold | (25% (10%  n 5 S (50‘/5’ | (0% DEI  eTime
) ) (15%)  (15%) ’ ’ ) (s)
ti 10.2
ICO”U"” e s 712 12 3 4 113 575 2/ O 11400
(1)
5G 2038 7.13 12 3 4 113 575 8.64% 3880

3.4.5. Circular Design Guidelines

The radar chart in Table 7 illustrates the circular design guidelines (CDG) requiring
improvement and their respective levels for the conventional and 5G molds. The comparison shows
significant differences in guidelines implementation and improvement opportunities. In the
Conventional Mold, areas such as Disassembly and Product Architecture have high CDG levels (6 to
7), indicating that, while prioritized, further optimization is needed (e.g., reducing components
number, enabling automatic or avoiding the disassembly of parts in opposite directions, and using
accessible connectors). Material Recycling also shows a CDG level around 6, demonstrating room for
improvement through low-impact materials and single-material designs. Extension of the Product
Life Cycle and Reuse have lower CDG levels (2 to 4.8), though durability, adaptability, and
maintenance can still be optimized.

The 5G Mold generally exhibits lower CDG levels (2 to 3.6), reflecting an already more circular
design, with some potential improvement. Recommendations include use of low-impact materials,
designing for cleanliness to support reuse, and adopting modular designs to facilitate maintenance,
disassembly, and upgrades.

In summary, the Conventional Mold requires more intensive improvement, particularly in
Disassembly, Product Architecture, and Material Recycling, while the 5G Mold shows a more circular
design overall, with optimization opportunities in Product Reuse, Material Recycling, and Modular
Architecture.

Table 7. The radar chart represents the groups of design guidelines that require improvements in both molds in

the case study.

Conventional Mold 5G Mold
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3.4.6. Circular Economy Indicator Prototype

Figure 20 shows the radar chart of circular performance for the conventional and 5G molds
across their life cycle. CEIP analysis indicates that circular economy principles are partially integrated
in both molds, with the 5G mold consistently outperforming the conventional one, though gaps
remain relative to indicator limits.

In the design/redesign phase, both molds score high, with a slight advantage for the 5G Mold
(27/27 points), due to topological optimization, reducing material use, improving structural
efficiency, and increasing adaptability. The largest difference appears in manufacturing, where the
Conventional Mold (0/25 points) follow a linear approach, while the 5G Mold (15/25 points) benefits
from additive manufacturing, achieving more efficient material use, reduce waste, and greater
geometric flexibility. In commercialization and end-of-life, both molds show low and similar
performance (15/30 points), reflecting linear business models and limited value recovery. During use,
the 5G Mold scored higher (25/35 points) due to better operational performance and durability.

Overall, CEIP demonstrates that 5G mold (102 points) is more circular than the conventional
mold (80 points), especially in design, manufacturing, and use, highlighting additive manufacturing
and topological optimization benefits. Both molds, however, require more integrated strategies in
commercialization and end-of-life phases to maximize circularity across the life cycle.

=== Available ==@==Conventional Mold 5G Mold

Design /Redesign

35

End-of-life Manufacturing

Use Comercialization
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Figure 20. Results of the application of CEIP indicator for each one of the molds in study. The gray line represents
the reference limit of the indicator for each phase, while the green line translates the current performance of the

conventional mold and the orange line the performance of the 5G mold in terms of circularity.

4. Conclusions

This study demonstrates that the 5G mold produced by additive manufacturing represents a
more environmentally efficient and economically competitive solution compared to the conventional
mold. Its advantages are particularly evident when considering environmental impacts, life cycle
costs, and integration of circular design principles. The higher circularity of the 5G mold, enabled by
the use of recycled materials and design strategies supporting disassembly and maintenance,
highlights the potential of additive manufacturing to improve resource efficiency, provided that
durability and performance are maintained.

At the same time, the conventional mold shows strengths in overall structural robustness and
technological maturity, indicating that a holistic assessment must consider trade-offs between
durability, material efficiency, and circularity.

Overall, the findings reinforce the importance of integrating environmental, economic, and
circularity indicators for a comprehensive sustainability assessment. The use of micro-indicators of
circularity proves essential to capture aspects such as disassembly, recyclability, and design for
longevity, which traditional LCA and LCC analyses alone cannot fully address. This integrated
approach enables more informed decision-making in industrial contexts, supporting the adoption of
solutions that balance environmental performance, economic feasibility, and circularity throughout
the product life cycle.
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