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Abstract

[ ASKGAY 3 LINPRdzOGA NB SaaSyuaAialft Ay LIS2 LI}
to have2 3SNJ mnn 0 Af f »23020 uizKidsey @ GNEWRD12)z8ndhe
introduction of Light Emitting Diode (LED) technology in the lighting sector is leading to a
rapid growth ¢ LEDBbased lighting productBy 2020, it is predictethat the LEEbased
lighting market share will be almost 70% of the tdigihting maket (McKinsey & Company
2012).However, lighting produstalso cause a negative impactthe environment during

all the product life cycle stagesspecially during the use stageo date there are nan-

depth studies that havaesearched hw to reduce theenvironmentalimpact caused by

LEDbased lighting productsherefore,research irthis areaisneeded

This researclaims to ontribute to the body of knowledge ithis area bystudying the
following issues 1) What the key productelated featuresare that influence the
environmental impact of LEBPased lighting productstaeach product life cycle stage, 2)
What design recommendations can contribute to extend the lifespan ofdaSBEd lighting
products, 3)Whatthe most effective and efficient methoid to assess and compare the
environmental impacbf LEBbased lighting products, and ¥hat the most effective and
efficient ecadesign tools, techniques and methoai®to reduce the environmental impact

of LEBbased lighting products during the design process, and how these can be integrated
into an ecedesign approach to reduce the environmental impact of -b&Bed lighting

products

The methodological approach followed wather and analyse the data necessdoy
understandand answetthe issues abovenentioned has been based on the utétson of
two research methodologies: 1)a€e study research, andl) Survey. The case study
research consistedfehe studyand critical examination of @ealworld eco-designprocess
of an awarded and patentedlEBbased product designeldy the author in collaboration
with severalmanufacturers The data was collected usingett participatory obseration.
In addition to this, a survey was also conductedinderstand the lifegan and causes of
end of life of LEMased lighting products. The data was collected ugindine self

completion closeended questionnaires.



This research contribugeto body of knowledge of how to eedesgn LEEbased lighting
products. In particular, it has made the following contributions to knowledgé)
Identification ofkey productrelated features that influence the environmental impact of
LEDbased lighting productstaeach product life cycle stage, Pefinition of dsign
recommendationgo extend the lifespan of LEDased lighting prodcts, 3)Development
of a method to assess and compare the environmental impafci.EBbased lighting
products, and 4)Developmenibf approachto eco-designof LEBbased lighting products
These contributionscan be utilised to inform product developeiQdecisionmaking

processeso reduce the environmental impact of this category of products.
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Chapter 1: Introduction

This chapter introduces the researcbmpletedin this thesis. It begingy introducingthe
background of this research (1.19)Jlowed by & explanation of why this research is
needed (1.2)whatthe basic principleareand issueshat determine theenvironmental
impact produced by.EDBbasedlighting productq1.3) andhow this environmental
impact can be reduced (1.4h &ddition to this, italsoexplainsthe research motivation
(1.5),the aim andobjectives (1.6)the terminology used (1.4nd the structureof the
thesis(1.9).

1.1- Researclbackground

This researit has been supporteldy severalresearch project¢Sustainable lighting

product design, 2009; Ecolights, 2015; cycLED, Z0@8%d by UK and the EU.

The2 dz0 O2YS 2F (KS Wadzaidl Ayl o6fsSoprodugekthieinifiall  LIN
design(concept design) of the edayhting product developednd desdbed in this

thesis. The2 dzi O2 YS 2(FA IIKKISA QVILANR 2SO0 g1 a (2 FdzNI
manufacture and commercialize the etighting product initially designed (concept
RSaAdy adl3asSv Ay GKS Wi dhedutcdmédf @O SO [LINE R d40N
was to reduce, raise andrecycle the critical materials contained in LE&sed products.

One of the outcomesf the projectg I & (2 AlifesiEh&tudy 6f SERAged lighting
productQthis study was coordinated and desighiey the author, and several companies
(from the project consortiumgontributed to the distribution othe questionnaires and

also providedeedback about thesurveydesigred by the author

SeveralcompaniegOna Product S.LAaxsus ABMASMedios S.LEtapN.V, Riva GmbH
Braun Lighting GmbHPhilips Lighting B.MELPRO GmbHEndLEDinLight Ltjicontributed
to the research projects that supported this resear€ma Product S.lwas the
manufacturer that cedeveloped (with the author), manufactured and corercialized
the ecolighting product packaging and systethat informed the case studyl.he lighting
manufacturersEtap N.V..Riva GmbHBraun Lighting GmhKDna Product S.land
LEDinLight Ltgarticipated in the disseminatioof the surveyelatedto the Lifespan
study of LEBbased lighting products



Fraunhofer 1ZM E.VELPRO GmbHEcadesign Centre WaleSirris V.Z.\NMand OUTEV.
provided feedback about the design of thervey (questionnairegyeatedby the author
to investigatethe lifespanof LEBbased lighting product€LPRO Gmiptovided
information about how LEDased lighting products are separated and recyelethe
end of life During the design of thecalighting product developed by Ona Prodi&:t .,
Aaxsus AB provided inpabout finalO 2 y & dzf&akhc@s (Swedish market) and
about how to improve the architecture of thecolighting product Aaxsus ABnd
MASMedios S.Lalsogave inputin the design of theconsumer survey within the case
study, which was conducted duririge design process in order tie aware othe
consumer response to the first concepts/prototypes, as well as their preferences

regarding lighting producti®m general

1.2- Why do we needEcalighting products?

People all over the world spendn averagel2 hours pe day without natural light. In
addition, in some areas of the world (i.&lorth of Sweden) people can spend 24 hours
without natural light onspecificdates(e.g.January) Natural light is not always available
when we need it, and in some parof the world, especially duringscific seasons, it is
much reducecven during day timeNeverthelesspeople need light teontinuewith their

daily lives, so the need for artificial light, and lighting products that can provide artificial
light is aprimary need for people. This may explain the high amount of lighting products
sold each year. In 2010, the total market revenue of general lighting worldwide was around
52 billion euros, and by 2020, the world market is projected to reach 88 billimosE
(McKinsey and Company, 2Q1Biowever,all these lighting products, which are needed,
purchased and used by people, alsavea negative impact in the environment. Lighting
products have anenvironmental impact during all theroduct life cycle stages,ni
particular, during its use stagd.ighting accounts for 19% of electricity consumption
worldwide and 50% of electricity consumption of European cities (CELMA, 2011). In
addition to the major inpact caused during the use stadkey also have aenvironmental
impact during extractiorrefinement of materials, manufacturing, distribution and end of
life. Lighting products may also contaoxic substances in its components or finishes, and
these hazardous substances, even in small amounts, represent a high risk for the

environment and human health.



1.3- Environmental impact of lighting products

Lighting products have aanvironmental im@act at eachproduct life cycle stageThis
environmental impact is caused by the consumption of materials and energy (input) and
the production of waste and emissions (output). At each product life cyctgesteveral
processes occurand each of these cpiire input (materials and/or energy) and produce
output (waste, emissions) (Fig. 1.1). In order to redihesenvironmental impacof lighting

products these inputs and outputs hate be reduced or eliminated.

Input: Output:
Materials mp Eirfgdcuge Waste (solid, liquid)
Energy L4 Emissions

Figure 1.1. Causes of environmental impac

The product life cycle comprisegveral stages: Extraction and processing of materials;
manufactuing (of product and packaging); distributiamse and End of Life (EoL). In each
stage, environmental impact is produced due to the use of materials and energy (input)

and the production of waste and emissions (output) (Fig. 1.2).

Product life cycle

Input Input Input Input Input

v v Y Y

Extraction and processing Manufacturing Distribution Use End of Life
of materials

v v v v v

Output Output Output Output Output

Figure 1.2. Product lifeycle stages.

In order to reduce the environnmdal impact oflightingproducts, it has to beliminatedor
reducedthe amountof nonrenewable material and energysed and the production of

emissions and waste at eatighting productlife cycle stage.



1.4- How to reduce the avironmental impact of lighting

products

The environmental impact of lighting products can be reduced or eliminatedugh
different approaches whicltan be included within two general initia@is: Sustainable
production and gstainable consumption. Sustainable congiion approaches can be
difficult G2 AYLI SYSyild &adz00SaafdzZzfte oSOl dm$S
manufacturers (and product developers)ontrol. On the other hand, sustainable
production approachesare easierto implementsuccessfullybecause the manufacturer
(and product developenyisually hagotal control abouthow the lighting product will be
designed, manufacturegackaged, distributeccommercialize@nd, to some extentused

anddisposed.

Within the sustainable productiomitiative there are two approaches to decreasige
environmental impact of lighting products: 1) tessenthe environmental impact of
lighting products wherthese havealreadybeen designed and manufactured, also called
W©nd of pipgXlolutions, 2) tadiminishthe environmental impact of lighting products at the

design stage.

The reduction of environmental impact using the first approach is limited, because it is
difficult to reduce theeffect on the environmenof alightingproduct thathas already been
defined (i.e.there is no possibility to change the structure and materials used in the
product), so the only possiblrategiesto lessenthe impactwhen the product has been
already designe@nd manufactureds to decreas@ptimizethe environmentalimpact of

the industrialprocesses useduring the product life cycle (i.enanufacturing, distributioh

Using the second approach caroducehigher environmental impact reductions, because
it is at the design stage when the complete architecture &edlcle of the lighting product
have to be decided (designed), and these design decisionsbavilleflected in the
environmental impact of the lighting product. Once tightingproduct has been defined,
implementing strategieso reduce the environmentl impact are usually costly and
reduction effects on the environment are minimdt has been stated that 80% of the

LINE R dzO (iemvdronrieatdlimpact is determined at the design stage (Ckarand
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Tischner2001; Mcaloneand Bey, 2009), sspecialattention shouldbe paid at the design
stage of lighting pducts to reduce the mgative impact of lightig products on the

environment.

Thereduction of the environmental impact of lighting product at the design stzgebe
implemented through three maitypes of desigfbasedactivities: 1) Ecalesign and 2) Eeo
redesign.A lighting productservice oisystemcan be eceadesigned from scratch, or eco
redesignedased on aeference lighting produdservice/system Eceredesign only allows
a limited amountof improvements(and hence environmental reductionbecause the
lighting product service orsystemmain structure cannot be modified, but usually requires
less time and cost investment, which makes it a prefegetivitywhen a company wishes

to begin b reduce the environmental impact of iightingproducts services osystems

This researchocuses on the reduction of the environmental impact.&DBbasedlighting

products from a sustainable production perspectilig adopting an ecalesignapproach

1.5- Research motivation

The introduction of Light Emitting Diode (LED) technology in the lighting sector is leading
to a rapid growth of LEDased lighting products. By 2020, it is expected that thetdsed
lighting market share will beralost 70% of the total lighting market (McKinsey & Company
2012). Despite the growing demanaf LEBbased lighting products, there are not
comprehensive studies about how to edesign this type of product Further
understanding about how teco-designLEDBbased lighting productis necessary to reduce

their current and futurempact on the environment.

The ecodesign of LEDbased lightingproducts require knowledge about specific
principles, tools and methods$n the available literaturehtere are several methods and
toolsused by ecalesigners, but thesare focused on generic products (notLEDBbased
lighting products). Moreovermany of theseecommend out of date tools andthethods
and do notshow a comprehensivapproach of how to ecalesign (asess and reducé)e

environmental impact o EBbased lighting products.



1.6- Aim and objectives of the research

The aimof this researchis to increase the understanding abottow to reduce the

environmental impact of LEBased lighting products during the desigrocess
In order to achieve thaim, the researcinas studiedhe followingquestions

1 Whatare thekeyproductrelated featureghat influence the environmental impact

of LEBbased lighting products at each product life cycle stage?

1 Whatdesign recommendationsan contribute to extend théfespanof LEBbased
lighting products?n order to answer this question, tH#espan andcauses of end

of life of LEEbased lighting productsad to be studied.

a. Only the lifesparhas been investigated with primary data collection and
analyss, due to timeimitations, and also becauske lifespanis one of the
productrelated issues thats leastunderstood ast is unknown why LED

based lighting products end their life and what can be done to avoid this

b. Other productrelated issues (i.e.material quantity andtype) and the
strategies to avoid the impact they producelieDBbased lightingoroducts

have been investigated through literature review.

1 What is the most effective andefficient method to assess and compatbke

environmental impact of LEBased lighting produc®

1 Whatare the moseffective ancefficienteco-design tools, techniques amdethods
to reduce the environmental impact of LE@sed lighting products during the
design process, and hothesecan be integratednto an ecodesignapproachto

reducethe environmental impact of LEBased lighting products?



The key beneficiaries of the outcomes of tresearch are

- LEDbasedlighting product developerayho haveto design lighting products with
low environmental impact.
- Policy makersthat needto inform regulations andlirectives in relation with the

eco-design of(LEBbased)lighting products.

