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Abstract

This paper studies the environmental impact ofrifextion molding process by
carrying out a life cycle assessment. A reviewai/lEcolnvent's Life Cycle Inventory
database characterizes this process has been temdaied a new methodology based
on that analysis has been carried out. Aspectsasithe infrastructure of the factory or
waste treatment are part of the environmental impg&ihe injection molding process,
but the most significant factor is electricity cangption; therefore, electricity
consumption measurements of the process have leefemmed. This environmental
analysis has been applied to the processing ofalgvarts made of high-density
polyethylene, which have been characterized by omgasthe electricity consumption.
As a consequence of this work, it has been provanetiectricity consumption can be
used as an injection molding machine selectioeait from an environmental
standpoint, as it produces the highest environnhéaotalen of the process.

Keywords: Injection Molding; Environmental Impact; HDPE; Etecity Consumption;
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1. Introduction.

Today, plastics are one of the most used polyvateierials and are an important part
of the economy. They provide multiple applicatioma wide range of sectors, from the
packaging market, which represents 39,4% of theatheinfor plastics, to the building
and construction sector, the automotive industy@her examples, such as home
appliances or medical products (PlasticsEurope301

Among the different types of plastics, the threestriiemanded are the thermoplastic
variations, polypropylene (PP), low-density polyééime (LDPE) and high-density
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polyethylene (HDPE), according to (PlasticsEurdd,3). The last one represents 12%
of the total European plastic demand (PlasticsEarap13). Injection molding is one of
the most used plastic part manufacturing procesisedo its precision and cost-
effectiveness for large volume productions (Wan@l.e 2013), (Guevara-Morales &
Figueroa-Lopez, 2014). This process is divided five phases: mold filling, packing,
the simultaneously occurring cooling phase andtigiasg phase, and finally the
ejection of the injected part. All of these phaseske this process quite intensive,
energetically speaking. Thus, that high electricipmsumption also implies that the
injection molding process is also relevant in teohenvironmental impact, even more
so bearing in mind the large scale of plastic padsufacturing.

There are different types of injection molding miaels depending on how the drives
are powered: hydraulic, hybrid and all-electrictiie hydraulic type, the injection
molding machine's motions are powered by hydraulimps. Today, almost no
machinery is purely hydraulic as they typically iistorid mechanisms, such as the
toggle clamping mechanism that helps the hydraylstem and also provides electrical
energy savings (Huang, et al., 2011), (Hsu, ek8ll3). All-electric injection molding
machines replace the hydraulic circuit with serviomg One of the main specifications
that characterize an injection molding machinéssiamping force, and this is related
to the size of the parts that can be injected inliere is a wide range of clamping
forces, from micro-injection molding machines opamximately 50 kN of clamping
force up to nearly 100000 kN of clamping force (Mdia¢ 1994). In this paper, injection
molding machines from 833 to 78400 kN have beetyaed while manufacturing
HDPE parts. This last injection molding machineng of the largest operating in
Spain.

The plastics industry in Europe started to assesenvironmental impact of plastics
more than 20 years ago (Boustead, 1992). The sbcmicern regarding this subject is
increasing around the world (Givens & Jorgensoi320with the global warming
threat as one of the primary reasons (Czap & C2@p0). This environmental concern
has promoted the use and development of differetihadologies that strive for
sustainable development. The life cycle assessth@#) is a methodology used to
calculate the environmental impact of productscesses or services. The results
obtained by an LCA are analyzed so that priorigaarin which actions should be
applied can be identified (Guinée, 2002). Workinghose areas allows researchers and
designers to improve the environmental performamek as a consequence, make
products and processes more ecofriendly.

In the specific field of injection molding, Thirieend Gutowski provide a review of the
entire process, including the thermoplastic producthe compounding of the

additives and the injection molding process (ThaigeGutowski, 2006). In that paper,
the authors highlight the importance of the chaitthe type of the injection molding
machine as that could entail a high impact in fesic electricity consumption of the
injection molding machine, therefore also influeng;ias will be discussed in this paper,
the environmental impact of the process. In theithef Almeida, a life cycle



engineering task was performed, following a cradlgrave approach in order to
determine the environmental performance of thectiga molding of biodegradable
plastics (Almeida, 2011). In the article written WWieissman et al., a methodology to
estimate the electricity consumption of the inj@ctof a molded part is explained, with
the aim of providing an electricity consumption rebtb help designers make more
environmentally conscious decisions (Weissmanl, g2@10).

