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ARTICLE INFO ABSTRACT

Keywords: The growth in the use of novel materials, as it is the case of the Metal Matrix Composites (MMCs), is producing a
Meml matrix composites positive impact in production processes, allowing to obtain final products with improved functionalities, such as
Life cycle assessment an increase of the strength-to-weight ratio, or enhancement of the mechanical properties of the material,

Low pressure die casting
Green sand casting
Titanium oxide
Aluminium alloy

minimizing as well the environmental impacts and production costs without compromising the required tech-
nical properties. To determine and compare the environmental impact of different processes employing these
materials, this paper provides a comparative analysis of the Life Cycle Assessment (LCA), under ISO 14040:2006
framework and European ILCD guidelines, of two different manufacturing technologies, Green Sand Casting
(GSC) and Low Pressure Die Casting (LPDC), for the particular case of a self-cleaning doorknob, produced by an
aluminium alloy reinforced with hard TiO, nanoparticles, that confers special characteristics to the composite,
such as an increase of the hardness value and tensile strength, a high wear resistance, a good chemical stability,
and antibacterial properties. The results show a slight difference between both technologies in terms of kg CO5
eq. emitted, with just a 3,16 % variation, where GSC emissions are 13,098 kg, whereas 12,684 kg are released
from LPDC. In addition, an economic analysis was performed, showing a 17 % cost reduction in case of LPDC.
This study presents for the first time a comparative Life Cycle Assessment of GSC and LPDC, when employing new
nanocomposite materials, contributing with novel datasets and meaningful insights to improve the state of the
art in the field, serving as well as a support for manufacturers in decision making process involving the use of
these technologies.

1. Introduction the use of alternative, newly developed materials might be a promising
option as well from an environmental point of view, contributing to
In last decades, science and technology have extensively innovated reduce greenhouse emissions and resources consumption (Ferreira et al.,

in the development of new materials that could replace those tradi- 2019), as it is the case of Metal Matrix Composites (MMCs).
tionally used in different manufacturing sectors, where the requirements MMCs consist of a base metal reinforced with one or more constit-
for lightweight, high strength, hard parts and other specific properties uents, which can be any other material, either metal or non-metal, e.g.
have increased (Naik et al., 2021; Bulei et al., 2020). At the same time, ceramics. These composite materials are characterized by a high

Abbreviations: LCA, Life Cycle Assessment; GSC, Green Sand Casting; LPDC, Low Pressure Die Casting; MMCs, Metal Matrix Composites; NMVOC, Non-Methane
Volatile Organic Compounds; PM2.5, particulate matter; CTUh, Comparative Toxic Unit for human; CTUe, Comparative Toxic Unit for ecotoxicity impacts; NPs,
Nanoparticles.
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strength-to-weight ratio, high thermal and wear resistance and good
fatigue properties among others, with variable properties depending on
their components (Vijaya Ramnath et al., 2021). The present study fo-
cuses on aluminium MMCs, based on an Al-Mg alloy, which is a standard
strength structural alloy, commonly used because its good weldability,
corrosion resistance, and immunity to stress corrosion cracking (Lata
et al., 2018), and TiOs, known too as titanium oxide or titania, the
naturally occurring oxide of titanium, as the reinforcing ceramic. TiO; is
an excellent option for MMCs due to its good hardness, low density, good
strength, high melting point, high wear resistance, and good chemical
stability (Irhayyim et al., 2019).

In addition, it is known that nanoparticles (NPs) of titanium dioxide
have good photocatalytic properties and have been used as antiseptic
and antibacterial component (Baskaran et al., 2015). Two types of
phenomena happening on a TiO, surface upon, following ultraviolet
light irradiation: photocatalytic activity by photodegradation effects,
and wetting ability induced by hydrophilicity, both accounting for the
self-cleaning characteristics (Spanou et al., 2013). This process works in
a passive way, with the only need of light and oxygen, being then non-
poisonous and environmentally friendly (Liu et al., 2014; Fujishima
et al., 2008).