1.7 - Terminology

The meaning ofome of the mostisedtermsthat appear in the thesiare explained below:

- Ecodesign, ecaedesign At the designstage, there are several desigelated

activities(eco-desgn, eceredesigr) available to reduce the environmental impact
of products services andystemsEcadesign and ecoedesignboth aim to reduce
the environmental impact oproducts services osystems the key difference is
that ecodesignis appliedto ecodesignthesefrom scratch, whilst ecoedesign is
usually applied t@core-design an existingroduct, service osystemto reduce its

environmental impact

- Ecodesign, Design for thenkironment (DfE)and sustainable design Ecedesign

and Design for the Environment (DfE) are equivalent teboth imply the design
of product, services osystems taking int@ccount ther environmental impact.
Ecoedesign is usually used in Europe dbiE in USA. In this thedizodesign has
been usednstead of DfESustainable design is not an equivalent term, as it takes

into consideratbn the environmental impact, as well #ee social impact.

- Ecolighting product Ecalighting product is used tdefine a lighting product with

low environmental impact. The environmental impact of lighting products can be
reduced with many ecdesign strategies such tee use of less quantity argliality

of materials, eduction of power consumption aneasy disasambly. It shouldbe
highlighted that ecdighting products only consider the environmental impact, the
social impact is not considered. Sustainable lighting products consider the

environmental and the social impact, but these are not the object of thisaes.



ThetermWS-O2 3 K (i A V Has hddlPusedzdiisi@tently during the full thesis to

convey a lighting product with low environmental impact.

- Desgn process¢ KS RSN 3y LINE OS & a Qcludes tBe¥olldwihg G K 7

design stages: concepdesign, embodiment design, detail design and

testinganalysis

- LEDbased lighting productThis terms used to define a lighting product which uses

LED as a light source.

1.8 - Structure of the thesis

Thisthesis is divided iright chapters(Fig. 1.3): 1) Introduction, 2)iterature eview, 3)
Methodology, 4) Case study5) Method to assess and compare LB&ksed lighting
products 6) Lifespan of LEDased lighting products’) Approach teecodesign LEDased

lighting products, 8) Conclusioasd future research.

Chapter lintroducesthe backgound, the aim andthe objectivesof the researchChapter

2 reviews:lighting products, services argystems typeseco-design methodsand tools,
and existing studies aboutthe designand developmentof ecolighting products and
environmental impact assessment of lighting productBhapter 3 explainsthe
methodology utiliedin this research. Chapterdéscribes and examines the case study and
the ecodesign process followehager 5 explains the CAbased method to assess and
compare LEMased lighting producthapter 6explains the study about the lifespan of
LEDbased lighting productsChapter 7 shows the approachéoco-design LEDased ece
lighting products, andr@apter 8summarigsthe contibutionsto knowledge and int out

areas for further research.



CH1: Introduction

>

CH2: Literature Review

|

v v v
Eco-Design Methods Eco-Design tools Studies a.]bOUt Ecolighting product
design and development
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Figure 1.3. Thesis structure




Chapter 2: Literature review

This chapterreviews the lighting products, services argystems types (Section 2,1ihe
existing eco-desgn process modelsmethods and approachesto ecodesign generic
products and lighting produc{Section 2.2andthe existingeco-design tool{Section 2.3)

A summary of the review is providéuthe last section (Section 3.4

2.1 - Types of Lighting mducts, services andystems

Lighting product&an function individually or within a system. In addition, light can also
be produced as a service, that is, the consudmsnot buy or own the lighting product,
instead, they pay the service ¥NJB ydispeyifit Quantity anduality of light for a

period of time.The nextsections(section 2.1.1, 2.2.1.1 and 2.2.1r2yiew the main

types of lignting products based on the kiraf light produced (ie. accent lighting) anthe
light source utilised (i.d.ED. Lighting systems and lighting services are higfly
reviewed(sections 2.1.2, 2.1.2.1, and 2.1.2@)ontextuali® LEEbased lighting

products within the wider field of lighting.

2.1.1- Types of Lighting products

Lighting products can be classifiedsedon different criteria. In thissectionthey have
been categorisethased ontwo typical critegia used in the lighting sectog) type of light

produced anl b) type of light source utikesl.

2.1.1.1- Types of Lighting productsBasel on type of light produced

There are three main typas lighting products based on the type of ligitoduced
Lighting productthat produce:Accentlighting, ambientlighting, and task lightingALA
2016).

- Lighting productdghat provideaccentlighting This type ofightingproductprovides

accent lighting, which igsually $ed to create visual interesto be effective, accent
lighting requires at least three times as much light on the focal point ag¢heral

lighting around it.
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- Lightingproductsthat provideambientlighting This ¥pe of lighting product

provides general lighting which radiates a comfortable level of brightness.

- Lightingproductsthat providetasklighting This f/pe of lightingoroductsprovides

task lightingusually utilied to perform specific tasks such as reading, sewing,
cooking,homework, hobbies, craftsTask lighting should be free of distracting

glare and shadows but bright enough to prevent eyestrain.

All the types menioned abovecan also be further classified lighting products that
provide direct orindirect light. For example, ambiehghting productausually provide

indirect light and accent and tasklting productausuallyprovide direct light.

In generallighting productghat provide task lightingwre more energiefficient than
thosethat provide accent oambient lightingbecause the Light Output Ratio (LOR)
which is defined by the amount of light that exihe lighting productividedby the

amount oflight produced by the light sour¢es higher. For example, ambient lighting
products usually use a lamp shade which bédgble light produced by the lig source,

which means that most dhe light produced is blocked and therefore not used, making
the lighting product less energgfficient.

There is no correlation betweehe type of light providedby lighting products anthe

type of light sourcautilised, which means that anype of light source can be used to
produceany kindof light, although LEDare directional light sources, and hence are more

suitable to produce accerr task lighting.

2.1.1.2- Types of Lighting productsBasel onlight source utilized

Lighting products can also be classifiim$ed on the light source utiéd. The mairdight
sourcedautilisedin lighting productsre:Incandescenthalogen,compactfluorescent
linear fluorescentmetal halide, high pressure sodium, low pressure godiand LED
(Zumtobe] 2013.

The light sourcés one of the componentthat hasmore influence a the environmental
impact and performancef lighting productsbecause they affect the energy consumed
during the use stage, which is the product life cycle stage with the highest inract

followingissuesof the light sourcesaffect the environmental impact of the lighting
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product useful life, luminous eitfacy, resistance to shock, dinafility, directional light,

hazardousubstancegsontent

- Useful life Longer lasting light sourcesuse less environmental impact because
fewer replacements of new light sources are needed during the lighting product
useful life.Table 2.1JSDoE,200%) shows how_EDs have significantly longer
useful life compared witlother light sourcesthat is whyit is the best choice in

order toreduce the environmental impact of the lighting product.

Light source Useful Life(hours)
Incandescent 750-2,000
Halogen 3,0004,000
Compact Fluorescent (CFL) 8,000:10,000
Metal halide 7,50020,000
Linear Rlorescent 20,00030,000
Highpressuresodium 10,000-40,000
Lowpressure sodium 18,00020,000
LED 35,00050,000

Table 2.1Useful life of different types of light sources.

- Luminous efficacyThe luminous efficadg obtained dividig the amount of

lumens producedby the light source by the energy consumed (Im/W), higher
values indicate that the light source produce more light output with less power
consumption. The luminous efficaofthe lighting product is mainly influenced by
the luminous eficacy of the lighsource utili€d. Thus although the efficiency of

the driver andthe optical system also influence tlemergy efficiencyf the

lighting producttheir importance is secondaryhat is why the use of light

sources with the highest fainous efficacy is keim reducingthe power

consumption (energy used) during the use stage of the lighting product. Table 2.2
(US D&, 2013shows how LED=eone of the light sources witthe highest
luminous efficacywith values similar to loyressure sodium light sourceBhe
luminous efficacy of LED&sbeen improving since 2013 in comparison with other

light sources, and the latest luminous efficacy of LEeQF Samsung&eries,
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Samsung, 20)&hows values uf 205 Im/W.Thesevalues are expected to

improvefurther in the future

Light source Luminous efficacy (Im/W)
Incandescent 5-12
Halogen 4-25

Compact Fluorescent (CFL)| 45-80

Metal halide 64-120
Linear Fluorescent 80-105
Highpressure sodium 64-150
Lowpressure sodium 100-200
LED 100-160

Table 2.2Luminous efficacy of different types of light sources

Although low pressure sodium light sources also have high luminous efficacy, these do
not have the flexibility oreducedsize to be inluded in domestic application®n the

other hand, LEDslue totheir small size and eagg-retrofit technology can be used as a
substitute of other less energgfficient light sources such as incandescéaipogen and
compact fluorescentised in domestic applications. Low and high pressure sodium

technologiesare used mainly in street lightingpplications

- Resistance to shocknother feature of light sources that can affect their

environmental impact is their resistance to shock. Offeghting productsstop
working due tdight sourcefailure caused by shockhockcan takeplace during
transport, orwhen thelighting productisused inoperating conditionsvith high
vibration. LEDs are highly resistant to shock, which means theyeas prone to
failure by impactextendingtheir useful lifespanand the ifespan of the lighting
product Less light source failureseanfewer replacements with new light
sources, thus reducinpe environmental impact caused Iongw componentsor a
new lighting product, in casewhereno onecan diagnos¢he failure of the
lighting product.The other light sorcetechnologies, are extremely fragile and

prone to failure by shock.
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Dimmability The possibility to dim the liglttutput of the light sourcealso affects
the environmental impact of the lighting product. Light sourtiest are dimmable
(continuouslyor stepby-step)can reduce their energy consumption, because
when the light source is dimmed less luminous output is preduand therefore
less energgonsumedAdditionally, t canalsoincrease the useful lifespan of the
light source and the lighting product because when thietiigy product is dimmed
the lighting system is not used at full capacity, and wesar out process of
electronic componentss delayedAll the main light sources are dimmable,

although some are esger to dim than othersLEDs are easily dimmable.

Directional light Light sources usually emit light in all directions. This means that

to control the light direction, optical systems.§. reflectors, diffusojshave to be
used. The use of optical sgstisincreaseghe environmental impact of the

product because more components are needed in the lighting product. LEDs are
directional light sources, which usually produce light in one diredti@am) This
means that, in some cases]ditional optical sstemsmay not be neededn the

design of the lighting product.

Hazardous substances contertlthough althe light sources contaihazardous

and scarce substances to some exte&Swme of them contaihigh levels of
harmful substanceskFor examplecompact andinear fluorescent contain high
percentages of mercunga highly hazardous substanaghich can be released if
the light source breaks during the use stage, or when the product is disposed

and/or recycled.

2.1.2- Types of Lightingervices and systems

In addition to the typicatase where the lighting product is purchased and used as an
individual unit for a specific lighting purpose/application, lighting prodaan also be
usedwithin a system (lighting system#)lso, light can be purched as a service. In this
case, the consumeatoesnot purchase and own a lighting product/s, instead, they buy the
service where it is specified the provision of a specific quantity/quality of light for a period

of time.
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2.1.21- Lightingservices

Lightingasa-serviceallows the consumer to buy the service (e.g. light) instead of the
product (e.g. lighting productEllen Macarthur Foundation, 20)L6T hisoption presents
several advantagder the lighting service provider (company), the consumaat the
environment First, he company providinthe lighting servicéave full cotrol of their
lighting products andystems over their lifecycle, because they manufactoraintain
(including upgrade) and rese/recycle the lighting produ@nd system.Thishas benefits

for the company because they caallect and reuse ther products when they fa&nd
provide additional services to customessich as maintenance and upgrading to increase
revenues.

The consumer alseceivesbenefits because if the product fsilits performance
decreases, and/or ne upgrades appear in the marketie company will provide all these
services. From an environmental point of vighere are significanbenefits. Lighting
products andsystems ha® a longer life since they are maintainedpaired and upgaded

if needed resulting in the production of fewer lighting products and consequently a
diminished environmental impachlso, aghey arewell maintained they function more
efficiently. Finally the end of life of the lighting products is under control of the company,
so the companygan collect and reise orre-manufacture thdightingproducts at the end

of life, ensuring its proper reise orrecycling

One of the problems of this option isadhmany consumers want to buy and own the
lightingproduct instead of buying the lighting servidéis option works better in nen

domestic lighting applications (e.g. public buildings, companies).

2.1.22 - Lightingsystems

Lightng products can alseork as part of aystem In that case lighting products are
connectedwith sensorsand a‘®ontrol unitia wireor wireless communicationg he

WO2y i NBulillyldagi 2 ¥S (1 AYR 2F WAYGSttAaISYyOSQ 0 dz
embedded whichcaninterpret the information captured by the sensoos other building
systems (e.g. AC systemijormation/datato trigger some behaviour (e.gindming of

lights) in thelighting unitsp ¢ KS WA Yy (i St {f AcahSafrcampxty G KS ae
depending orthe application.This type of systems are usuatigiled'8mart lightin§

(Philips, 201% andhave become mainstreain many nordomesticlighting applications

(e.g. hospitals, universitiesfhe implementatiorof lightingsystems in domestic
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applicationgsless common because these systems carmdstly and difficult to installn
addition, thedeploymentof these systems makes sense when the running cost savings
outweigh the initial investment of material and installation. From an environmental point
of view, these systemsan sve energy during the use stage, and alsatribute in
extendingthe lifespanof the lighting products by facilitating monitoring and

maintenance.