When performing an LCA of a product, the materaalg manufacturing processes have
to be identified. Among these processes, the ilgjecholding process is usually
included. Databases, such as Ecolnvent, have detfirgeinjection molding process
based on measurements of several facilities arapean level (Hischier, 2007). In
another report (TNO for Plastics Europe, 2010)aR& HDPE along with polyvinyl
chloride (PVC), which are among the most demandstips, are used as a reference to
characterize the environmental impact of the impgcmolding process.

These values could be used to incorporate thenthetoalculation of the
environmental impact of that product as a firstrapph. However, if the level of detalil
required is higher or the injected parts are arontgmt component of the study, this
approach is not precise enough. As Gutowski etaé in their research, the
manufacturing process's electrical energy requirgsnae not independent of the
characteristics of the manufactured parts, as @& tlatabases traditionally assume
(Gutowski & Thiriez, 2006).

The main aim of this essay is to analyze the dfiefactors in the environmental
impact of the injection molding process. From #alysis, a methodology is
developed to calculate the environmental impaet sppecific injection molding process,
and it has been applied to several parts thathessame raw material (HDPE). The
units of the obtained results will be per injeckddgram.

2. Materialsand Methods

In the following section, a review and analysidhaf state of the art is going to be
presented, as well as the equipment that has ssehdwring this research, such as the
raw material, molds and injection molding machiaralyzed and the required
measurement equipment.

2.1 State of the art review and analysis

Various authors have investigated the electricatgynrequirements of plastics
manufacturing processes. Muller et al. analyzedrjeetion molding by using dual
electrical energy signatures to determine valud-raon-value-adding elements to
improve the process's efficiency by studying tifeience of the process time and
power levels on the injection molding machine (Miillet al., 2014).

Madan et al. also studied this process by consigets electricity consumption as an
indicator of sustainability. They suggest that tl@&As performed today give much



more importance to the material than to the manufexgy factors, and they propose a
guideline to estimate the electricity consumptidbtUdPs (unit manufacturing
processes), based on the analysis of the stadgks wifjection molding process, with the
goal of benchmarking, evaluation and improvemerad®h, et al., 2014).

Lucchetta and Bariani also conducted research baséuls idea, suggesting that most
LCE (Life Cycle Engineering) tasks, where the eoninental and economic impact of
the product are assessed simultaneously, are faumsminimizing the use of materials
and increasing the recycled materials but do ria tato account the cost and
environmental impact of the manufacture of the giesilternatives. They also remark
on the importance that the injection molding indgsias, in terms of environmental
impact, due to its large scale (Lucchetta & Bari@fil0). Yak and Mak studied the gas-
assisted injection molding process. This procdssvalfor the reduction of the use of
petrochemical polymers and, at the same time, aekielectrical energy savings of
20% thanks to the reduction of processing parameserch as the injection pressure and
the clamping force of the injection molding mach{ivam & Mak, 2014).

The electrical energy demand has also been studmttier plastics manufacturing
processes, such as polymer extrusion. For inst&imeykoon et al. studied the

electrical energy demand with different processddmmns in order to optimize the
process's efficiency (Abeykoon, et al., 2014). iltgely, Deng et al. presented a real-
time electricity consumption monitoring method arsetd it to study the effect of
process settings on melt quality and electricatgnefficiency, which are highly

related with the electricity consumption (Dengakt 2014). Moreover, results in other
papers showed that the specific electrical eneegyathd was reduced as the throughput
was increased (Abeykoon, et al., 2014). These expeatal studies help to select
operational conditions and equipment to optimizegtocess.

In this research, in order to analyze the enviramaleémpact of the injection molding
process, we have studied the injection moldings#ditaf Ecolnvent v3.01 as a starting
point (named in this paper as Ecol). To creatadttaset for the generic injection
molding process, Ecolnvent calculates the arithermagan of data gathered from three
average injection molding processes, PVC, PP add(Rischier, 2007), and correlates
the inventory data to its own datasets. There atabte differences between input data
of the different plastics.

To manufacture one kilogram of injected plastidgahis inventory includes water
used during this process, lubricating oil, andetiéht types of additives, such as
chemicals, solvents, pigments or fillers. It alsmgiders packaging materials: pallets,
polypropylene, LDPE and cardboard. The electriciptural gas and other fuels are
classified as energy inputs. The generated waskparated into waste to landfill,
hazardous waste and plastic waste from which ensnggcovered by incineration.
Given that our raw material is going to be high<lgnpolyethylene, we can use the
report from which this database has been consttyttischier, 2007) and particularize



it in order to obtain a more precise approach. Aoldally, as the aim of this paper is to
determine the environmental impact of the injectioolding process for HDPE parts,
the first step that has been carried out is to kentlbose values that do not directly
belong to the injection molding process itself (Fg 1), even though they may be
necessary to deliver the final product. Therefpeegkaging materials and the natural
gas or other fuels used to heat the conversiort ptanalso not going to be considered,
as those inputs are highly dependent on the pzentipry, etc.