Research on self-cleaning surfaces is currently a research area of high
interest (Padmanabhan & John, 2020) for relevant applications in in-
dustrial environments, agriculture, military and daily-life activities,
enabling different TiO,-based materials to eliminate bacteria under UV
or visible irradiation, and remove contaminants by favouring the spread
of water (Liu et al., 2014). TiO; disinfection is also very effective, being
3 times stronger than that achieved with chlorine application, and 1.5
times stronger when compared to ozone (Iwatsu et al., 2020). In addi-
tion, recurrent cleaning with anti-bacterial chemicals can result in an
environment where resistant bacteria could survive (Huang et al.,
2000). It is also expected that self-cleaning TiO, materials will have
many medical applications, such as in body-internal implants or devices
(Wachesk et al., 2021) or in tiles used in hospital room walls, medical
instruments, and uniforms (Fujishima et al., 2008).

The materials with MMCs require the use of specific industrialized
processes. For instance, casting process, which is one of the most energy
demanding manufacturing methods specially caused by the melting
step, which consumes more than a half of the total energy, typically
produced employing fossil fuels. Moreover, increasing amounts of en-
ergy and materials are required to meet other specifications and steps,
such as holding the liquid metal, moulding, or at the finishing phases
(Pagone et al., 2018; Salonitis et al., 2017; Dalquist & Gutowski, 2004).

Industrial casting processes use sand as molding material and, in
function on the binder used, they are classified as clay bonded sand
(green sand) and chemically bonded sand methods (Khan et al., 2020).
The present study focuses in part on the Green Sand Casting (GSC)
method, which is a traditional process, and nowadays it is still consid-
ered as one of the basic processes for many manufacturing industries.
This process starts with the fabrication of a sand mould, using patterns to
get the desired design shape of the part to be cast. The sand mixed with
water, bentonite and other additives is prepared, and the mould is made
using the design pattern. Then, molten metal is poured into the sand
mould cavity, and after solidification the material is removed by
breaking the sand mould (Ranade et al., 2020).

The alternative production process involving the use of MMCs
considered in the present study is known as Low Pressure Die Casting
(LPDC). Currently, this is one of the dominant technologies, character-
ized by a high level of maturity (Ou et al., 2020), for the production of
components with complex shapes (Sun et al., 2019). In this case, a die
and a filling system are placed over a pressurized sealed melt furnaces,
that contains the molten metal, which is forced by pressurized gas to rise
and consequently feed the die cavity. Once the mould is filled and the
molten metal has been completely solidified, the external pressure is
released, and both the side and top dies are opened. Then, they can be
closed again to repeat the cycle in the productive process (Ou et al.,
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2020; Merchan et al., 2019; Fu et al., 2008; Srinivasan et al., 2005).

Based on the above-discussed literature, the main objective of this
study is to assess the environmental impact, following the established
LCA methodology, of GSC and LPDC technologies for the production of
an innovative MMC material, with self-cleaning characteristics, formed
by an aluminium alloy reinforced with TiO5 nanoparticles.

To date, little research has been conducted on evaluating the overall
performance of GSC and LPDC technologies, including emission char-
acteristics, energy expenditure and environmental impacts, under the
Life Cycle Assessment methodology. Only a similar work comparing
both technologies was found (Salonitis et al., 2019), where an assess-
ment of the embodied energy for different casting techniques (High
Pressure Die Casting (HPDC), Low Pressure Die Casting (LPDC), and Low
Pressure Sand Casting (LPSC)) was done to evaluate the performance of
substitute traditional materials, showing an excess of energy utilisation
on the sand casting technology. Regarding other previous studies
reporting the environmental performance of the mentioned technolo-
gies, only works focusing on sand castings techniques, and just one using
a Life Cycle Assessment approach, were found. In that particular study,
LCA was applied, to compute the total environmental impact of the sand
casting process during its manufacturing phase, comparing different
available scenarios, overall showing that using renewable energy sour-
ces together with the introduction of some modifications in the sand
casting process, such as reduction in resin, as well as sand and scrap
recycling, results in a 67 % reduction in CO5 emissions (Yadav et al.,
2021). Other works focused on sand sustainability, showing that a
combination of recycled sand, up to 80 %, with different mixtures, have
similar strength and permeability as fresh sand (Nargundkar & Shastri,
2020), or remarking the relevance of the binder type in the reprocess-
ability of moulding sand (Khan et al., 2020). The efficiency of the pro-
cess was also assessed in two different studies, one proposing a strategy
based on a design parameter to eliminate sand casting defects, that
translates into lower carbon emissions, higher efficiency and a more
sustainable production, which reduced between 21 and 24 % of the
carbon emissions (Zheng et al., 2020b); and a second one conducting an
effectiveness analysis using new technologies of 3D printing for the mold
making, resulting in a better resource utilization and in a reduction of
the carbon emissions up to 20%, with significant production efficiencies
(Zheng et al., 2020a). Another study showed that 3D printing techniques
have the ability to create molds in less time, with much more complex
geometries, avoiding defects inducted by the traditional semi-manual
production (Rodriguez-Gonzalez et al., 2019).