2.2 - Ecodesignprocessmodels

One of the approaches to reduce the environmental impact causdiivyng productsis
sustainable production, that ighe reduction of the environmental impact of lighting
products during the developmenina manufacturing stages. In addition, ookthe most
effective mannes to reduce the environmental impact of lighting products is during the
designprocess, where 80% of the environmental impact of the product is decided (Charter
and Tischner, 2001). For thiesason, muctattention hasbeen paid to thétopic in the past,

and a substantial amount oknowledge has been produced in relation to: 1) the
consideration of environmental aspects in products (Mcdonough and Braungart, 2002;
Shedroff, 2009; Hinte, 2004; Wimmer et al., 2010; Walker, 2006; Paph®@&; Graedel

and Allenby, 1996; Giudice et al., 2006; Billatoalet1997; Wenzel et al., 1997) the
consideration of the environmental impact of products durihg design process (Fiksel,
2009 Bhamra and Lofthouse, 200Vezzoli and Manzini, 200Bpdrigo and Castells, 2002;
Niemann, 2009; Karna, 2002; Bergendahl, 1995; Tingstrom et al.,; 20@63) about the
development of ecalesign methods through the integration of edesign tools in
traditional design processes (Tischner et al., 2000;eBraad Van Hemel, 1997; Dewulf,
2003; Jansen and Stevels, 1998; Wimmer et al., 2004; ISO, 2002; UNEP and TU Delft, 200
Lewis et al., 2001; Stevels, 2007; Mcaloone and Bey, 2009; Ulrich and Eppinger, 2008
Knight and Jenkins, 2009; Vinodh and Rathod, 2Bl&icheck et al., 2008).

Some of the studies that have been carried out (Hanssen, 1999; Byggeth, Broman and
Robert, 2007; Waage, 2007; Charnley et al., 2011; Maxwell and Van der Vorst, 2003; Garetti
et al., 2012; Maxwell et al., 2006; Ge and Wang, 2@d&$ent general approaches or
frameworks (not stegby-step methods) for companiesxplaininghow to reduce the
environmental impact of a product or service, or how to produnere sustainable
products. Other studies havl®cused on specific stages or pesses (not the complete
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designprocess of the ecedesign process only (Pigosso, C.A. et al., 2010; Gehin et al., 2008;
Vinodh and Jayakrishna, 2011; Kengpol and Boonkanit, 2011; Van der Zwan and Bhamra
2003), and only a few studies (Tischner et al., 200nmer et al., 2010; Dewulf, 2003;
Mcaloone and Bey, 2009; Brezet and Van Hemel, 1997; Nielsen and Wenzel, 2002) provide
a full stepby-step prescriptive design process model to reduce the environmental impact
of generic products, although these methotlave not been updated with the latest

knowledge about ecaesign tools, and focus on generic products only.

The majority of themodels and methods have been developedecodesign generic
products and only a few studies haween focused on providirgco-design guidelines to
developspecific categories of products such as eleattectronic products (Rodrigo and
Castells, 2002; K&in 2002). Howeverhere are nocomprehensive and detailestudies
focused on the design of edighting products, and although there is a study (Salmand
Boks, 2010) related tdesign of ecdighting products, this is focused on how to reduce the
environmental impact of lighting products by changing the umsdraviour onlyso it is not

consideredcomprehensive enough

One ofthe biggest problems of existimgo-design tools and methods utiéd toeco-design
generic poducts is that they are nappliedby product developers and/or implemesx
successfullypy companies. Consequentlgther studies have looked at why these eco
design methods are not implemented (Deutz et al., 2013; Petala et al., 2010; Boks, 2006;
Spangerberg et al., 2010) and how these could be improved to have a better acceptance
by users Tingstrom and Karlsson, 2006; Kaebernick and Sun, 2003; Byggeth and
Hochschorner, 2006; Lofthouse, 2006; Lindahl, 2006; Lindahl, 2005; Le Pochat, Bertoluc
and Froelich, 2007)and an improved integration in product development processes to

ensure a wideimplementation.

This section (Section 2.2: Edesign process models) is divided in two additional sections:
Section 2.2.1 (Eedesign models for generic products), and section 2.2.2 -{smn
models for lighting products). Section 2.2.1 reviews thisteng ecedesign process models
used to ecedesign generic products (nespecific categories of products). Section 2.2.2
reviews the existing eedesign process models used to edesign lighting products

(Specific categories of products).
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2.2.1 - Ecodesign models for generic products

The ecedesign process is similar to the traditional desggncess, he only difference is
that in the ecedesign procesenvironmental considerations are also taken into account
during thedesign processThis meanghat product developers must also be able to assess
the environmental impact of conceptiesign featuresduring the design process, in
addition to other parameters. That is why an additional set of@esign tools (not used in
traditional design processgshat can assess, and héjpide to reduce the environmental

impact of the product have to be included in the ed®sign process.

From a sustainable productioperspective,the most effective manner to reduce the
environmental impact of a product is dag the design stage. Once the product has been
definedit is very difficult and inefficient to reduce the environmental impact of the product
(Lewis et al2001). The difficulty in reducinge environmental impact of a pragtt over
the product life cycles shown inFig.2.1

A

Cumulative ‘lock-in’ of
environmental impact arising
from decisions made along the
product development cycle

Cumulative lock-in of
environmental impact

Environmental improvement strategies

STR:LES‘A(AE:S‘?TUU ECODESIGN CLEANER  CONSUMER MAr\\JAII\éSETAiENT
RESEARCH LIEE-CYCLE SCSESSMENT) BRODLICTION 'EDDCATION) g BB ECVEIING

Concept design Detailed Manufacture  Use Disposalgr
design recovery

Product development cycle

Figure 2.1Conceptual representation of environmental impact over a product life cycle.

There are sveral design process models or methods to design generic (any category)
products with low environmental impacthe more relevant approaches, design models

and methods are described and analysed in this section.

Another key feature of ecdesignprocesses or models that the full life cycle of the

product is considered in the desigmocesg (G KA & Aa OFff SR WfATFS
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Manzini, 2008) and it consssbf considering and designing the full product life cycle (all

the product life cycle stages).

—>| define scope and task I

extent/requirements

1

analyse reference product
and/or problem/need

specified tasks/goals

1

idea generation and selecting ideasl

possible solutions

*

| working out realistic solutions |

detailed designs

no acceptable proposal

{

| final assessment of drafts |

final proposal/prototype

{

realisation/market launch |

product on the market

l " feedback \'

evaluate success of product |

Figure 2.2Tischner ecalesign method.

The ecedesign method developed by Thner (Tischner et al. 20pds comprehensivdt
explains (and prescrilgethe necessary tasks be performedat each stageHig. 2.2 of the

design process to design a product with low environmental impact.

One of the adantages of this method isjirovides an actual stepy-step detailed process
to productdesignersexplainingwhat to do at each design process stage, and which tools

can be sed at each stage

One of the disadvantages of the method is titadloes not give much informatioabout

the embodiment and detail design stages of the design process. The method assumes that
once the concepis selected ths is further detailedRig. 2. WRSGIF Af RS&A3y
specific method or tool, and then assessed. However, in real design procegsspsoduct

can be further ecamproved (with the use of several techniques and tools) during the
embodimen and detail design stages, and itigportant to mention the explanatiomf

what to doand how during this stage imaeco-design process
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Although the methodsuggestsind describea number of ecadesign tools that can be used
at each stage of the design process, it does not incemedesignguidelinesregulations
and directives, which are very useful at the beginning of the design preodabe product
design specifications can be creatdids very important to consider these tools early in the

design process when the concepts are not defined yet.

Another useful feature of this method and the manual that exdatnis that all the
possible existing tools availableeamapped in a diagrantig. 2.3 based on two criteria
related with their usel) mplexity and time requirementand 2) Purpose of the tool.
Thesesupport ecedesign tools selection during the design process in an eagylexible

manner.

One of the problems oéco-design processnethods which integrate ecalesign tools is
that they usually prescribe tools that were usefmidrelevantat the time the method was
developed, and although some dfedm are still useful and validew more effective eco
design toolsand easy to use may (and do indeed) appearderingthe old toolsand
techniquesobsolete and no longer practical. For example, -b@ged softwareools are
becoming easier to use for ndrCAexperts,makingthem more suitable than qualitative
matrixesto assess the environmental impact of products, because matrixebased on
the subjective assessment tie professional who uses them, and La#sed software
tools carry out the assessmeindependently of the judgement, knowledge and skills of

the user.
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Figure 2.4Wimmer and Zist ecdesign method.

The ecedesign method (Wimmer and Zust, 2002) described in the work published by
Wimmer et al(Wimmer et al. 2010), presessimilarities with other ecalesign methods,
because it begins by assessing the environmental impact assesshaamference product
(Fig. 2.4 and 2)51t assumes that the eetbesign process begins with a produeteding to
be ecoeredesignedHowever,this is not always the case, especially when new products or

have to be designed without any reference.
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obtain a deeper understanding of the qualities, performance and features of the product.

Next, theenvironmental impact of the reference product is assessé rEsults of this

assessmentogether with the stakeholder requirements are then used to inform the-ec

design strategies and design activities to be carried out teredesign the poduct. The

next stageFig.2.4¥t N2 R dzO

A YLINE @S YSy i QasignadtiviteS that G S F

comprise concept and embodiment design, followed by the communicatiaf the

environmental credentials of the edmproved product. The stepy-step process is

descrbed in more detail irfFig. 2.5

Step  Leading questions Tasks Section

1 What product is to be Describing the reference product 1.4
redesigned? with environmental parameters.

2 What are the stakeholder Performing Environmental 33
requirements? Quality Function Deployment.

What is expected
from the product?

3 What are the strengths and Environmental Benchmarking 34
weaknesses compared with with the competitor’s
competitor products? products.

4 What are the significant Applying the ECODESIGN 35
environmental aspects of PILOT’s Assistant or performing or
the reference product Life Cycle Assessment and 2.3.3.6
throughout its entire life cycle? interpretation of results.

5 How to combine stakeholder Deriving common ECODESIGN 3.7.1
requirements and significant improvement strategies.
environmental aspects into
improvement strategies?

6 Which ECODESIGN guidelines Applying ECODESIGN PILOT’s 3.7.2
should be implemented in the checklists to determine redesign 393
product? tasks.

7 What are the environmental Starting product improvement. 42
product specifications to start
with?

8 How to modify the functional Adding new functions to and/or 43
structure of the product? modifying functions of the

reference product.

9 How to generate new ideas for Performing creativity session 44
the functions of the product? and/or searching for patents.

10 How to generate and select the Assembling ideas corresponding to 4.5
best product concept each function of the redesigned
variants? product concepts and evaluate

them against criteria.

11 How does the improved Continuing embodiment design and 4.6
product look like? layoul, prototyping and testing.

12 How to communicate the Performing Environmental Product 52

environmental improvements
of the product to the market?

Declaration or self-declared
environmental claims.

Figure 2.5Wimmer and Zist ecdesign method.

One of the key novel features of this edesign method is the applicatioudng thedesign

process of a welbased expert system (Ecodesign Pilot: Wimmer and Zust, 2002) that

supports the process in different ways. This system can assist to: 1) Assess the product

when a LCA is not possible due to limited resources or time contstyand 2) Support the

translation of environmental information into eetdesign strategies, suggesting etdesign
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actions tothe product developerdo reduce the impact of the product based on the
environmental information and stakeholder requirementsthAugh an expert systernas
obvious limitations, meaningt cannot substitute an expert judgment arkthowledge to
decide what to do. Howeveit can support product developers with limited knowledge
about ecadesign to implement specific eatesign straggies to reduce the environmental
impact of the product. The Ecodesign pilot expert system requires input about basic
product features and performancand provide an output based on possible etEsign
strategies (and ecdesign actions) to reduce the irapt of the product. It camlsoassess
(without much detail) the environmental impact the product, providing a generalea

about theproductlife cycle stages witthe highestmpact.

Expert systems inog-design can be of great astance, becausthey can supporproduct
developers with clear and unambiguous guidance about how to reduce the impact of
product without having to rely ortheir own (often) limited knowledge andsubjective
judgementwith matrix-basedtools such a the METMECO or ERPA

How is the product used? By whom? For how long? The central issue here is to

Use context uncover the environmental impacts related to the product’s functionality for the user.

Step 2
We expand our view to the life cycle. How is the product manufactured,

Overview distributed, and disposed of? Which environmental impacts does this lead to?

The environmental impacts shall be split into four categories so they can be
compared. What are the origins of the environmental impacts?

Eco-profile
tep 4

Stakeholder-
network

Draw a network of all stakeholders who have influence on
the product. Plot the connections between these, and identify
environmental impacts.

Step5s
Put figures on the product’s environmental impacts.
Create scenarios for alternative processes, materials Quantification
and life cycles. Consider the likelihood of the scenarios.

Step 6
Try to remove or reduce the environmental impacts by
creating solutions towards product- or life cycle changes.  Conceptualisation
Use the ecodesign principles provided and sketch eco-concepts.

Steps 1-6 are an innovative, environmental-oriented experi-
ment. Extract your experiences from these steps and make a
generalised plan for your company’s environmental strategy:

Step 7

Make an action plan for the environmental efforts for your company,

especially for product development. Ecolstiaeg)’

Figure 2.6 Mcaloone and Bey eeatesign method.