The second step performed in this study is to oeplae remaining values with those of
the polypropylene report, as this plastic is mamglar to the HDPE from the three
thermoplastics that Ecolnvent uses to characté@gzeverage injection molding process.
This way, the dataset could be used to analyze stastiard thermoplastics except for
the PVC, which needs special treatment due tchigenécal composition, as it has to be
combined with several additives before procesditi@( et al., 2001). As we can see in
the original data (Hischier, 2007), the PVC injentmolding process has specific
inputs, such as solvents or stabilizers, that ateised in conventional plastics and
therefore are going to be omitted to analyze adstahthermoplastic, such as HDPE.
Therefore, these elements would only be considetesh PVC processing is the
analyzed process.

Finally, Ecolnvent's estimation of infrastructufetloe plant and machinery is not
modified. The following table (Table 1) shows theokvent datasets that have been
used in our particularized case for a standardrtbplastic, which is named in the text
as CEcolPP. The steps carried out to obtain thasdaare shown in Figure 1.

As will be shown in the results section, the eleityr consumption is the most
influential element on the environmental impacttlselectricity consumption of our
particular processes are going to be measuredt&inod more precise result.

The final dataset that will be used for the envin@mtal impact of the HDPE parts is
that achieved by the steps shown in Figure 2. Eiushows, in a very schematic
manner, the elements considered by Ecolnvent awktleft outside the system
boundaries in our study. Emissions are considesetithin the system boundaries,
using the same methodology as Ecolnvent. Howewethe particularized case of
CEcolPP, their value is zero because there isparted data for PP processing in the
study (Hischier, 2007).

2.2 Required equipment

The required equipment consists of several injaati@lding machines (Table 2),
HDPE as raw material, bascules to measure the weighe part that is being injected
during the experiment, a timer for measuring theeyime, and a portable three-phase
power analyzer, which measures the power thatoieisg used during the injection
molding process by the injection molding machind #re auxiliary equipment.



The software used to perform LCA calculations m&vro 8.0.3.14 (Goedkoop, et al.,
2013), developed by Pré Consultants. The Ecolnv@®l database (Weidema, et al.,
2013) has been used as the main data source fonveory.

2.2.1 Raw Material

In all of the injection molding processes that hbeen measured, RIGIDEX 5740 UA
HDPE has been used as the raw material.

Some of the properties of this raw material are:
« Density: 0,957 g/cth
e Melt Flow Index: 4 g/10 min
* Vicat softening: 125 °C
* Tensile yield strength: 27 MPa
* Flexural modulus: 1250 MPa

2.2.2 Molds and Injection molding machines

Figure 4 shows all of the HDPE parts for which gs8es have been measured.

Parts #1 and #2 are the bodies of two waste cartaof different capacities, 2400 and
1000 liters, respectively. Part #3 is a lid usadiaste containers. Parts #4, #5 and #6
are both different-sized openings through whichterésinserted into the containers.
Parts #7 and #8 are smaller parts from other costsi #7 is a shaft that connects to
and allows the rotation of a lid on the body comeaj and part #8 is a plug whose task is
to cover some of the container's elements.

All of these parts have been injected in sevefjattion molding machines, which are
classified in Table 2, based on their clampingdowll of them are hybrids, except for
the 833 kN one, which is an all-electric injectimolding machine. Some images of the
measured injection molding machines are showngnreés 5, 6 and 7.

2.2.3 Measurement equipment

This equipment (Figure 8) is formed by a Circute8@power analyzer that records the
measurements and other accessories, which inchweea clamps that measure the
current, voltage cables with crocodile clamps #ratconnected to the electric panel to
measure voltage, and, finally, rubber gloves taiensafety when connecting the
devices to the grid.



For this study, three different current clamps hlagen used, and each one of them is
adequate for an interval of electric current. Igufe 8, the power analyzer connected to
the electrical panel is shown. In this manner,GH&0 power analyzer registers the
average power consumed by the injection moldinghinacand all auxiliary equipment.
The accuracy for the power rating of the instrumeri%, which is precise enough for
these measurements; differences between measuseanenhuch larger than the
accuracy of the instrument, so the conclusions dria@m them will not be affected by
the precision of the instrument.

2.3 Measurement procedure

Before a measurement begins, the maximum instaotarairrent measured by the
power analyzer must be checked in order to detieeriost suitable current clamp. It is
advised by the analyzer's manufacturer to measufesihighest part of the scale for
better accuracy. Additionally, it is important thlé production is stable during the test
so that measurements will not take place during-sfaperiods. If production stops
during the test, the measurement is discardeddiibeion of the test with this
sampling period is at least three hours. This glesienough data to check and ensure
that the production is stable.