None of the previously published research studies focusing on the
manufacturing processes mentioned above determine all relevant envi-
ronmental and economic impacts, following a clear and concise meth-
odology. Therefore, this study brings new light on the sustainability of
GSC and LPDC, providing new data, such as energy and materials con-
sumption, that was not publicly available to the date, using this infor-
mation to conduct a comparative LCA. The obtained results,
contributing with novel datasets and meaningful insights related to the
environmental impact of the technologies under study, will support
manufacturers in decision making processes involving their use.

As the interest in the development of new materials employing
MMCs is growing, the evaluation of environmental impacts related to
associated manufacturing techniques is a necessary step to create
awareness about potential sustainability differences amongst them.

2. Case study

Two different manufacturing lines (GSC and LPDG) owned by OGI
(Osterreichisches Gieperei-Institut - Austrian Foundry Research Insti-
tute), in pilot phase for the use of the novel MMC (AIMg3-TiO3), were
studied to analyse their resources consumption, energy expenditure,
waste production and final products. Fig. 1 and Fig. 2 display the GSC
and LPDC, respectively.
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Fig. 1. The Green Sand Casting Process, defined by OGI, entails the following processes: 1. Materials are introduced in an induction furnace; 2. Density and tem-
perature control tests are carried out; 3. Gases are captured by a fume extractor to avoid high environmental impacts; 4. The material mix is transported with a crane
hoist to be poured into the mold; 5. The sand (sand, water, bentonite clay and lustrous carbon) is prepared; 6. The sand is transported using a crane hoist; 7. A mold is
created using sand by applying pressure, and the leftover is blown away; 8. The molten metal is poured into the mold; 9. The piece is unmoulded; 10. The sand could
be recovered to be used again in the process; 11. Gases are captured by a fume extractor; 12. The final product is obtained after cooling. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

3. Methodology

This study was conducted under the Environmental Life Cycle
Assessment, also known as simply Life Cycle Assessment (LCA), which is
a management tool to evaluate the environmental performance of
products, goods and services. LCA considers a product’s full life cycle,
from the extraction of resources and the processing of raw materials,
through production, use, possible recycling, to the final disposal of
remaining waste (ISO, 2006b). In brief, LCA is a material and energy
balance applied to the product’s system, combined with an assessment
of the environmental impacts related to the inputs and outputs of the
product system. In this sense, LCA provides criteria for decision-making
on issues such as product development, policymaking, and strategic
planning, among others.

The LCA methodology to be used is according to the ISO framework
(ISO, 2006) and referring to the recommendations and requirements
given by the European ILCD guidelines (European Commission, 2010).
In addition, the instructions included in Life Cycle Assessment: Theory and
Practice (Hauschild et al., 2017) were used as a background to complete
the study and methodology explanation.

ISO 14040:2006 defines LCA as a technique for evaluating the
environmental aspects and potential impacts associated with a product,
by:

- Compiling an inventory of the relevant inputs and outputs within an
appropriate system boundary.

- Evaluating the potential environmental impacts associated with
those inputs and outputs.

- Interpreting the results of the inventory analysis and impact assess-
ment phases with respect to the objectives of the study.

To achieve these purposes, information on inputs and outputs of the
entire process need to be collected and processed. The standardised LCA
framework comprehends four phases: (i) starting by the goal and scope
definition to set the bases of the study, (ii) followed by an inventory
analysis to collect all the relevant data within the system (material and
energy flows), (iii) by the impact assessment, where the indicator results
of all impact categories are detailed (iv), and finally by the interpreta-
tion (critical review and determination of data sensitivity) and presen-
tation of results. These steps are clearly sequential, but most of the LCA
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Fig. 2. The Low Pressure Die Casting Process, defined by OGI, entails the following processes: 1. Introduction of the alloy into the melting furnaces; 2. Degassing
process using argon and a rotary unit; 3. Ultrasonic treatment; 4. Reduced pressure test is carried out; 5. Casting process; 6. Obtain of the final product.

studies follow an iterative process, to refine the obtained results, where
the most relevant processes, resources and emissions receive a more
specific attention.