The ecedesign method developed by Mcaloone and Bey (2009), aims to create an eco
strategy that can be implemented in companies to reduce the environmental impact of the
products manufacturedFig. 2.¢. However,the main focus of this ecestrategy is product

development. Like other existirgco-designmethods, it is based on the assumption that
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there is a reference product to egedesign, but it does not take into account a possible

scenario where a ne producthasto be ecadesigned without a reference.

The majority of the steps of the method are focused on studying and assessing the
reference product, so tare is only one stageFig. 2.6 Conceptualization) which
concentrateson desigabased activities, therefore the concept, embodiment and detalil

design stages processes are not explained.

Brezet and Van Heme(1997) developed a manual to help companiestegrate
environmental issues in their procedurend develop, manufaare and commercialize
products with low environmental impact. The manual presents a-bigptep ecedesign
approach(Fig. 2.7to develop eceproducts. However, like many other edesign methods

developed assumes a reference product to begin with.

Themethod shown FFig. 2.7 follows a very particular order which ésnot closelyfollow
standard degn process models stageBorexample, step 1 (organigy aneco-design
project) is not a stage usually included in et@sign methods or design process mizde

Step 2 (selecting a product) is part of the definition of the Product Design Specification
(PDS) of the new concept to be designed, usually this stage is called PDS. In step
(establishing an eecdesign strategy) the results of the product referencesessment
altogether with other type of assessments are used to identify the areas to be eco
improved with ecedesign strategieOne of the advantages of this approach is that it also
considerghe marketingand launching the product, so it is more comipeasive than other
eco-design methods.

Alongwith the approachseveral tools are suggested at eaddsign processtage to aid

the product developer to assess, compare and imprthe design solutions beimgsigned

along the process. Some of tleesoolsare useful othersarendt ¢ 22t a T2 NJ 4
assessment such as MET or MECO, as it has been explained before, do not support :

product developer with no knowledge about environmental issues.
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Step 1 3.1.1 Get management’s commitment

3.1.2 Set up a project team
Organizing an 3.1.3 Draw up plans and prepare a budget
ecodesign project

Step 2

Selecting a
product

Step 3

Establishing
the ecodesign
strategy

Step 4

Generating and
selecting ideas

Step 5

Detailing the
concept

Step 6

Communicating
and launching
the product

Step 7

Establishing
follow-up
activities

Figure 2.7Brezet and Van Hemel ed@sign method.
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The criteriaused inthese toolsto assess and compare products)d how the product
developer judge and assess (providing a value) the product basi@ s criterias totally
subjective andstrongly biased byiser experience and knowledge about envimental

impact assessment.

{2YS (G22ft& dzaSR Ay (KA a-debignlisivizdgy @K St & d2OKSB |
useful to visualie a prodD i Q& OdzNNB Yy (i = ablR ®rvikonNdeRal profil®  NF
However,this tool does not help to assess the environmental impact the product, or to
suggest specific eetbesign strategies to reduce specific eovimental problems The
problem with this tool is that the values the user give to each criterig. Optimizaion of
end-of-life systen) are not based on objective measurent, but insubjective judgement
groundedon the experience and knowledge of the product developer. The problem with
Wijdzk t AGFGABSQ (22t azx A a(frde KfinérpréteidresuRs2so v 2
the results may differ from user to user, confusing rather than helping the product

developer to make design decisions based on an objective assessment.

The manual explains when the L@&thodtool can be used during the design process. It
recommends to use the LCA at the beginning of the process to assess the referenad produ
(if there is one) to establisthe main causes of the environmental impact of the product,
and also at the end of the design process to verify whether the plannesttgs have
been reached. The use of LCA is not recommended dun@gmbodiment stage (mid
process) because it may be too time consumih@ R | & ®Dadsed§oftware tools have
improved drastically since the developmenttbé Brezet and Van Hematanual(1997)
and the databases contained ihCAbased software tools availabletoday, are more
extensiveand with higher qualityhan previousLCAbased software/ersions which means
that to performan LCA today can take less tinand provide more reliableesults As it will

be shown later onsome ofii 2 R | & -Bafeddoftwhretools canalsobe used during the

concept and embodiment design stage to help decision making.
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Step 1: assess environmental impacts
Step 2: research the market

Step 3: run an ideas workshop

Step 4: select design strategies

Step 5: design the product

Figure 2.8Lewis and Gertsakis ectesign approach.

Lewis and Gertsak (Lewis eal., 2001) presena general approach (rather than a stbg-

step method) to design products with low environmental imp#€tg. 2.8 Like the
majority of the existing methodand approaches it assumes that there is a reference
product that needto be assessed and edmproved, but it does not explain how to eco
design a product without a reference. In addition, it does not explain in much detail the
steps to be carried out during the concept, embodiment and detail design stages. It just
mentionsone stige whee ideas are developedfig. 2.& WNXzy 'y ARSI & 642
aim of this stage is to build the briefing or specification of the product, which igrakbin

the next step Fig. 2.8 step 5: design of the product).

LCA
EcoPoints
EPS
MIES Environmental
Ecological footprint accounting
Software-based LCA

(quick and dirty)

Effort

Matrix-based LCA

Eco-indicator 99
(pre-calculated)

Embodied energy

———— R ———

Insight

Figure 2.9Lewis and Gésakis ecedesign approach.

Inthe manual that explains this approachere is alsqFig. 2.9 a diagram where the
tools are classified based on the effort (tiregpertise) it takes to use thernersusthe
insight (quantityquality of results) they prode during the assessment. This is useful in
order to know which type of tool to use depending on the particular situatipplication,

which is conditioned by the expected results, time available, budget and expertise of the

user.
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1. Set DFE
Product Planning Agenda

Y

2. ldentify Potential
Environmental Impacts

Concept Development

Y

3. Select DFE
Guidelines

Y

System-Level Design 4. Apply DFE Guidelines
to Initial Design(s)

Y.

5. Assess

Environmental Impacts i*

l 6. Refine

Detail Design Design
A
Compare to
DFE &;amﬁ
\i
Process Improvement 7. Reflect on DFE

Process and Results

Figure 2.10Ulrich and Eppinger eetlesign method.

Ulrich and Epping€ 2008)eco-design method Kig. 2.10 shows a design process with
stages similar to the ones found in typical design processes, although some stagesiare
RAFTFSNBY G yI YS acyrresponNsioRdzGefinitindfolthé frikfiigiofproduct
RSaA3ady ALISOATFTAOFGAZ2YAaS WO2y OSLM SRSDSRSAIX
SY6O2RAYSyYyUd RSaA3ayYysI YR WLINRPOSaa AYLINROSY

these stages, severglpes of ecedesign activities are performed

Thismethod is general and does not explain the @m@sign activitiesn detail At the
beginning of the process, the firsted® 24 A 3y I OGAGA Qe | B8 Yy RHS A4
assumed to be related with the eatesign specifications of the produduring the
YO2y OSLII RS@GSt2LIVSyld adl3sSqQs GKS LRGSYyGAl
life cycle stages and components) are identified, however tieghod does not explain
how (i.e.which tools have to be used to assess the environmental impduotagdition, at
GKAE a9l IEERIMSHY SE || NB aSt SOGSRQ Ay 2NRS
LINS @A 2dza &aGF 3Sd 5 dzNR y Fagei BeSigriok Ervidoingnt 0E)f S O

guidelines are applied, and during the detail design stage the product is assessed to verify
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if the environmental goals have been achieved, if not, the product is reneldassessed
again until the DE goals are achie®d CAylF ff &> GKS fFad adar3as

on the DE process and results, which is not a stggecal in design processes.

Although some of the ecdesign activitiesexecutedare also used in typal ecedesign
processes, for examplasessment of reference product, selection and application of eco
design strategies, assessmemf the designed product and a new iterative loop with
refinements if theproduct does not achieve the Bfgoals, the order in which these are
included in thedesign process stages does not follow the typical pattern described in other
design processes. Farstance, the application of Bfguidelines (strategies also usually
done at the concept design stage, and the assessment of the product can also beteond

at the concept design stage, but usually the type of assessment and the tools used are
different from the ones used in the detail design stage. Assessment and comparison of
developed solutions with the Bf goals (product specifications) are carriagt at the
concept, embodiment and detail design stages, depending on time and resources of the
product development team. Durg the whole process Bf(Design for the Environmens)
used,which is the American term for Ecodesign, which is usually more cmtynused in

Europe.

ISO TR 14062
(IS0, 2002)

Planning

Conceptual
design

Detailed
design

Testing
&
prototype

Production
&
Market launch

Product
review

Figure 2.11ISO TR 14062 ec®sign method.
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The ISO TR 14062 (ISO, 2002) describes thdesign activities to be carried out at each

stage of the design processgeneral termsKig. 2.1}

This method describes theledgn pracess and prescribeghat design actions texecute
when andwith which tools in a general manner, which leattes model open and flexible
to suit different ecedesign processes depending on the time and resourmgsh(as skills,
available tool¥ of eachproduct development teamCustomisgtionis a keyissue if ece
design models wisto be used and implementeds itis shown in the nexeco-design
design procesmodels fromtwo companies (Motorola andlcatel), which have their own

customied ecedesign process models adjusted to their resources and needs.

ISO TR 14062 Motorola

Conceptual design

Planning - Standards, Guidelines and

Recommended practices
- Customer survey
- Qualitative matrix approaches
- Checklists

Conceptual
design

Detailed design
- Quantitative matrix approaches
- Green Design Advisor (based
on simple indicators and
MCDM)

Detailed
design

Testing Prototype manufacture

&

Prototype - Green Design Advisor (based

on simple indicators and
MCDM)
Production -LCA
&
Market launch

Product
review

Figure 2.12Motorola- eco-design method.

The ecedesign process of Motorola (Mueller and Hoffman, 208%plains whatype of

eco-designtoolshave to beused and wherfFig.2.12). During the early stages of definition
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of the concept, ecalesign guidelines, checklists, regulations, standards and recommended
LIN OGAOS FINBX dzaSR (G2 AYTF2NY GKS &LISOATA
matrixo & SR | LILINE I O Ky@dtdhssess&hd tompa th&diffedent concepts
developed. During the detail design stage when the product is more defined and there is
more information about it, quantitative matrikased approaches are used to assess (more
accurately) and compare d§fNBy i RSaA3Iy 2LIA2yaod ' G (KA
RSAA3IY IROAEAZ2ND (2 AR gAGK &aStSOGAz2y 2-
environmental impact, and also to assess different concepts and solutions. In the last
aldlF3Say WNBGAAYTA Y TR LWLINRRAzOGAZ2Y YR YI |
Aad dzaSR WDNBSyYy RSaAdy FRGAEA2ND YR [/! ®
because a lot ofif not all)information about the product is known at this stage, so it is

possible to do an LCA. Also, at this stage the product is finished ane @ are required

if environmental information (EPS, and dabels) want to be provided to customers.

ISO TR 14062 Alcatel

Explore
- Qualitative customer priority setting
- Qualitative regulatory priority setting
- Analysis of reference product using
scores based on a matrix with checklists
or LCA (only in case of strict requirements)
- Target setting

Planning

Conceptual design

- Guidelines for creating options for
Conceptual improvement
design - QFD (Trade-offs)
- Analysis of product using scores based
on a matrix with checklists

Detailed design
- Guidelines for creating options for
improvement
- QFD (Trade-offs)
- Analysis of product using scores based
on a matrix with checklists

Detailed
design

Testing Implementation
& - Analysis of product using scores based
Prototype on a matrix with checklists

Production Realisation
& - Analysis of product using scores based
Market launch on a matrix with checklists

Verification
- Analysis of product using scores based
on a matrix with checklists

Product
review

Figure 2.13Alcatel- eco-design method.
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The ecedesign process of Alcat@ervoets et al., 2000), shows the type of @=sign tools

that have to be used, and when these should be usedhduhe design proces&ig.2.13.

During the early stages of the process the product initial specifications are informed with:
Wijdzl { Qdzd 1A WSENI LINA2NRGe aSidadAy3aQs Wljdz £ A0
NEFSNBYOS LINRPRdAzOG gAGK [/!'Q O6AF aldNROGE @
explained that the LCA of the reference product should only be conductsttidtly
necessary becauseis a time consuming activity requirirgpecific expertiselnstead of

using LCA, assessment is carried out with mdsased checklists that can provide some
general idea of the environmental impact ofetiproduct in less timeby norLCA experts.

It is mportantto highlight that the use of matrikased checklists is not wrong in itself, the
criticism of current matrixbased tools is due to the type ofiteriaused in the matrixes,

which is difficult to assess by noenvirormentalist/LCA experts.

5dzZNAy 3 GKS O2y OSLIi | yR S
6vC50Q I-yIRAFRIIGNAEEaAYSyidiaQ || NB daAaSR G2 3c

the lowest environmental impact possible.

273 o || a0 5T || 6

start function energy embodiment| | end-of-life | | conclusions

\4 Ry o Sy
e I g

3-e fact sheets

Figure2.14 The EPAss method.