To calculate the kWh/kg of the injection moldingpess, the plastic weight processed
per cycle, the cycle time and the measured powdreoéquipment are obtained. To
determine if the measurement value is represeetdtiis recommended to use a
spreadsheet to analyze the gathered data to ehstithe electricity consumption value
IS stable.

3. LifeCyclelnventory, LCI

According to the methodology explained before,ittventory of our injected molding
process will be the dataset collected in Tableul tlie electricity is replaced by the
kWh/kg value obtained by our process measuremeninkent's European electrical
mix is used.

3.1. Life Cycle Impact Assessment, LCIA

To assess the environmental impact, there are twsilple ways of calculating the
results: midpoint and endpoint. To avoid the suiyég of the endpoint approach,
methodologies such as CML Leiden, which uses a and@pproach, can be used
(Guinée, 2002). The CML Leiden method is recognaedne of the most widely used
in LCA studies (Wager, et al., 2011) (Monteiro &ke, 2012).

For these reasons, the results are calculated@t@ML Leiden methodology, which
computes the environmental impact in all categasfeSML: abiotic depletion, abiotic
depletion (fossil fuels), global warming (GWP 1083pne layer depletion (ODP),



human toxicity, fresh water aquatic ecotoxicity,rimma aquatic ecotoxicity, terrestrial
ecotoxicity, photochemical oxidation, acidificatiand eutrophication.

A detailed explanation of these categories carefsgned to in guides such @Suinée,
et al., 2002).

3.2. Measured electricity consumptions

In Table 3, the injected weight per cycle is cakel; along with its cycle time and the
electricity consumption.

There are significant differences between the nredsparts. Part #1 consumes less
electricity per kilogram with 0,431 kWh/kg, and p#b has the highest electricity
consumption at 2,31 kWh/kg. These results showttteaelectricity consumptions
fluctuate significantly for different parts andetion molding machines. Many of the
measurement values are lower than Ecol's averdge wt1,47 kwWh/kg or the 2,096
kWh/kg reported by (Hischier, 2007) for PP proceggiCEcolPP).

Although there are differences, such as the typejettion molding machine or the
geometry, that also have an influence, a cleareiecylis observed: parts with high
throughput (Kg/h) usually have less electricity somption per injected kilogram, a
tendency that has also been observed by otherrauthech as Thiriez and Gutowski for
the injection molding process (Thiriez & Gutowsk06) and Abeykoon et al. in the
extrusion of polymers (Abeykoon, et al., 2014).

For example, it is interesting to analyze the défeces between the electricity
consumption per kilogram of part #5 and part #6eskEhparts were both injected in the
same injection molding machine (Injection Moldingéhine E, Clamping force: 7350
kN) and have similar cycle times. However, the \mef part #6 is more than three
times larger than that part #5, and, conversea\elgctricity consumption per kilogram
is more than three times lower than that of part #5

4. Resaults and Discussions

Results for the Ecolnvent Dataset, the customiztdsgt CEcolPP, and the HDPE
injected parts are going to be shown and discussts section. Several tables collect
the environmental impact results in CML units. Griap will represent the percentage
of the elements of the inventory for each impategary, and a final figure will
compare all of the different results.

4.1 Ecolnvent Dataset Results (Ecol)

Table 4 shows the total results for the Injecticouiding (RER) process of the
Ecolnvent v3.01 database.

Figure 9 summarizes the contribution of the différelements associated with the
injection molding process for each impact category.



In these generic results obtained with the LCI galaf the Ecolnvent database, the
electricity is the most important factor in alltble impact categories, except for the
abiotic depletion where the infrastructure has mongortance (43,6%) due to the
kilograms of steel that is considered for the facsomachinery.

Additives, including solvents and stabilizers, speto PVC processing are also a
significant part of the environmental burden, egbcin the photochemical oxidation
(33%) and ozone layer depletion (18%) impact categoOther energy inputs, such as
natural gas and other fuels, also contribute ngtabthe depletion of fossil fuels, the
ozone layer depletion and the global warming paétdpproximately 15%).

4.2 Customized Dataset result (CEcolPP)

The results of our modified Ecolnvent dataset faalgzing the injection molding
process of a conventional thermoplastic are showirable 5.

In our customized process (CEcolPP, Table 1), wheeeific PVC additives have been
removed, along with packaging materials and fubks electricity consumed by the
injection molding process accounts for more thavh @4 the environmental impact in
almost every impact category, except for the brst (Table 5), similarly to the Ecol
results.