The processes included in the system boundaries must be well
delimited and all the different system choices within the analysis have to
be properly justified, while the stages, processes and flows included in
the study need to be well described. There are different system bound-
aries schemes, which depend on the data available:

- Cradle to cradle is a complete assessment which includes a reuse of
the products.

- Cradle to grave extends the boundaries up to the disposal stage.

- Cradle to gate goes from the raw materials acquisition to the final
production.

- Gate to gate only considers the production process.

3.1. Goal and scope

As it was reflected in the Introduction section, the main aim of the
LCA presented here is to inform about the environmental performance,
through a comprehensive analysis, of the production process of self-

cleaning doorknobs, using a MMC material formed by an aluminium
alloy reinforced with TiO nanoparticles. Additional secondary objec-
tives are related to provide economic and environmental arguments to
easy decision making on the use of the different manufacturing tech-
nologies considered. Also, the study intends to provide life cycle in-
ventory datasets that can contribute to enhance the state-of-the-art
knowledge of GSC and LPDC. Both manufacturing techniques are
modelled consistently, in terms of methodological choices and data se-
lection, to obtain a fair and comparable representation of the two sys-
tems, complying with the ISO 14044:2006 requirements.

The production of one doorknob piece has been selected as the
functional unit, which 1is appropriate to assess the different
manufacturing systems, considering all the constraints. The selected
functional unit is also useful for further study steps, which allow to
determine materials and cleaning savings (e.g. cleaning products), due
to the presence of NPs in the MMC alloy.

The present LCA study is a cradle-to-gate system boundary, given the
information available, beginning with the introduction of the metal
alloy and the nanoparticles to the manufacturing system, and finalizing
with the obtention of the desired product. Only the inputs (raw mate-
rials, energy) and outputs (emissions, waste) associated with these core
processes were included within the problem boundaries. Upstream
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activities (extraction, transportation) were included from data obtained
in databases, while downstream activities (distribution, final use,
disposal) were not considered in this study, but they could be included
as new stages on a future study.

The database used for the analysis collect and integrate data from all
the production stages of each input. The impacts from the upstream
supply chain are also included in the assessment, as an average global
approach. Further research would be necessary to collect more input
data and properly assess these outbound steps. The transportation
average values are assumed for the analysis in a similar way as
mentioned above.

3.2. Life Cycle Inventory

This stage is focused on the collection of data and the modelling of
the flows, from and within the system, in line with the goal and scope
definition.

Main data was provided by the technology owner, OGI, and other
non-available information was extracted from literature and from LCA
databases, such as ecoinvent v3.6 (Wernet et al., 2016), that allows for
the use of georeferenced data and different allocation approaches. In
particular, the APOS system model was adopted, that follows the attri-
butional approach in which burdens are attributed proportionally to
specific processes.

The only multifunctional process identified in this assessment was
the recycling of the sand used for the mould in the GSC. This recycled
process was clearly stated by the manufacturer, reusing the produced
sand during 100 times, so the environmental impacts avoided by this
circular process were introduced in the calculation. Also, the wood used
to build the mold structure can be used many times too, so the quantity
assumption was made based on the number of casts per working day and
on the number of working days per year. No recycling of other raw
material, like the metal alloy used, was implemented at this stage of the
process.

Table 1 details, in a very comprehensive way, all the data specifi-
cations based on the volume of one full furnace, showing the raw ma-
terials, energy and other necessary items for the entire definition of the
GSC and LPDC processes.

The information displayed above was used for the assessment, based
on the defined functional unit, allowing the determination of the envi-
ronmental impact for each doorknob piece produced. In the case of the
GSC, 20 casts can be made from 50 kg of metal introduced, obtaining a
total of 40 doorknobs pieces. The LDPC can produced 125 doorknobs
pieces from 150 kg introduced into the furnace. Tables showing this
detailed information can be found in the Supplementary Material,
Tables S1 and S2.