Jansen and Stevé€ll998) Environmental Product Assment (EPAss) methollid. 2.14

is mainly focused on the assessment of a miidAlthough the authors stagthat the aim

of the method is to assess the environmental impact of a product, many steps required
during the method are based on the assessment of the performance and function of the
product, which may not have an indirect effect of the environmentalantpFor example,

in step 2, it is required to define an inpatitput diagram, which is nateededto perform

an LCA or other type of environmental impact assessment.
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The method is divided in two main phases: Assessment (st&)safhd selection of eco
design strategies (step 6). However, all the initial steps (stegsate not necessary and/or
helpful in discoveringhe life cycle stages or components with higher environmental impact
so these can be eenproved with ecedesign strategies (step 6). Attugh it is necessary

to study and assess the product before an environmental impact assessment can be
completed the information needed to do this is very specifiaodis usually relatedwith

the information that will be required to conduct the LGAother specific assessments such

as disassembly, or energy usddhe initial assessment requires the following information:
Life cycle process diagram of the produgetergy and/oother resources consumed during
use, expected lifetime, disassembly of the guot (and packaginidiincluded to obtain Bill

of Materials (BoM), timeeasiness of disassembly, and possible end of life scenarios. All this
information will be used to @amplete a qualitative or quantitative ewvironmental impact
assessmensuch asan LQA. This method therefore, presemsome steps which are not
necessary for the environmental impact assessment of the product. In addition, an
additional step should be included with an environmental impact assessment
(quantitative/qualitative) before step 6. An important feature of the rhed is that the
proposed ecedesign strategies to be implemented in step 6 to reduce the environmental
impact of the product are not only considered based on environmental impact but also
with additional criteria such as consumer benefits, company vahetechnical feasibility

(Fig. 2.1% which may help to prioritesswhen it is not possible to implemettiem alldue

to time, cost, or product arbitecture incompatibility (i.etwo ecodesign strategies are in

conflict).
green |Environm. | consumer benefit | Company value company technical
options | Benefit investments | feasibility
(mPts) price other |Production costs other
1
2
n

Figure 2.15The EPAss methapi¢ 6 f S dza SR Ay WaidSL) cVY

Nielsen and Wenz€ &co-design process modéFig. 2.1 is the result of the EDIP project
(Wenzel, Hauschild and Alting L, 1997) which was aimed to develop a method to assess
the environmental impact gbroducts.The method is based around the usetloé LCA

tool, andit is one of its main advantageSrom the beginning of the process) laCA

model of the reference product is built, and it is used for assessment and comparison
33



until the end of the design proceshd LCA model is input with more less complete

and accurate data depending on the data available at each stage of the design process,
and the infemation provided at each step.rllike the qualitative assessmentethods

such as MET, MECO, and otkignilar tools, this toois objective reliable, and does not
depend onthe sibjective judgement (based axperience) of the product developer.

One of the main drawbacks of this method is the fact that the assessment and
comparison of the product and degi solutionssince is based on LG#&fime consuming
and requires specific knowledge about LCA.

Main steps in product development

Detail
development

Establishment
of production

Goal

Idea [-»{  Analysis definition

+ Concept development

! A = } ! i
i . ( : i '
v Environmental steps of product development ! E
. : [ |
. 5 i | i |
@ Define a reference product and . i ! ! E
determine its life cycle i ! s &3 i '
1 1 |
| ! ' |
¥ = ! i v !
=2 ~ i | { | Fill details into the LCA compu-( 31 ) |
Make an LCA computer model of . ! ! ! p !
the reference product’s life cycle i i i ter model of the selected concept :
1 1 1 |
; = o ; a
@ v : i i 5 Generate environmental profiles @ i
Generate environmental profiles : [ i : ; P |
3 . 1 o
of the reference product i : : of the detailed product !
| 1 H 1
1
Y | i | v |
A : ! | i ’ 4 33 i
1.4 ) Identify the environmental "hot ! ! : Identify environmental "hot & _“ !
spots" in the reference product [~ ! ! spots" at detail level i
1 ] |
1 1 1
G ol Py
2.1 : antif revised detail solutions: \ 3°4 !
Identify revised conceptual | Identify Iulsc.d dL‘Edll solutions \ i
solutions where "hot spots" have | | where "hot spots” have been :
been found : identified :
1 | I
@ | T
22 . : S TN 5
Compare revised conceptual i Compare revised detail 8 i
solutions with the existing i solul.ions witl} existing solutions :
solutions in the reference product | ! in the reference product 1
] T |
1 |
1
T ! — 36 ) !
Select the optimal conceptual : Select the optimal !
solutions ! detail solutions
|
1
257 v ! v 3.7
)

Update the LCA computer model with
optimal detail solutions and generate an
environmental profile of the final product

Update the LCA computer model [+
with optimal conceptual solutions

()

Figure 2.16Nielsen and Wenzel method.
Nevertheless, once thiaitial LCA model of the reference product is built, the changes that

have to be made in theCA to assess different versions (using what if scenarios) takes much

less time than a complete LCA model, and has the advantage that at the end of the process
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a complete LCA model is already built to provide a complete environmental profile of the

produd for ecolabellingor EPDpurposes.

Like otherecodesignmethods, it assumes that there is a reference product that rsded
be ecoeredesigned, however it does not explain how to begin ane@esign process when

a reference product is not considered.

The method does noapply ecedesign tools such aguidelinesand it does not take into
account the limitatios of the LCA todior the completeenvironmental impacassessment
of a product. LCA can provide a quantitative environmental impact assessireeptoduct
based on the assessment of the materials and industrial processes used dulifegytse,
but it cannot evaluateproduct featureslike disassembly, modularity, or light control to

name a few, which can indirectly affect the environmentgbauat of the product.

All the ecadesign methods developed and described in this sectionatdithe product
developer to reduce the emonmental impact of productddowever,some of them lave
areas that can be improveth addition to thissome of them need to be updated with the
last eco-designtools and techniques developedhich in some cases are more efficient/
During the ecedesign of the lighting product in the case study (chaptesdine elements
from these methods have been takemto account and integrated, and others ignored

based on thdrial of the authorof these tools and methods during the case study.

2.2.2 - Ecodesign models for lighting products

There are nspecificeco-design methods to design lighting products to déeimalz and
Boks (2010) conducteal study about how to reduce the environmental impact of lighting
products focused on user behaviour, but this was not adapth study and focused only

on design for sustainable behaviour, that is, how to reduce therenmental impact of
lighting products by modifying user behaviour when using the product through design

features designedscripted)in the product.

The only existing studies about methods to desgalighting products have been carried
out by Casamayor and Su (2010a, 2010b, 2011a, 2011b, 20dBever,these studies
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present early incomplete findings about specific issues related with this area, and do not
presentand evaluatea finalintegrated approah.

It is probable that some companies are usimgnouseeco-design methods and/or tools to
eco-design LED lighting products, but these have not been disclosed to the public outside

the companies, so they are not available to use or review.

This reseait aims to contribute to the body of knowledg# this area with the study,
development and evaluatioaf an integrated approach t@co-designlighting productsin

a real worldindustrial context.

2.3- Directives and regulations

Thereare mandatory diretives and regulationthat need to be considered in theco-

design process of lighting products.

The Energy labelling directive010/30/EU (European @uomission, 2015a¥pecifies the
lamp energy efficiency class the luminaire is compatible with, andettexgy efficiency
class of tle light source used. Th&coedesign directive (2005/125(), (European
Commission, 2005), aimsteduce (at the design stage) the energy consumption and other
negative environmental impacts of product3he Waste Electrical ah Electronic
Equipment recycling WEHBEective (European Commission, 20t&yuires producers and
distributors to finance the collection, treatment and recycling or reusé&lettrical and
Electronic Equipment, with the objective to encourage tbeparate collection and
subsequent treatment, reuse, recovery, recycling and environmentally sound disgfosal
WEEEThe Restriction of Hazardous Substances (RoHS) dlieeEuropean Commission,
2011)restricts the use of six hazardous substances: Lead (Pb)uMédkg), Cadmium (Cd),
Hexavalent chromium (Cr6+), PolyBrominated Biphenyls (PBB) and Poly@szmin
Diphenyl Ether (PBDE), in product§he Energyrelated Products (ErP) Directive
2009/125/EC (European Commission, 2009a) amsmprove energy efficienc and
environmental protection. Thisapplies to products thatuse energy consumpbn
throughout their life cycle.The Packaging and Packaging waste dixect{European
Commission, 1994ffects any type of pragakct that uses any type (primary asécondary)

of packaging. Its main objectives are: Reducekpging material excessyvoid specifi
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hazardous substancemform the consumies about the content of product angiackaging,
reduce the amount of waste dhe end of life ofthe packaging, increaghe re-use and
recycle of packagg waste and inform themanufacturer about their responsibility to
recuperate and recycle its packaging.

ThelECcHnonYunndg adlkyRFENR 2F WOYGBANRYYSyYyll f
St SO0 NR y AIEC 200Papptietidiadl Qe etectrical/electronic products, and
therefore also applies to lighting products. This internatiotahdard provides a set of
requirements for the process of environmentatignscious design reflecting the contents
of IEC Guide 114 and ISOAA62.This International Standard is intended for use by all
those involved in the design amtvelopment of eletrical and electronic product3o
ensure consistencihroughout the electretechnical sectothe use of this standard as a

base reference isncouraged

2.4 - Ecodesign tools

The main difference between eatesign methods and traditional design methods is that
eco-design methods also take into consideration the environmental impact of the product
during the design process. Traditional desigethods and the tools used within them do
not help product developers to assess and reduce thneirenmental impact of products.
Thisis why additional specific tools ¢e-design tools) have to be integrated in traditional

design processes.

There are man types of ecalesign tools, and each of them can be used for different
purposes. These can be classified based on different criteria, and some authors (Bovea anc
PerezBelis, 2012; Dewulf, 2003) have conducted extensive reviews of the different types
of eco-design tools available based on different criteria. In likesature review, eco-design

tools will be classified in simain categories based on their purpose:

- Guidelines and checklists
- Envirommental impact assessment tools.
- Databases
- Tools toimprove the reliability of the product
- Tools to communicate the environmenfalofile of the product
- Tools to selecimaterials,componentsand processes.
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This section (section 2.4: Edesign tools) is divided in fourteen additional ssdxtions:
Section2.4.1 (Ecalesign guidelines and checklists); section 2.4.2 (Environmental impact
assessment tools); section 2.4.2.1 (QualitatiMeénvironmental impact assessment tools);
section 2.4.2.2 (Quantitative Environmental impact assessment tools); section221
(LCA tools); section 2.4.2.2.1.1 (LCA anddasBEd lighting products); section 2.4.2.2.2
(LCAbased software tools); section 2.4.2.2.2.1 (Integration of-b&%ed software tools in

the design process); section 2.4.2.3 (CAD tools with LCA inteyjragedtion 2.4.3
(Databases); section 2.4.4 (Tools to improve the reliability of the product); section 2.4.5
(Tools to communicate the environmental profile of the product) and section 2.4.6 (Tools
to select materials/components).

Section 2.4.Ireviews theecodesign guidelines and cbiists related with ecalesign;
section 2.4.2eviews the tools available to assess the iemvmental impact of products.
This section (2.4 Ris divided in several additional sgbctions which reviewgools that

can assesghe environmental of products qualitativelfsection2.4.21); tools that can
assess the environmental impact of products quantitatiysgction 2.4.2); and CAD tools
with LCA integrated (section 2.432 The section of tools that can assess the eowmental
impact of products quantitatiely (section 2.4.2)isdivided in section 2.4.2.1 (LCA tools)
which reviews theools that are based on the LCA methaahd its relation with LEDasel
lighting products (section 2.2.2.1.1) and section 2.2.2.2 (LCAased software tools)
whichreviews the softwaregools based on the LCA methaghd the integration of these in

the design process (section 24£.2.1). Section 2.3 (Databasesjeviewsthe databases
that contain the dataets and inventory of nmarials andprocesses, which anesually used

in LCA. Section 24)(Tools to improve the reliability of the product) reviews the tools used
to improve the reliability of the product t@xtend its lifespan. Section 254(Tools to
communicate the environnmgal profile of the product) reviews the tools used to inform
the consumembout the environmental @dentials of the product, and sectiond (Tools

to select materialscomponentsand processep reviews the tools available to aid the
product designer @ select thematerials,componens and processewith the lowest

environmental impact.

Section 2.4 (Databases) is reviewed in more detaibhppendix 2.1.
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2.4.1- Eccedesign guidelines and checklists

Ecodesign guidelines and checklists are tools used irdesign processes to provide best
practice generic rules that can be applied at each product life cycle to reduce the
environmental impact of the product. Some of these are generic, and some product
specific. In thigesearch the ones that apply to lighting products have been considered.
Ecodesign guidelinesan be usedvhen there is no reference produet the beginning of

the design process, or when specific emsign features have to be includién the design

brief or Product Design Specifications (PDS).

EcCoORS A A 3y 3IdzA RSt Ay S do clieeklsts $oShepdtrOt yissSdidg $hR Q A
design procesdo check if the ecalesign guidelines stated ithe Product Design

Specifications (PD8je achieved duringhe designprocess.