This fact justifies the required equipment andrtfeasurement procedure shown in
subsection 2.3. By measuring the electrical consiompf our process, its
environmental impact can be calculated in a vecyete way.

Table 6 shows a comparison between the Ecol an€HwIPP results. These values
can be better understood by taking into account higher value of electricity
consumption for the CEcolPP (+42,6% over the averdgctricity consumption of the
Ecol dataset) and also the exclusion of inventaita és explained in section 2.1.

Some categories, such as both abiotic depleti@ygoaes, ODP and photochemical
oxidation, show a lower impact on the ecologicaliemmment due to the removals
explained in section 2.1 (solvents, stabilizersurasd gas, etc.). Alternately, for those
categories in which the contribution of the elextyiconsumption is high (Figure 9),
such as human toxicity, all of the ecotoxicity catees, and eutrophication, there is a
relevant impact increase.

4.3 HDPE parts results and comparison

In Table 7, the environmental impact of the cusiadiprocess with the polypropylene
values (CEcolPP) is compared with the results d@hemeasured part.

In Figure 10, it can be seen how the differencéwden parts in each impact category
follow the same proportion the electricity consuimptdoes. Only in the abiotic
depletion category are the differences smalleth#@sbeen seen in a previous
subsection (4.2 Customized Dataset result (CEcJB#) infrastructure is the most



influential element in the abiotic depletion catgg@nd this element was kept constant
in the LCI in all cases. Despite this, the eledyialso has an influence in this impact
category, as is indicated in Table 5 (43% in CEBol&sults, compared to infrastructure
with 56,87%).

Thus, the final results show that there is a gvaattion due to the electricity
contribution. Part #1 involves the lowest enviromtaéimpact per kilogram because its
electricity consumption is the lowest of the meadyparts. Alternately, the processing
of one kilogram of part #5 creates an even higgraict than the calculated CEcolPP
due to its electricity consumption of 2,31 kWh/kg.

In view of the results shown in this paper, theultssand conclusions of LCA studies
that use Ecolnvent data for the injection moldingcess may slightly differ, especially
if this process is important for the studied prdad&or example, consider the study
carried out by Rives et al, where a comparison eetwdifferent systems for municipal
solid waste management was made. In that rese¢aecknvironmental impact of
several HDPE containers with different capacities @ssessed using the injection
molding data of Ecolnvent and compared with otheelsalternatives. Based on our
data, the environmental impact of the injection dnay process of these containers,
some of them similar to parts #1 and #2, may bestptwit, in this case, it would not
affect the overall conclusions as the studied steetainers produce significantly lower
environmental impact than the HDPE ones (Rivea).e2010).

Pina et al. presented the LCA of several inductiobs (Pina, et al., 2015). The
inventories showed several injection molded part$@A66, PPS, ABS). In their
results, injection molding had a noteworthy impacta detailed study of the injection
molding process for those parts would be necegeadamgprove the precision of that
study, as injected parts were assessed with teetiop molding dataset of Ecolnvent.
The authors already warned that the impacts oinjleetion molding process are high
due to the presence of solvents in the Ecolnvetatsdg, which specially influences the
results of the ozone layer depletion. Some othamges of studies where Ecolnvent's
injection molding dataset is used are LCAs of agdtizal machinery (Bortolini, et al.,
2014), road lighting luminaires (Tahkamo & Halon2a15) and fuel cells (Cox &
Treye, 2015). The injection molding process shdgdtudied in detail and measured in
all LCA studies where plastic components are aifsoggmt part of the product.

5. Conclusions

Throughout this study, the environmental impadhefinjection molding process has
been analyzed. A methodology and experimental nmeasnt procedure have been
explained and applied to a wide range of HDPE [ggstrts.

The generic Ecolnvent dataset (Ecol) and our adagaiee to analyze the injection
molding of conventional plastics (CEcolPP) yielch#ar environmental burdens.
Finally, the measured parts’ environmental resedtsibited significant differences.



This is due to electricity consumption differencesging from 0,43 kWh/kg to 2,3
kWh/kg.

To properly assess the actual environmental impiagtspecific injection molding
process, the real electricity consumption of it hesmeasured. Otherwise, the results
would be quite far from the real values.

6. Futuredirections of research

Additionally, this paper opens a future directidmesearch, investigating how the
electricity consumption of the injection molding chane can be optimized by means of
a better machine selection. Additionally, differeadetween materials and the
influence of the part characteristics could be ss=e.

Electricity consumption should be used as a selediiterion of injection molding
machines to develop a more environmentally conscieay of manufacturing injected
plastic parts and simultaneously reducing productiosts.