3.3. Life Cycle Impact Assessment (LCIA)

The Impact Assessment stage allows to transform the aforementioned
Life Cycle Inventory data, collected in the previous section, into envi-
ronmental impacts. To do that, a specific software was used to create the
models for the impact assessment calculation: SimaPro® 9.1 by Pre’
Consultants, which is one of the most commonly used LCA software. The
selected impact assessment method was ILCD 2011 Midpoint, released
in 2012 by the Joint Research Centre (JRC) of the European Commission
(European Commission - Joint Research Centre - Institute for Environ-
ment and Sustainability, 2012), which constitutes a general basis for
consistent life cycle data, methods and assessments, as it has been made
with the aim to harmonize existing methodologies for LCIA. This method
comprises 16 midpoint impact categories, based in different indicators
from diverse authors, as shown in Table 2.

The specific characterization results of each of the technologies,
showing the impacts produced by each of the inputs and different pro-
cesses involved, can be found in the Supplementary Material, Tables S3,
S4, S5 and S6. Table 3 presents an impact category characterization for
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Table 1
Energy specifications for machinery and raw materials used in the GSC and
LPDC.

GREEN SAND CASTING

Machinery, Power Using Total energy Comments

tools and other w) time consumption

devices (h) (kWh)

Induction furnace 30,000 6 180 heated for 6 h.

ingots melting
30 min

Ultrasonic 4500 0,17 0,75 in use 10 min
equipment

Density control 300 0,07 0,02 in use 4 min
device

Fume capting 1500 7 10,5 during whole

shift

Crane hoist 4000 0,17 0,67 in use 10 min

Sand mixer 15,000 1 15 in use 60 min

Compressed air 15,000 0,1 1,5 6 min per
blowing system operation time

Materials Quantity (kg) Comments

AlMg3 49,5 -

TiO5 (1 %wt) 0,5 -

Sand (SiO2) 100 -

Bentonite 0,1 -

Lustrous carbon 3,5 -

SOy 0,05 -

H3BOs 0,1 -

Water 1 -

Membranes 0,0013636 0,3kg changed once a year, for 220
(filters, working days = 0,0013636 kg
polyester
cartridges)

Wood for mold 0,0098484 6,5kg of wood material for one double

structure box (one cast part), that it can be used
repeatedly, 3 casts during 220 working
days -greater than 660 mold uses
(made of multiplex board)

LOW PRESSURE DIE CASTING

Machinery, Power Using Total energy Comments
tools and W) time consumption
other devices (h) (kwWh)

Melting furnace 50,000 6 300 heating 6 h

Rotary degassing 560 0,75 0,42 in use 30 min to
unit 1h

Ultrasonic 4500 0,16 0,72 in use 10 min
equipment

Casting process 11,000 6 66 casting 6 h
LPDC

Reduced pressure 300 0,06 0,018 in use 4 min
test

Fume capting 1500 7 10,5 during whole

shift

Materials Quantity Comments

AlMg3 148,5 kg -

TiO, (1 %wt) 1,5 kg -

Argon 60 L 6 L/min during 10 min

Die coating 0,5 kg VESUVIUS DYCOTE D 39: Water

based, zircon containing coatings

Membranes 0,0013636 kg 0,3kg, changed once a year, for 220
(filters, working days = 0,0013636 kg
polyester
cartridges)

comparison between GSC and LPDC.

According to ISO 14044:2006, normalization is an optional step
where the systems’ impacts are compared by relating them to a scale
where they can be expressed in common units, which provide an
impression of which of the environmental impact potentials are large
and which are small, relative to the reference system, solving in this way
the incompatibility of different units. The normalisation factors express
the total impact occurring in a reference region for a certain impact
category (e.g. climate change, eutrophication, etc.) within a reference
year. The normalization factors in this assessment are based on Benini
et al. (2014) and can be found in Supplementary Material, Figure S1.
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Table 2
Impact categories of ILCD method.
Impact Category Unit Indicator Reference
Climate change kg CO, Global Warming IPCC’s Fourth
eq. Potential, calculating Assessment Report (
the radiative forcing IPCC, 2007)
over a time horizon of
100 years
Ozone depletion kg CFC- Ozone Depletion World
11 eq. Potential, measuring Meteorological
the destructive effects Organization (WMO,
on the stratospheric 1999)
ozone layer over a time
horizon of 100 years
Human toxicity, CTUh Estimated increase in USEtox model from
cancer effects morbidity in the total Rosenbaum et al.
human population per (2008)
unit mass of a chemical
emitted (cases per
kilogramme)