There are many handbooks and manuals that providedasign guidelines and checklists

to reduce the environmental impact of products. Some of these manuals are from
companies that developed their own guidelines (Nters, 1997; Nordkil, 1998; Siemens,
2004) for internal use and became popular and used outside the company, others are
generic guidelines and checklists that can be found in publications: books and papers
(Brezet and Van Hemel, 1997; Chitale and Gupiadi€e, et al., 2006; Lewis, et al., 2001;
Luttropp and Karlsson, 2001; Shedroff, 2009; Tischner et al., 2000; UNEP and TU Delft
2006; Vezzoli and Manzini, 2008; Yarwood and Eagan, 1998) written by academics anc

experts in the area of eedesign and susinable design.

Below are the criteria from the eco-design guidelines relevano lighting products
(includingits packaging). These have beenateld fromdifferent publications and manuals

availablein the literature

- Use fewercomponents

- Designcomponents with several integrated functians
- Increase product lifespan

- Apply modular design

- The product should be easy to repair

- The product should be easy to upgrade
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Specify remanufacturedand reusedcomponents

The product should be durahle

Easyaccess to components for repair

Avoid manufacturing processes that consumes a lot of energy

Avoid distribution processes that consume adbenergy

Avoid materials that consume a lot of energy to extract and pracess
Improve the energiefficiency ofthe product system

Design and implement systems that facilitate products and components recovery
for re-usére-manufacturing/recycling.

Use the minimum type of different materials

Specify highly recyclable materials

The product should be easy/fast taesdssembly

Avoid the use of (special) tools for disassembly

Avoid nondetachable joints (welded or glued joints)

Avoid the use of labels

Avoid the use of finishes materials

Specify snaffit joints.

Select low environmental impact materials aménufacturing processes
Avoid the use of PVC

Reduce the weight and volume of the product and packaging

Specify standardamponents

Specify reliable components from wétown suppliers

Optimise use of material

Specify Zhaga components

Use smart technology thateduces energy during use (i.eccupancy and light
sensors, timers)

Allow light control (intensity/direction): Use dimmers and directional lights
Use energiefficient light sources

Specify recycled materials with the highesoftecycled material
Reduce the number of joints

Mark mateials for easy identification faecycling

Mark products/materials that can be recycled

Avoid PCB with welded components
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- Integrate functions

- Specify drivers with short and open circuit protien.

- Specify drivers with overload and over voltage protection

- Specify drivers with Safety Extra Low Voltage (SELV)

- Specify fture-proof drivers that providendustry leading output voltage range
enabling seamless support of LED generations.

- Simplifythe manufacturing process, few@rocesses

- Implement long term warranty

- Provide exploded view with components and suppliers of each component to
facilitate repair

- Provide information about how and where to dispose the product

The ecedesign guideling mentioned above can be applied at all design stages of the design
process, although these are usually used at the beginning of the process. These can also b
used as checklists at each stage of the process to chatlemssure the product fulfil the

specfications set in the Product Design Specifications (PDS).
Ecoedesign guidelines can become checklists when used with different format, in this sense,
all the guidelines mentioned above can be used as checklisesteckliststhat are more

relevant for lighting productare explained below

WEEE/RoHS directives checklist (Centre for Sustainable Design, 2015)

This checklistHig. 2.17 has been created to assess if the prodemmplieswith the WEEE
and RoHS directives. It is a checklist based on a 4x4 matrix. laxetiere are questions

or issuesabout four areas: General (is the type of product or end application covered by
the WEEE and RoHS Directives?), RoHS directive, addivédEive. In the X axis there are

four possible answers to the questions/issues raised: Yes, No, N/A, and comments.
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Questions/issues

N/A

Comments

General

1

by the WEEE and RoHS Directives?

Is the product or end application covered

a) Product or end use of components /-sub
assembliesvhich falls under one of the
following applications and not rated
greater than 1000V ac or 1500V dc)

o Large household appliances

o Small household appliances

o IT equipment

o0 Telecommunication

o Consumer equipment

o Lighting equipment

0 Electrical and electronic tools

o Toys, leisure and sports equipment

o Medical devices (except implanted
and infected products)

0 Monitoring and control instruments

0 Automatic dispensers

b) Does the product contain, or
potentially contairthe following
materials (not exempted under the RoH
Annex)

0 Lead (See 4.4 for exemptions)

0 Mercury (See 4.4 for exemptions)

0 Hexavalent chromium (See 4.4 for
exemption)

0 Cadmium (See 4.4 for exemption)

o PCBs

o Polybrominated biphenyls (PBB)

o Polybrominatedliphenyl ether
(PBDE)

o Radioactive substances

0 Asbestos

c) Do plastic parts weigh more than
25grams?

- (require materials coding)

d) If the product can fall into the class of

separately collected, does the product

contain any of the following listed in

Annexl|l of WEEE, which will be

required to be removed from the produc

at endof-life for separate treatment.

0 Fluids

o Polychlorinated biphenyls (PCB)
containing capacitors.

0 Mercury containing components,
such as switches or backlighting
lamps

o Batteries.

o Printedcircuit boards of mobile
phones.

0 Other printed circuit boards greater
than 10 square centimetres.

0 Toner cartridges, liquid and pasty, g
well as colour toner.

0 Plastic containing brominated flame
retardants.

0 Asbestos waste.

0 Cathode ray tubes.

0 Chlorofluorocabons (CFC),
hydrochlorofluorocarbons (HCFC) g
hydrofluorocarbons (HFC),
hydrocarbons (HC).

0 Gas discharge lamps

o Liquid crystal displays (together wit

their casing where appropriate) of a
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surface greater than 100 cm2 and g
those backighted with gas dicharge
lamps.

o0 External electric cables

o Components containing refractory
ceramic fibres as described in
Commission Directive 97/69/EC of
December 1997

o Components containing radioactive
substances.

Figure 2.17WEEE/RoHS directives checklists

TheEconcept ecalesign checklist (Tischner et al., 2000):

Thischecklist Fig. 2.18isbased on a 6x5 matrix. the Y axis there are questionsiesues
grouped in 5 setions (extraction of materials arthoice ofraw materials, production, use
and service, reuse aecycling, and final disposal) of the product life cycle. In the X axis
there are 4 evaluation scores (+-+, 0) and an additional area for remarks/comments.
The scores correspond to: + = good solut +~ = indifferent,- = bad solution and 0 = not
relevant. The aim of this tool is to assess andmpare the environmental impact of the
concepts to aid in the selection of the best concepts, taking into account the whole life

cycle

However,some of he questions (Exampl&ig. 2.18 avoiding emissions: For examplby,
refinement procedures) are still difficult to answer by a product developer with no
expertise in environmental issues when concepts are not defined enough to know all the

informationrequested.
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Extraction of raw materials, choice of raw materials

minimising material input

minimising energy input

minimising land use (raw materials extraction, production)

avoiding input or emission of hazardous substances

avoiding emissions (e.g. by transports)

minimising waste production, recycle materials

preferring regional raw materials

using renewable raw materials produced by sustainable methods
using socially acceptable substances that will pose no health hazards
using recycled materials

Production

minimising material input

minimising energy input

minimising land use

avoiding input or emission of hazardous substances

avoiding emissions (e.g. by refinement procedures)

minimising pre-consumer waste production, recycle materials
preferring regional suppliers along the whole supply chain
minimising packaging

using renewable ancillary materials produced by sustainable methods
using socially acceptable processes that will pose no health hazards
MINIMISING 1aNa USe (Taw Marteriais eXuracuon, proauction)

avoiding input or emission of hazardous substances

avoiding emissions (e.g. by transports)

minimising waste production, recycle materials

preferring regional raw materials

using renewable raw materials produced by sustainable methods
using socially acceptable substances that will pose no health hazards
using recycled materials

Use / service

creating excellent customer benefits
appropriate design for target group
minimising complaints and returns
keeping service available

The following alternative strategies might be discussed

or

design for longevity (strategy 1)

e timeless design

* ‘long life’ guarantee

e robust, reliable wear-resistant design

« design for easy repair and maintenance

« possibilities of combination

e variability, multifunctionality

e possibility of re-use and shared use

* design for update to the best available technology

design for short-lived products (strategy 2)

¢ fashionable design

e design for product take-back

¢ design for recycling

« design for environmentally-friendly disposal, e.g. compostable

understandable design for the user

design for self controllable and optimisable functions
dirt-resistant, easy to clean design

minimising material and energy input during use
avoiding input or emission of hazardous substances

+ 4/

+ /-

+  +/-

Figure 2.18Econcept Ecdesign checklist
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Philips Fast Five checklist (Meinders, 1997):

Thischecklist Fig. 2.19isbased on a 5x2 matrix. In the Y axis there are questions grouped
in 5 categories (energy, recyclability, hazardous wasintent, durabilityreparability
preciousness, and alternative ways to provide service) and in the X axis there aréBposs
answers to the questions @ssues raised: Yes/No. The results can be interpreted as follows:

p wesSaQ YSIFWirYySEOSPESYQ YSIya LINROL 6f ¢
interesting altey’ I GA @S% o0dzi Ol y nieéns reconsing & rRiErence W
O2y OSLIiz M WeSaQ dzLJANI RS GKS NBFSNByOS:z .

This tool is suitable for ee@design oproducts where a reference product eds to be re

designed or to compare new developed products with other reference products.

This toolis useful tocompare different design solutionbut the disadvantage is that, like
other checklists, ask general ggi®nswhich are not easy to answer. Foxample: in
OF4§S32NE nY Al a&aleéa WR2Sa GKS LINRLRAaSR
FFFSOGA2Y S@St KL yHowévkrShis NebnotSeddy yoquantifLINE R
objectively. It would rather be nre useful to ask questions such as: How many years of
warranty?or Does it feature modular design for upgradé@/at is the technical lifespan of

the product or its key components?
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Product/Project Person in charge Date

Categories of questions Yes or No ?
Category 1-Energy

Does the proposed design require less energy than the reference

counterpart?

Consider manufacturing, transportation, product use (both in normal operation as
well as in stand-by mode

Category 2 - Recyclability

Is the proposed product more recyclable than the reference product?

Consider whether the larger components can be easily separated into mono-
material sub-assemblies. Special care should be given to the separation
possibilities of non-compatible metal or plastics. What is the amount of actually
recycled material in the product?

Category 3 — Hazardous waste content

Does the product design contain and/or produce less chemical waste than the
reference alternative?

Consider whether any restricted materials are used, e.g. halogenated flame
retardants, cadmium pigments, or ozone depleting chemicals (ODCS)

Category 4 - Durability, reparability and preciousness

Does the proposed design have better durability, reparability or affection

level than the reference product?

Consider whether the new design will last longer or be easier to upgrade than the
reference. Also consider whether the precious qualities of the new design will
make the owner/user keep the product longer than the reference.

Category 5 - Alternative ways to provide service?

Are there ways to provide the service that produces lower ecological load?
Consider whether there are techniques that require much less energy or material,
but provide the service at the same level of quality

Figure 2.19Philips fast five checklist

Checklist for recyclable joint engineering (Brinkmann et al., 1994):

The aim of this checklistis2 | 4aSaa GKS NBOeOfloAfAle |
parts/componerts connected by jointslt is a checkligbased oman 8x3 matrix Fig. 2.20.

In the Y axis there are gsgons related to joints (i.e.: Are they easy to find, separate,
accesshumber of connections used, diversity of connections used and tools required to
dismantle,need of tools and automationf dismantling process). In the Xisthere are 3

evaluationscores: Ideal, Acceptable an@éd for action.

This checklist can be used to indicate the recyclability of a product during the design
process stages. Although the questions asked are straightforward (interpretation free) and
easy to answer by a product developer with no expnce in environmental issugt is

a0 SR GKIG LINPRdAz2OG& GKIG KFE@S (G2 0S WRAG:
of the products, involve some initial partial manual dismantling, and someineedull
manual dismantling before mechanical dismantling (shreddimg)the cycled project
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(2015), nearly all the lighting products dismantled had to be partially or fully dismantled
manually This means that although automatisassemblys a much bettr solution, it is
also very rare, so manual dismantling cannotcbasideredhe worst case scenarimeed

for action)when it is one the most used and omhethod (in some cases) to recuperate the
materials nowadays This checklist might need to be upeédt with recent data about

recycling centreprocessing techniques order to be applicable today

Responsible:

Date:

Product:

Joint engineering

Assessment and what to do (mark the appropriate box)

Ideal Acceptable Need for Action
Easy to find? Obvious? Covered? Hidden?
_Separability? Separable Separable by Separable by
(ease of without destroying the damaging the

separation?)

destruction?

connecting elements?

component?

Accessibility?

Axially accessible,
in direction of

Axially accessible?

Radially or otherwise
difficult to access?

without tools?

common tool?

dismantling?
‘Number of One/ few Few, due to functional High?
connecting connections? limitations?
elements "
Diversity of Uniform Standardised within Zero or negligable
connections and connection each type of standardisation?
tools elements connection (one type
of screw, one type of
snap fitting)?
Need of tools Separable Separable with a Separable with a

specific tool?

Mechanical
dismantling?