Acknowledgments

The authors would like to thank the Editor and Resgrs for their valuable remarks
and suggestions that have greatly contributeddaontiprovement of this paper.



References

Abeykoon, C., Kelly, A. L., Brown, E. C., Vera-Soche, J., Coates, P. D., Harkin-
Jones, E., Price, M., 2014. Investigation of thecpss energy demand in polymer
extrusion: A brief review and an experimental stullgpl. Energy. 136, 726-737.

Abeykoon, C., Kelly, A. L., Vera-Sorroche, J., BmowE. C., Coates, P. D., Deng, J.,
Price, M., 2014. Process efficiency in polymer esion: Correlation between the
energy demand and melt thermal stability. Appl.fggel35, 560-571.

Almeida, D. N, 2011. Life Cycle Engineering approdo analyze the performance of
biogradable injection moulding plastics, InstituRuperior Técnico, Universidade
Técnica de Lisbhoa

Bortolini, M., Cascini, A., Gamberi, M., Mora, CRegattieri, A., 2014. Sustainable
design and life cycle assessment of an innovativdtiHiunctional haymaking
agricultural machinery. J. Clean. Prod. 82, 23-36.

Boustead, |., 1992. Eco-Balance Methodology for @mdity Thermoplastics. The
European Centre for Plastics in the Environment fRWLater Association of Plastics
Manufacturers in Europe (APME), Brussels

Cox, B., Treye, K., 2015. Environmental and ecormrassessment of a cracked
ammonia fuelled alkaline fuel cell for off-grid pewapplications. J. Power Sources.
275, 322-335.

Czap, N., Czap, H. J., 2010. An experimental ingatibn of revealed environmental
concern. Ecol. Econ. 69, 2033-2041.

Deng, J., Li, K., Harkin-Jones, E., Price, M., Kaehi, N., Kelly, A., Fei, M., 2014.
Energy monitoring and quality control of a singteesv extruder. Appl. Energy. 113,
1775-1785.

Givens, J. E., Jorgenson, A. K., 2013. Individuavionmental concern in the world
polity: A multilevel analysis. Soc. Sci. Res. 4284431.

Goedkoop, M., Oele, M., Leijting, J., Ponsioen, Meijer, E., 2013. SimaPro 8.
Introduction to LCA with SimaPro, PRé, Amersfoort.

Guevara-Morales, A., Figueroa-Lopez, U., 2014. &eli stresses in injection molded
products. J. Mater. Sci. 49, 4399-4415.

Guinée, J., Gorrée, M., Heijungs, R., Huppes, Gejji R., Koning, A., Huijbregts,
M., 2002. Handbook on life cycle assessment. Ojperat guide to the ISO standards.
Part Ill: Scientific background. Kluwer Academicliighers, Dordrecht.

Gutowski, T. D., Thiriez, 2006. Electrical Energyedirements for Manufacturing
Processes. 13th CIRP International ConferencefefCycle Engineering. Lueven.



Hischier, R., 2007. Part Il Plastics. Life Cyclevémtories of packaging and Graphical
Papers. Ecoinvent-Report No.11. Swiss Centre fiar Ciycle Inventories, Dubendorf.

Hsu, Y.-L., Huang, M.-S., Fung, R.-F, 2013. Enesgying trajectory planning for a
toggle mechanism driven by a PMSM. Mechatronics23431.

Huang, M.-S., Lin, T.-Y., Fung, R.-F., 2011. Keysam parameters and optimal design
of a five-point double-toggle clamping mechanismplAMath. Model. 35, 4304-4320.

Lucchetta, G., Bariani, P., 2010. Sustainable desfj injection moulded parts by
material intensity reduction. CIRP Ann. Manuf. Tech9, 33-36.

Madan, J., Mani, M., Lee, J. H., Lyons, K. W., 20Ehergy performance evaluation
and improvement of unit-manufacturing processegction molding case study. J.
Clean. Prod. doi:10.1016/j.jclepro.2014.09.060 i@detin Press)

Monteiro, H., Freire, F., 2012. Life-cycle assesshtd a house with alternative exterior
walls: Comparison of three impact assessment mstiteterg. Buildings. 47, 572-583.

Muccio, E. A., 1994. Plastics Proccessing Technpldgaterials Park, Ohio: ASM
International.

Mdller, E., Schillig, R., Stock, T., Schmeiler, M2014. Improvement of injection
moulding processes by using dual energy signatiresedia CIRP. 17, 704-709.

Pina, C., Elduque, D., Javierre, C., Martinez, BEménez, E., 2015. Influence of
mechanical design on the evolution of the enviramia@eimpact of an induction hob.
Int. J. Life. Cycle Assess. doi: 10.1007/s11367-0890-y.