Human toxicity, CTUh Estimated increase in USEtox model from
non-cancer morbidity in the total Rosenbaum et al.
effects human population per (2008)

unit mass of a chemical
emitted (cases per
kilogramme)

Particulate matter kg PM10 Premature death or RiskPoll software (

eq. to air disability that Rabl & Spadaro,
particulates/ 2004) and Greco
respiratory inorganics et al. (2007)
have on the population

ITonizing radiation kBq U235  Impact of ionizing Frischknecht et al.
HH (human eq. radiation on the (2000)
health) population, in

comparison to
Uranium 235
Ionizing radiation PAF m® Estimate of the Garnier-Laplace
E (ecosystems) year/kg potentially affected et al. (2009)
fraction of species
integrated over time
and volume per unit
mass of a radionuclide
emitted

Photochemical NMVOC Potential contribution van Zelm et al.
ozone formation eq. to photochemical (2008)

ozone formation

Acidification mol H + Change in critical load Seppéla et al. (2005)

eq./kg exceedance of the and Posch et al.
sensitive area in (2008)
terrestrial and main
freshwater ecosystems,
to which acidifying
substances deposit,

Terrestrial mol Neq.  Change in critical load Seppéla et al. (2005)

eutrophication exceedance of the and Posch et al.
sensitive area, to which (2008)
eutrophying
substances deposit

Freshwater kg P eq. Degree to which the ReCiPe model (
eutrophication emitted nutrients reach Goedkoop et al.,

the freshwater end 2009)
compartment

Marine kg N eq. Degree to which the ReCiPe model (
eutrophication emitted nutrients reach Goedkoop et al.,

the marine end 2009)
compartment

Freshwater CTUe Estimate of the USEtox model from
ecotoxicity potentially affected Rosenbaum et al.

fraction of species (2008)
integrated over time
and volume per unit
mass of a chemical
emitted
Land use kg C/m?/ Based on Soil Organic Mila i Canals et al.
a Matter (2007)
Water resource m? water Related to the

depletion

freshwater scarcity
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Table 2 (continued)

Impact Category Unit Indicator Reference
Swiss Ecoscarcity (
Frischknecht et al.,
2006)

Mineral, fossil & kg Sb eq. Scarcity of mineral CML 2002 (Guinée

renewable identified resources et al., 2002)
resource that meets specified
depletion minimum physical and
chemical criteria
related to current
mining practice
Table 3
Impact category comparative characterization between GSC and LPDC.
Impact category Unit One doorknob One doorknob
by GSC by LPDC
Climate change kg CO2 eq 13,0978 12,6836
Ozone depletion kg CFC-11 1,52E-06 1,47E-06
eq
Human toxicity, non- CTUh 6,22E-06 5,96E-06
cancer effects
Human toxicity, cancer CTUh 3,16E-06 3,03E-06
effects
Particulate matter kg PM2.5 0,0152 0,0146
eq
ITonizing radiation HH kBq U235 2,7174 2,6866
eq
Ionizing radiation E CTUe 7,23E-06 7,14E-06
(interim)
Photochemical ozone kg NMVOC 0,0553 0,0532
formation eq
Acidification molc H + 0,0912 0,0878
eq
Terrestrial eutrophication molc N eq 0,1590 0,1532
Freshwater eutrophication kg P eq 0,0078 0,0076
Marine eutrophication kg N eq 0,0161 0,0156
Freshwater ecotoxicity CTUe 362,7360 330,6313
Land use kg C deficit 21,0725 19,7512
Water resource depletion m3 water 0,0557 0,0604
eq
Mineral, fossil & ren kg Sb eq 0,0045 0,0043

resource depletion

In the assessment, weighting is a voluntary step as well, where the
normalized results of each of the impact categories are multiplied by a
weighting factor expressing the relative importance of the impact
category. All the weighted results have the same unit and can be sum-
med up to create one single score for the environmental impact. This
helps decision making, because it clearly shows the most relevant impact
categories, to ensure that the focus can be put on the important aspects
of the assessment. The weighting factors in this assessment are based on
the Environmental Footprint Pilot Guidance document (European Com-
mission, 2014). Fig. 3 presents a single score comparative between both
manufacturing technologies. Table S7 in the Supplementary Material
shows the associated data.