Automatisation of | Automatisation? Dismantling by hand?

dismantling process
Subtotal of marks Ideal

Acceptable Need for action

Figure 2.20Checklist for recyclable joint engineering

2.4.2- Environmental impact assessment tools

Environmental impact assessment tools considerftidife cycle ofproductsand systems
in the assessmenihese tools adopt a holistic life cycle approach that assess praahatts
systemdrom extraction of materials to the End of Life (EoL) stage.i$imecessary in order
to assess the enronmental impact of materials angrocessesnvolved during the whole
product or systemlife cycle. Only thencan impactsbe identified and reduction and/or
elimination of these implemented. Numerous environmenapact assessment tools have
been developed (Wrisberg et al., 2002; Finnveden and Moberg,)20@sder to assess
and identify environmental impacts caused by prodigtstems Some of these tools not
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only allowthe assessment dhe environmental impact but also provide a decisimaking
framework to progressivelyreduce these impacts, this type of tools can be called
WLINE OSRdzNI £ Q (22ft&X YR GKSNB | NB aSgSNI
Strategic Environmental Assessnt (SEA) and Environmental Management Systems
(EMS). Other tools are only focused on environmental impact assessment, such as: Life
Cycle Assessment (LCA) or Material Flow Analysis (MFA) (Hojer et al. \P@@@dural

tools usually focus on the prodaral methods and their relationship with decisiamaking
activities; whereas assessmemnly tools focus on technical aspects of the assessment
(Wrisberg et al., 2002), such as the assessment of the quantity and quality of input
(resources and energy) amaitput (waste and emissions) involved in the whole life cycle

of products and systems. Assessment tools can be used within the framework of a
procedural tool (Finnveden and Moberg, 2005). There are also assessment tools that
include economic aspects suak: Total Cost Assessment or Accounting (TCA)Beostit
Analysis (CBA), Life Cycle Costing (LCC) andQopuit analysis (IOA). The latter is also
used within the framework of the System of Economic and Environmental Accounts (SEEA).
Thisliterature review only considers tools used to assess the environmental impact of
products, because these are the ones that can be used and integrated in design processes

to aid product developers to assess the environmental impact of the pradinety design.

Thissection (2.4.2is divided in several additional ssbctions which reviews: tools that
can assess the environmental of prodsijualitatively (section 2.4.2.,1tools that can
assess the environmental impact of produgtsantitatively (section 2.4.2)2and CAD tools
with LCA integrated (section 2.4.2.3he section of tools that can assess the environmental
impact of productsquantitatively (section 2.4.2)2s divided ito: section 2.4.2.2.1LCA
tools) which reviews the tools that ateased on the LChethod, and theirelation with
LEDbased lighting products (section 2.4211), and section2.4.22.2 (LCAased
software tools) which reviews thmost usedsoftwaretools based on the LCA methoal

assess productsind the integration of these in theedgn process (section 2.4.2.2.2.1

2.4.21 - Qualitative - Environmental impact assessment tools

There are several types of tools that cqumalitativelyassesshe envirormental impact of
products. Thigype of tool is usually used because they provide a gaicland easier

assessmenthan quantitative environmental impact assessment to@sd although they
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do not provide accuratéquantitative) results, they can based during the design process
(especially in the eaylstages) in order to support decistomaking processes. They can be
classified in two broad categorieepending on their formatMatrix-based and polar
based.The main function of these tools is to assess (qualithtjvand compare the

products, to selet the conceptwith the lowest enwvionmental impact

The main problem with these tools, as it will be seen in the next sections, is that in order
to fill-in the matribesand polar diagrams, information has to be inputd evaluated by the
user. This information and evaluation is very subjective and will vary from user to user
depending on their experience and knowledge about environmental assessment and

environmental issues.

The main matribbased tools used to assess the environmental impact of ptsdare:
Materials, Energy, Chemical, Other (MECO) matrix (Pommer et al., 2001) shown in fig.2.21,
Material, Energy, Toxicity (MET) mat(Brezet and Van Hemel, 1997) shown in fig. 2.22,
Environmentally Responsible Product AssessmenPAERGraedel and lléanby, 2003)
shown in fig. 2.23ABC aalysis (Tischner at al., 2000) shown in fig. 224. All these tools

are similar, and provide a matrix with different criterrathe X and Y axtbat is used to
assess thenvironmental impact of the@roduct. MECO, MET and ERPA basically assess the
input/output of each life cycle stage of the product, and the ABC anaygsess the product
based on some criteria. The drawbaekth all these tools is that the information required

to fill-in the matrixes cells dio answer the questions asked is not usually available during
the design processe¢pecially early stages) and the type of information requires specific
expertise about environmental issues in order to be answered. Even in cases where the
product hasalready been designed and manufactured, it is very difficult to obtain the type

of data requested. The data input in these celldl We different depending oruser
experience and knowledge about environmental issues, and hence it cannot be considered
objectiveand reliable when the user is not an expérhe authors of th&&RPA tool already
warn product developershat the resultsof this toolare subjective and that a user not
familiar with environmental issues can experiemmt@llengego use the tool. To swk this
problem, another matrix is provided which shows examptésypes of impacts at each
product life cycle so the user can understand what type of information have to beifilled

The tool, however, is still difficult to use because the type of mettron required is not
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easy (sometimes impossible) to obtain. In addition to this, if the information is available,

the user has to evaluate and assess (score) the environmental impact of that information

based on his knowledge and experience, which caatersubjective results at best, and

totally inaccurateresults in the worst case scenario with users who have no experience

about environmental impact assessment.

Material Manufacture Use Disposal Transport
1. Materials
a) quantity
b) resource
2. Energy
a) primary
b) resource
3. Chemicals
4. Others
Figure 2.21MECO toal
Material cycle Energy use Toxic emissions
Input/ Output Input/ Output OQutput
Production and supply
of materials and
components
(suppliers)
In-house production I i
Distribution
Utilisation Operating
Servicing
End-of-life Recovery
system
Disposal
Figue 2.22 MET toal
Life cycle stage Materials choice Energy use Solid residues Liquid residues Gaseous
residues
Premanufacture 1.1 1:2 1.3 1.4 1.5
Product Manufacture 2.1 2.2 2.3 2.4 25
Product Delivery 3.1 3.2 3.3 3.4 3.5
Product Use 4.1 4.2 4.3 4.4 4.5
Refurbishment, Recycling, Disposal 5 5.2 5.3 5.4 5.5

Figure 2.23ERPA tool
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Criteria

A (problematic)

B (medium)

C (harmless)

1. Complignce with
anvironmental
ragulation

No compliance

There will be stricter
regulation than the present
compliance allows for in the
near future

Compliance is sufficient
also for the near future

2, Soclal
raquiraments

Highly criticised, demands for
banning the substance

Criticised, stricter regulation
is demanded

No criticism known

I, potential environme

ntal impacts (under normal conditions

)

Taxlcity

Hazardous to health: cancerogenicity
teratogenicity , genotoxicity,
declaration as:

. highly toxic,

. toxic or

* less toxic

according to hazardous substances
regulations

Hazardous to health
Allergenic potential

Limit values existing,

like TLV

(occupational threshold limit
value)

According to current
knowledge there are no
health hazards

Alr pollution

Vaporous, gaseous or particulate
substances that destroy atmospheric
ozone, and criteria of A under
‘Toxicity'

Vaporous, gaseous or
particulate substances that
contribute to smog and dust
pollution, and Criterja of B
under 'Toxicity’

According to current
knowledge no
contribution to air
pollution

Watar pollution

Highly toxic/ toxic to water flora and
fauna, according to national
regulation

Less toxic to water flora and
fauna, according to national
regulation

At least B, if there is a note
on the safety sheet, that the
substance must not be
released into ground or
surface waters

In general not toxic to
water flora and fauna,

Figure2.24. ABC analysis taol
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Criteria

A (problematic)

B (medium)

C {(harmless)

4. risk of accidents

High risk of accidents

Ranking A, according to national
regulation on inflammable
substances, or according to
regulation on hazardous substances
with respect to inflamability: high,
medium,

danger of explosion: high or medium,
danger of explosion at ambient
temperatures,

Risk of accidents bearing high danger
to men and environment

Products of combustion toxic
according to A under ‘Toxicity'

Medium risk of accidents,
bearing high danger to men
and environment

No risk of accidents ,
According to current
knowledge no special
danger apart from the
risks otherwise associated
with fires

5. raw materials
extraction

Raw materials extraction is associated
with high environmental impact by
emissions

Raw materials extraction gives rise to
severe disturbance of ecosystems
(e.g.deforestation of rain forest}

It is well known that raw
materials extraction is
associated with
environmental impact by
emissions.

Raw materials extraction
gives rise to disturbance of
ecosystems

Raw materials extraction is
not associated with
environmental impact by
emissions

Sustainable/ renewable
resources are used, taking
care of sustainable
production methods

6. Pre production

It is well known that, during pre-
production substances are used as
raw materials, ancillary materials or
fuels, or substances are emitted
which have a high environmental
impact

It is well known, that during
pre production substances
are used as raw materials,
ancillary materials or fuels, or
substances are emitted
which give rise to
environmental impacts

Pre-production does not
lead to any relevant
environmental impacts

Figure 2.25ABC analysis tool

7. Manufacturing and
Processing

During manufacturing and
processing, substances are used or
emitted, which are ranked as A under
‘toxicity’

During manufacturing and
processing substances are
used or emitted, which are

ranked as B under 'toxicity’

During manufacturing and
processing no substances
are used or emitted, which
give rise to environmental
impacts

8. Use phase

Environmental impacts in terms of
health hazards which are ranked A
under ‘toxicity’

Environmental impacts in
terms of health hazards

which are ranked B under

"toxicity’

According to current
knowledge, there are no
environmental impacts in
terms of health hazards
associated with using the
product

9, End of Life

Waste treatment leads to
environmental impacts

Deposition as municipal

waste

No waste deposition,
instead reuse, recycling or
composting

10. Recyclability

Not recyclable or there is no recycling
facility

Partially recyclable,
Downcycling (mixed plastics
fraction),

extremely energy intensive
recycling procedure,
recycling procedure does not
comply to the state of the art

High recyclability
according to the state of
the art,

recycling maintains
original technical
characteristics (e.g.
vacuum moulded steel),
or compostability

11 Internal
environmental costs
(insurance, costs for
personnel and
investments, fees for
waste water or other
wastes)

High

Medium

Low or none

Figure 2.26ABC analysis tool

The main polabased tools used to assess the environmental impact of products are:

52




Sony Polar diagram (Hopfenbeck and Jasch, 188&yvn in fig. 2.27Spider diagram
Econcept (Tischner et al., 2000) shown in fig. 2R83compass (Tischner et al., 2000)
shown infig. 2.29, andecclids Wheel (Brezet and Van Hemel, 1997) shown in fig. 2.30. The
principles used for the assessmeoittheseare very similar to the ones used in matrix
based toolsThe maindifference is that in polabased tools the criteria is displayed in a
polar diagram, so the results are easier to gis® and compareisually between products

or concepts.

The problemwith these tools(like in the case of matrikased tools)sto provide a score
(judgement)for each criteria based on the assessment of the prodtius is because the
definition of the criteria is such that it is difficult for product designertha design stage

to answer or provide &core based on these criteria. Although the Sony polar diagram
(specially), and Econcept, provide criteria which is easier to answer than the ‘nasex
tools, other polafbased tools such as the spider diagrarn-Eompass tool provide general
criteria that makes comp#son between concepts demanding. Fomeple: it is difficult

for the product designer at the design stage to provide values about: health and
environmental risks, energy intensity, mass intenslige authorbelievesthe root of the
problem is thatthe majority ofthese tools and criteria were defined by environmental
scientists or LCA experts, fenvironmental scientists or LCA experéss well as the
language being challenginthe criteria and prameters used are difficult to understand

andthe data requested challenging tbtain by a product developer.

Hazardous Materials/ Time for_
Total energy use Wastes dismantling
Energyuse ; p_pesm g ceay Material/product
in production © ' T T/ labelling
Reduction of Input of recycled Recycling
material use materials rate

Figure 2.27Sony polar diagram tool
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Resource efficiency (materials and energy)

Fulfilment of

needs Longevity

Avoidance of
harmful
substances

Sustainable use
of renewables

Solution 1 = [
Solution 2 = @
Safety Recvclabili
Result: ecyclability
Solution 2 is
better. N
Cost-efficiency

Figure 2.28Spider diagram Econcefutol.

service extension

re-
valuation

resource P
conservation ®

healthand =
environment

potential risks . i

mass intensity

Figure 2.29Eco compass tool
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@ (8) New Concept
Developement

- Dematerialisation

- Shared use of the product
- Integration of functions

- Functional optimisation of

1. Selection of

low-impact materials

- Cleaner materials

- Renewable materials

- Lower energy content
materials

product (components) - Recycled materials
7 - Recyclable materials
7. Optimisation of
end-of-life-system 2. Reduction of
- Reuse of product material usage
- Remanufacturing/ - Reduction in weight
refurbishing - Reduction in (transport)
- Recycling of materials | 2 volume
- Safer incineration \ |
3. Optimisation of
6. Optimisation of production techniques
initial lifetime - Alternative production
- Reliability and durability | .~ techniques
- Easier maintainance and - Fewer production steps
repair 5 T e - Lower cleaner energy
- Modular product structure U consumtion
- Classic design - Less production waste
- Strong product-user relation 4 - Fewer/ cleaner production
consumables
5. Reduction of
impact during use 4. Optimisation of
- Lower energy consumption distribution system
- Cleaner energy source - Less/ cleaner/ reusable
- Cleaner consumables packaging
- No waste of energy/ - Energy-efficient transport
consumables mode

- Energy-efficient logistics

Figure 2.30EccLids wheel.