Pita, V., Sampaio, E., Monteiro, E., 2001. Mechahiproperties evaluation of
PVCl/plasticizers and PVC/thermoplastic polyurethabéends from extrusion
processing. Polym. Test. 21, 545-550.

PlasticsEurope, 2013. Plastics- the facts 2013amalysis of European latest plastics
production, demand and waste data, Brussels.

Rives, J., Rieradevall, J., Gabarrell, X., 2010ALEdmparison of container systems in
municipal solid waste management. Waste ManageQ485957.

Tahkamo, L., Halonen, L., 2015. Life cycle assesgnué road lighting luminaires -
Comparison of light-emitting diode and high-pregsaodium technologies. J. Clean.
Prod. 93, 234-242.

Thiriez, A., Gutowski, T., 2006. An environmentahadysis of injection molding.
Massachusetts Institute of Technology, Cambridge.

TNO for Plastics Europe, 2010. Eco-profiles of tReropean Plastics Industry.
Injection Moulding of PVC, HDPE and PP. Plasticsdpe.



Wager, P., Hischier, R., Eugster, M., 2011. Envinental impacts of the Swiss
collection and recovery systems for Waste Eledtrigad Electronic Equipment
(WEEE): A follow-up. Sci. Total. Environ. 409, 174G 56.

Wang, H., Wang, Y., Wang, Y., 2013. Cost estimabtbplastic injection molding parts
through integration of PSO and BP neural networpett Syst. Appl. 40, 418-428.

Weidema, B. P., Bauer, C., Hischier, R., Mutel, Klemecek, T., Reinhard, J., Wernet,
G., 2013. Overview and methodology. Data qualitigline for the ecoinvent database
version 3. Ecoinvent report 1 (v3). Swiss Centre litfe Cycle Inventories, The
ecoinvent Centre. St. Gallen, Switzerland.

Weissman, A., Gupta, S. K., Ananthanarayanan, rgrifd. D., 2010. A systematic
methodology for accurate design-state estimatioer#rgy consumption for injected
molded parts. Montreal,Quebec.

Yam, R., Mak, D., 2014. A cleaner production oferibusk-blended polypropylene
ecocomposite by gas-assisted injection mouldinGleln. Prod. 67, 277-284.



Figure captions

Figure 1: Methodology steps performed to obtainGEeolPP dataset
Figure 2: Final Dataset

Figure 3: System Boundaries of our particularizgddtion molding process
Figure 4: Parts for which the processing has beeasored

Figure 5: 78400-kN Injection Molding Machine A

Figure 6: 29400-kN Injection Molding Machine C

Figure 7: 833-kN All-electric Injection Molding Mame G

Figure 8: Measurement equipment

Figure 9: Impact results for each impact categ&igo()

Figure 10: Comparison between CEcolPP and the meshquarts for every impact
category and for electricity consumption



Table captions

Table 1: Ecolnvent's Dataset, used to particuldheecase

Table 2: Injection molding machines in which pdrése been injected
Table 3: Data of the measured parts

Table 4: Ecolnvent v3.01 (Ecol) results

Table 5: Particularized case (CEcolPP) results

Table 6: Comparison between the Ecol and CEcolB#tse

Table 7: Results comparison



Customized

Ecol nvent based
Description Ecol nvent v3.01 dataset PP injection

molding process

values (CEcol PP)

Lubricants

Lubricating oil { GLO} | market for | Alloc Def, U 1,67E-05 kg
\ég;ti?]rgfor Water, cooling, unspecified natural origin 1,11E-02 m®
Electricity Electricity, medium voltage market for | Alloc Def, U 2,096 kWh
Plastic waste \éve;;stﬁplastlc, mixture { GLO} | market for | Alloc 0,005 kg
Infrastructure Bzz(f:k%g ng box factory { GLO} | market for | Alloc 1,43E-09 p

Table 1 Ecolnvent's Dataset, used to particularize the case



Injection Molding Clamping Force

Machine KN] Injected Part # Type
A 78400 1 Hybrid
B 50960 2 Hybrid
C 29400 3 Hybrid
D 11760 4 Hybrid
E 7350 5and 6 Hybrid
F 3920 7 Hybrid
G 833 8 All-electric

Table 2: Injection molding machines in which parts have been injected



Electricity

Part # V\:):gﬂ;(r:}]:[c;]ed Cycletime[s] Consumption
[KWh/k(]
1 71800 216,0 0,4310
2 30300 147,0 0,7878
3 10500 175,0 0,8832
4 1253 81,0 0,9005
5 260 42,9 2,3007
6 836 40,0 0,7088
7 100 44,4 1,8699
8 15 15,0 0,6101