Another important factor to compare is the total energy consump-
tion, with implications for the generation of environmental impacts,
which accounts for 5,228 kWh in GSC and 3,021 kWh in LPDC.

To improve the assessment, aiming to enhance the comparison pos-
sibilities, a cost analysis was carried out as well, supported by data ob-
tained from the technology owner (OGI), such as the capital and
operational expenditures, indirect costs, operative and production time,
and labour force expenses. The data analysis performed shows a total
unit cost of 11,12€ in the case of GSC, and 9,23€ in the case of LPDC, for
the production of one doorknob. The data employed in the cost analysis
can be found in the Supplementary Material, Table S9.

The economic data, together with the environmental impacts
extracted from the weighting analysis, makes possible to draw a
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Fig. 3. Weighting (single score) comparative between GSC and LPDC.

comparison matrix chart that facilitates the interpretation of results
(Fig. 4).

3.4. Sensitivity analysis

Further developments of the assessed technologies are expected,
which are likely to improve their environmental performance. A possi-
bility could be to recycle the metal excess from the mold which is
removed from the final part. Considering this, an assessment based on
expected reusing of the waste alloy derived from the process, introduced
again in a hypothetical closed-loop system, has been undertaken as a
sensitivity analysis. Changes on the energy consumption were not
contemplated due to lack of data, although an improvement on this
aspect is probable as well. Table 4 shows the impact category charac-
terization for the new scenario, and Fig. 5 displays a comparison with
the respective initial scenarios. The weighting score for this assessment
can be found in the Supplementary Material, Table S8.

3.5. Life Cycle interpretation

In this phase, the collected data and the outcome of the assessment
done are considered and analysed together, to present the conclusions of
the study.

In regard of the impacts determined by the analysis, the LCA
assessment shows that the production of one doorknob by GSC generates
more impacts than by LPDC, but the difference is small. For instance,
considering the climate change category, measured in kg CO, eq.,

30
29

LPDC
28
[ ]

27

Environmental Impact (mPt)

26
€7 €8 €9 €10 €11 €12

Economic Impact (€)

Fig. 4. Comparison matrix chart of both technologies, GSC and LPDC, with the
environmental impact measured in mPt and the economic impact measured
in €.

Table 4
Impact category comparative characterization between GSC and LPDC under a
potential reusing scenario.

Impact category Unidad One doorknob by One doorknob by
GSC (with alloy LPDC (with alloy
reusing scenario) reusing scenario)

Climate change kg CO2 2,869 2,886

eq.

Ozone depletion kg CFC- 3,46E-07 3,51E-07

11 eq.

Human toxicity, CTUh 1,19E-06 1,14E-06

non-cancer effects

Human toxicity, CTUh 3,63E-07 3,58E-07

cancer effects

Particulate matter kg PM2.5 0,002 0,002

eq.

Ionizing radiation kBq U235 1,307 1,336

HH eq.
Ionizing radiation E CTUe 3,39E-06 3,47E-06
(interim)
Photochemical kg 0,008 0,008
ozone formation NMVOC
eq.

Acidification molc H + 0,017 0,017

eq.

Terrestrial molc N 0,027 0,027

eutrophication eq.

Freshwater kg P eq. 0,003 0,003

eutrophication

Marine kg N eq. 0,003 0,003

eutrophication

Freshwater CTUe 96,318 75,445

ecotoxicity

Land use kg C 3,835 3,241

deficit

Water resource m3 water 0,025 0,031

depletion eq.

Mineral, fossil & ren kg Sb eq. 2,62E-04 2,65E-04

resource depletion

13,098 kg are emitted by GSC, whereas 12,684 kg are released by LPDC,
meaning just a 3,16 % variation. Water resource depletion is the sole
impact category where LPDC produces higher impact, most likely due to
the use of argon in the process.

The normalization analysis illustrates that the impact category with
the biggest magnitude is the Human toxicity, with cancer effects, fol-
lowed by the Freshwater ecotoxicity. Also, Human toxicity, non-cancer
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Fig. 5. Impact category comparative characterization results between GSC and LPDC with their respective potential reusing scenario.

effects, Mineral fossil & ren. resource depletion and Ionizing radiation
have a significant impact. Considering the weighting score, expressed in
mPt units, LPDC with 27,749 mPt reduces in a 4,915 % the impacts
caused by GSC, with 29,183 mPt.