Table 3: Data of the measured parts



Environmental

: Impact per k
| mpact category Unit of SroceF;sed 9
material
Abiatic depletion kg Sb eq 1,428E-06
Abiotic depletion (fossil fuels) MJ 1,887E+01
Global warming (GWP100a) kg CO2 eq 1,094E+00
Ozone layer depletion (ODP) kgCFC-11eq  1,254E-07
Human toxicity kg 1,4-DB eq 3,768E-01
Fresh water aquatic ecotox. kg 1,4-DB eq 4,197E-01
Marine aquatic ecotoxicity kg 1,4-DB eq 1,333E+03
Terrestrial ecotoxicity kg 1,4-DB eq 2,537E-03
Photochemical oxidation kg C2H4 eq 2,940E-04
Acidification kg SO2 eq 4,545E-03
Eutrophication kg PO4--- eq 2,250E-03

Table 4: Ecolnvent v3.01 (Ecol) results



Environmental

| mpact category Unit I L?cppa;(géfrng % Electricity
material
Abiotic depletion kg Sbeq 1,10E-06 43,02%
Abiotic depletion (fossil fuels) MJ 1,63E+01 99,37%
Global warming (GWP100a) kg CO2 eq 1,09E+00 98,17%
Ozone layer depletion (ODP) kg CFC-11eg 1,15E-07 99,64%
Human toxicity kg 1,4-DB eq 4,20E-01 94,91%
Fresh water aquatic ecotox. kg 1,4-DB eq 5,37E-01 97,83%
Marine aguatic ecotoxicity kg 1,4-DB eq 1,70E+03 98,58%
Terrestrial ecotoxicity kg 1,4-DB eq 3,45E-03 99,53%
Photochemical oxidation kg C2H4 eq 2,06E-04 98,38%
Acidification kg SO2 eq 4,78E-03 98,69%
Eutrophication kg PO4--- eq 2,89E-03 99,31%

Table 5: Particularized case (CEcolPP) results



| mpact category Ecol CEcol PP
Abiotic depletion 100,0% 77,0%
Abiotic depletion (fossil fuels) 100,0% 86,4%
Global warming (GWP100a) 100,0% 99,6%
Ozone layer depletion (ODP)  100,0% 91,7%
Human toxicity 100,0% 111,5%
Fresh water agquatic ecotox. 100,0% 127,9%
Marine aguatic ecotoxicity 100,0% 127,5%
Terrestrial ecotoxicity 100,0% 136,0%
Photochemical oxidation 100,0% 70,1%
Acidification 100,0% 105,2%
Eutrophication 100,0% 128,4%

Table 6: Comparison between the Ecol and CEcolPP results



Impact category CEcolPP  #1 #2 #3 #4 #5 #6 #7 #38

Abiotic depletion 100,0% 655% 728% 748% 751% 1037% 712% 949% 692%
Abiotic depletion (fossil fuels) = 100,0% 211% 381% 42,6% 434% 1100% 34,3% 895% 29,6%
Globa warming (GWP100a)  100,0% 221% 388% 433% 441% 1097% 351% 89,5% 305%
Ozone layer depletion (ODP)  100,0% 209% 37.9% 425% 433% 1101% 342% 89,6% 29,5%
Human toxicity 100,0% 246% 40,8% 451% 459% 109,3% 37,2% 89,8% 32,7%
Fresh water aguatic ecotox. 100,0% 223% 390% 434% 442% 1096% 353% 895% 30,7%
Marine aguatic ecotoxicity 100,0% 21,7% 384% 429% 437% 1094% 34,7% 892% 30,1%
Terrestrial ecotoxicity 100,0% 209% 37.9% 424% 432% 109,7% 34,1% 893% 29,4%
Photochemical oxidation 100,0% 21,8% 386% 430% 439% 1095% 34,9% 89,3% 30,2%
Acidification 100,0% 21,6% 384% 429% 43,8% 1097% 34,7% 89,4% 30,1%
Eutrophication 100,0% 211% 380% 426% 434% 1097% 34,3% 89,3% 29,6%

Table 7: Results comparison
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Figure 4: Parts for which the processing has been measured



Figure 5: 78400-kN Injection Molding Machine A



Figure 6: 29400-kN Injection Molding Machine C
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Figure 7: 833-kN All-electric Injection Molding Machine G
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Figure 9: Impact results for each impact category (Ecol)
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A LCA of theinjection molding process applied to HDPE parts has been carried out.
Electricity consumption is the most relevant factor in terms of environmental impact.
Electricity consumption measurements show great variations depending on machines
used.

Electricity consumption should be used as selection criterion of injection molding
machines.