In case of the economic aspects, the difference between both tech-
nologies shows a 17 % reduction on the price when using the LPDC.
Among the processes’ steps, the one that has the greatest impact on the
final cost is the melting of the material in both pilot plants, which ac-
counts for the 70 % of the cost in the GSC plant, and 78 % in the LPDC
plant. The great impact of this process derives from the high cost of TiO5,
whose current price is 158€ per kilogram, as well as the long time that
takes to carry out this activity.

With the new scenario proposed for the sensivity analysis a signifi-
cant reduction of impacts is achieved. All the impact categories are
reduced for more than a 50 %, reaching in some cases (Mineral, fossil &
ren. resource depletion) a reduction higher than 90 %. Regarding the kg
CO3 eq. emitted there is a reduction of 78,095 % in the case of the GSC
and of 77,246 % for the LPDC. Considering the weighting score, the
reduction is an 83,603 % for the GSC and 84,218 % for the LPDC,
compared with the initial scenarios.

Some assumptions and limitations applied, as described in Goal and
Scope and Inventory sections, mainly related with the system study
boundaries, could vary the final outcome results. For instance, a scope
extension without including the use and disposal phase does not show a
full life cycle analysis and possible benefits after implementation, but as
the production is not completely optimized yet, these data could not be
obtained and assessed. The use of global average approach from data-
bases instead of primary transport data, which was not available, differs
more from a realistic scenario, probably slightly increasing some of the

impacts. Also, an average for European electricity could hide impacts
from different electricity mixes depending on the country.

To summarize, the main issue identified, causing the highest quan-
tity of environmental impacts, is related with the extraction and pro-
duction of aluminium, used for the alloy. Other important factors are the
use of electricity for both processes, and the use of argon in LPDC.

4. Conclusion

After the complete assessment it is evident that the production of one
doorknob produces less environmental impact if its manufactured by
LPDC instead of GSC, but only achieving a reduction of approximately 5
%, measured under the weighting single score scale. However, in the
economic assessment, a reduction of 17 % of the total production cost
can be reached.

The extraction, production and use of the aluminium alloy is the
most impactful process within both manufacturing technologies, but the
quantities introduced are very similar, so this does not translate in an
impact difference. However, the energy expenditure is more than a 40 %
lower in LPDC than in GSC. Still, the impact produced by this difference
is reduced due to the use of argon in LPDC. Also, the components used
for the sand manufacturing in GSC are not very critical, and can be
recycled at 92,5% a total of 100 times, so the associated impacts are very
low.

Observing the normalization results, Human toxicity, with cancer
effects and Freshwater ecotoxicity are the most important categories.
These effects are produced during the aluminium extraction and the
production of the alloy, which are very pollutant. It is also worth
mentioning that in case of the TiO2 nanoparticles the main impact
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category is the Freshwater ecotoxicity.

Regarding the alternative scenario including the reutilization of the
alloy, a significant potential reduction on the impacts was expected, and
after the assessment it was determined that more than 80 % of the im-
pacts, for both manufacturing processes, could be avoided by reusing the
alloy material. A higher reduction could be expected after and optimi-
zation of the energy use, or by recirculating the used argon in case of
LPDC.

While the environmental assessment can identify the hotspots where
most of the impacts are caused, the cost analysis implemented is valid to
find the most expensive processes, linking them with the environmental
impacts, permitting to determine in global terms the most sustainable
option from an economic point of view, which is of great interest for
manufacturers.

The assumptions made during the modelling phase have low rele-
vance in the final outcomes, but it was still necessary to address them,
together with the system limits, for helping on potential future repli-
cations of the study. Further data and analyses would be necessary to
evaluate other parts of the supply chain, in order to get a full assessment
of the life cycle of the products obtained through these technologies. For
instance, benefits related with the use phase of the antibacterial door-
knobs, producing savings in cleaning products, are expected. However,
the effects of the disposal phase are less clear, because the impact
associated to the treatment of the produced metal residues containing
nanoparticles is still under research and debate.

The production processes, environmental impacts, and costs dis-
closed in this research for GSC and LPDC, provides novel and meaningful
data and insights, accessible for researchers, manufactures and de-
signers, helping them in decision making when selecting manufacturing
technologies employing advanced MMCs.
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