2.4.2.2 - Quantitative - Environmental impact assessment tools

There areseveral types of tools that cayuantitativelyassess the environmental impact of
products. These tools are usually bdon the LCA method and normalgquiretime and
specialied knowledge and skills to apply thefmihesecan be classified in two main

categories: LGhAased softwaregools and CAD tools with LCA integrated.

The maindisadvantagewith LCAbased softwaretools is that they aremore time
consumingand requiremore expertise to useéhan qualitative tools such as matipased

or polarbasedtools. However,they provide the most objective, accurate and reliable
assessment results when compared with other type of-design tools. The reason why
thesetools are superior in terms of quality of results is because they are based on-a well

established and sound methotbgy ( CAmethod)and databases.

2.4.22.1-LCA tools

One of the environmental impact assessment tools that can be used to assess
(quantitatively) the environmental impat of products is the LCA teoiethod. Today,
standardisition of LCA methodology has strengtleehits status as perhaps the most

AYLRZNIGEFYG G22f F2NJ FaasSaairy3a || LINR2SOGQa
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LCA, adopts a life cycle approach, and involves the evaluation of all aspects of a product

system through alihe stages of its life cycle.

However,LCAs g never complete and entirelgccurate because there is never access to
the fully required set ofeal data of all the processes and materials involved in a LCA, so all
[/1&a OFy 6S 02yaAiRSNDBR soHadkdds AIN.CAs gridRi@nd2 NJ
make assumptions, but the degree of these uncertainties may change from assessment to
assessmet. Sometimes, the omission or simplification (streamlining) of the assessment is
purposefully made by reducing the scope of the study, or by reducing data needs through
the substitution of surrogates for data that may not be readily available to the picacgr

(Hur et al., 2005). In these cases, assessments are simplified because the praiyroeide

or LCA expert may not need the full results of the assessment, or may not need very
accurate results. For example, when the aim of the assessment is tcacetm different
products that usalifferent distribution means, the congrison will have to be focusedo

in the distributiontransport stage, and there is no need to include the manufacturing, use
or end of life stages in the assessment. On the otherdhauring the early stages of the
design process, the product is ndéfinedenough to have access to all real final data, so
many assumptions are made, even thoughse assessmentamit a lot of data, these are

still useful andcanprovideguidance about the life cycle stages and components with higher

impactduring the design process

LCA can be used for different puges during the design processcan be used when the
product is finished and manufactured to provide an environmeptafile of the product

for ecoredesign(where a reference product is needeat) marketing (ecdabels) purposes

2NJ (2 &adzlJl2 NI LINE Ruaking durr) & degignid deisby RéDying A :

the life cycle stages or components with higher iroipa

A typical LCA consists of the following main stages: 1) Goal and scope definition, 2) Life
Cycle Inventory (LCI) analysis, 3) Life Cycle Impact Assessment (LCIA) and 4) Life Cy

Interpretation (ewis et al., 2001Jensen et al., 1997

The LCA mébd is usually embedded in software applications call€dbasedsoftware

tools. There are different types of LE#asedsoftwaretoolsthat can be used for défrent
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purposes. The majority of thedeve been developed to assegeneric product systems,

but there are also tailored CAbased softwargoolsthat have been custmised for specific
applications,these are usuallyjcompanyspecific adaptations of generic software, or
software packages programmed directly for the needs ofdbimpany These tools sually
contain databases with internal data of teiempany as well as secondary data to account

for background data. Some of these software applications have been simplified to suit non
LCA experts needs, like product developers, and others present nwrplex and
advanced interfaces and features allowing more complex assessment usually required by

LCA experts.

The LCA method is not perfect, arttetresults provided by LCAs canmompletely and
accurately assess a product system objectively, so it is important to understand the
limitations of this powerful tool, and acknowledge that its purpose is only to provide
guidance(more or less accuratdepending on the completeness andaijy of the data

input) about the environmental impact assessment of product systems.

When this tool isusedin design processes, thigpe of LCAassessmenand LCAased
software tool selected shoulde a compromise betweerpracticality and completenas

The compromisavill dependon the purpose of the assessment and the data available. For
important decisions and/or when all the data is available (a finished product) a more
extensive assessment will be gessary and possibleHowever, for less importan
decisions, or in situations where there is littlene, money, or data, more simplified
assessmentsan be usd (Brezet and Vandmhel, 1997) Simplification can be achieved by
omitting life cycle stages or components in the boundaries of the productemsyst

assessment.

2.4.22.1.1- LCAand LEDbasedlighting products
Despite the growing demand of LibBsed lighting produs, not many LCA studies of this

category of productdave been carried out. Within the limited number of existing studies,
some of them assessed and compared-b&Bed lighting products for street and general
lighting applications with nohEDBbased lighting products which used different light
source techologies, such as Compact Fluorescent Light, in order to know which one had

less environmental impact and where (in which life cycle stage) this impact was allocated
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(Principi and Fioretti2014;Hadi et al, 2013;Dale et al. 2011, UNETONI, 2011US D&
2012;Tahkamo and Halone@015). Tahkamo et al. (2013) assessed one singldagdal
lighting product for general lighting applications, and UN&ND (2011)conducted a
comparative LCA of eight LED modtdgstems, using the sanlighting producthousing,
designed for general commercial lighting applications. All these studies differed in purpose,
system boundaries applied, functional units, Life Cycle Impact Assessment (LCIA) method:

used and scenarios assumed.

The existing studies used differehiCIA methods, such as ER¥® Goedkoop and
Spriensma2001), TRACBare et al.2003),ReCiPeGoedkoop et a.2013 and ILCD 2011
(EC 2011). The results were shown using different damage and impact categories. The
scope of these studies usuallgmprised a complete cradle to grave assessment, except a
few studies where some life cycle stages, such as end of UNETGVNL 2011),
distribution (Dale et a).2011;UNET®GVN] 2011) and packaging (UNEV@| 2011)were

excluded.

Scenarios were assed in some of these studieBahkamo et al. (2013ssumed scenarios
oFaASR 2y (62 RATT Sidellyives (86J0@Dr (airdy15,000NBMNE dz0 | 3
different electricity mixes (French and European mixéXjncipi and Fioretti (2024
assumed scenr@s based on two electricity mixes (European and Italian electricity mixes),
and three end of lives (Complete recycling, full disposal in landfill, disposal in incinerator).
Dale et al. (20113ssumed scenarios based on three different electricity mikd&sgverage

mix, regional mix, and 100% wind powetladi et al. (2013assumed two scenarios based

on different electricity mixes (Photo Voltaic panels and solar power plant),Tah#amo

and Halonen (2015 ssumed two scenarios based on two electricitxesi(European mix

and Hydropower in: Norwegian), two different daaurces for LED modelling (USEand
Ecoinvent), and two LED efficiencies (97 Im/W and 200 Im/W) based on the current LED

efficiencies and a future scenario where LEDs will be moreegffici

Three different functional units were adopted in previous studisncipi and Fioretfi
2014;Hadi et al. 2013;Dale et al. 2011;Tahkamo and Haloner2015 Tahkamo et a).
2013):Im (luminous flux), cd/m2 (luminance) and lux (illaamce)produced by the lighting

product Luminous flux measures the perceived power of light, luminance measures the

58



luminous intensity per unit area, and illuminance measures the total luminous flux incident
on a surface per unit area. Selecting the luminoux fas the functional unit allows
measuing the light output (lighting productunction) from the sourceTahkdmo et al.
(2013)selected a functional unit, which is the luminousxfilm) produced by the lighting

productfor a period of time equivalent tostuseful life.

llluminance and luminance were used in some of the studies to define the functional unit
(Principi and Fioretti2014 and UNETE&/N| 2011).However, the consideration of these
light measures are not the most suitable to define the funciilemit, because they do not
describe tle core function of the lighting productvhich is to produce a specific quantity
of light with a specific qudy for a period of time. This defined clearly by the luminous

flux (quantity) and the Color Renderirglex (CRI) and Correlated Color Temperature (CCT)
(quality).

The period of time considered in the functional unit should corresportieauseful life of

the lighting product

To datethere are a few studiethat assess LEBased lighting productand, in some cases,
compare them with on-LED lighting product®utthere are none that assess and comgar
them with other LEEbased lighting productsin addition, researchergTahkamo et al.,
2013 working in this area has suggested the need to confiutter studies about LCA of
LEDbased lighting productsThis thesisGhapter 5: Method to assess and compare-LED
based lighting producjsendeavoursto cover this gap of knowledge by definirmgd
explainng the most suitable method to assess and compiime environmental impacof
LEDbased lighting products, biding an the previous studies mentioned in this section.
This method has been integrated in the approach to-design LEased lighting

products explained in chapter 7.

2.4.22.2- LCAbased sdtware tools

This section will focusn LCAbased softwardools. Thereare many LCAased software
toolsavailable in the market. They differ in their user interface, datab&sebedded, LCIA
methods utili®d, results display optionsusability complexiy of assessment, and

advanced features offered. Some of them present similar specifications but are
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manufactured by different supplier§he most relevant CAbased software tools used to
model the environmental impact of productse the following Simapro (PRé Consultants,
2015) Gabi (Thinkstep, 2015) and Sustainable Mi{®lsstainable Minds, 2015%imapro
and Gabi allowo carry outdetailed modelling and assessment of the environmental impact
of any general product system (product, process aivég) produced in nearly any part of
the world the databases have worldwide coveragandalso allows to conduct complex
end of life scenarios. Sustainable Mindtess advanced tha8imapro and Gatand does
not allow the conduction of multifacetednd detailed assessments with complex end of
life scenarios. Sustainable Mindan importBill of Materials BoM) from CADsoftware

Otherkey featureis the possibility to comparassess differentonceptdesigns easily.

Simapro and Gabi have #p-date databases and Life Cycle Impact Assessment (LCIA)

methods and are available in several languages and versions.

2.4.22.2.1- Integration of LCAbased softwaretools in design processes

The rapid growth of LCased softwardools has resulted in a wideariety of LCAased
software options available for different purposes. For example, some of these have been
designed to be used by neexperts and allow quick (screening) assessments, whilst others
allow more detailed assessments that require more exgeréind time. Furthermore, some

of these tools have been developed to assess spedétegories of products (i.e.
packaging), which makes them very efficient and suitable for users working in a specific

area.

There are mainly two types of Ld@Ased softvaretoolsbased on their purposescreening

and detailed Screeningtools are usually used t@onduct less detailed (Screening)
environmental impact assessments. The results of the assessment using this type of tools
are usually less accurate and detaikbén detailed LCAased softwaregools. The main
LJdzN1J2 &S 2F (G0KSasS G22fta Aa G2 O2yRdzOG | F
life cycle stages and components with higher impact at the early stages of the design
process.They also can based toguide decisiormaking processes of product designers
when deciding which material, industrial process or design solution to select, especially

during the early stages of the design process.

60



Since the assessment using screernimgls takes lessime and requires less expertise,
thesecan also bespeciallysuitable when there are time and/or budgebrstraints which

do not allow theuseof adetailed LCAbased softwardool.

These tools have been designed to simplify the assessment by redbeiragrtount and
accuracy of the data to be input and sseningdata needs through the substitution of
surrogates (generic databases festimated impact of processes antaterialy for data

that may not be readily available to the designer at the desigges(Hur, T. et gl2005.

Detailedtools can carry out detailed and accurate environmental impegessments.
These tools can also reduce the time and complexity of the assessment by rethecing
scope of the assessment boundaries. The interfaceusllydess usefriendly (for norLCA

experts), and therefore more difficult and time consumingutwlerstand and use

These tools are used to carry algtailedlife cycle assessments of the product, when there

are no resources constraintsg. time, budget, expertise, etc.and accurate results are
required These usually allow theseof a large number of databases and environmental
impact assessment methods inglasessment, and to create, import aeaportdatabases

of new materialsand processesSince these tools have been developed for LCA experts,
they usually present advanced analysis options, like sensitivity analysis or the possibility to
create complex end of life scenarios, and results can be shown at a substance level, which

is usually rquired by LCA experts.
In general \8creenin@and Petailedl. CAbased softwardools are used at typical stages

during the design process (Casamayor and Su, 20EibbR.31shows when each type of

tool (Screening: S and Detailed: D) is usually used.
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Figure 2.31Integration of LCAased softwareools in the design process

Fig. 2.31shows how Detailed LChased softwaretools (D) are used at stage 2
(need/problem definition) to assess the environmental impact of the reference product
(when there isa reference product to begin with)his type of tool is used because the
quantity and quality of datarequired for this type of assessmeistavailable at this stage
when the reference product has been manufactured, sold and used already. The
information obtained from this assessment is used to inform the Product Design
Spedications (PDS) of the nemroduct. At stage 3 (Concept design), Screeninghiasad
softwaretools (S) are used. At this stage the product is beginning to be definddaaid
incomg SGS | 2aSaavyYSyida haw ® bedbadadtedito deléct the@&igr: NRA
features of the concept. The assessments at this stage are basedanplete dataand
assumptions, and although not accurate, they provide broad guieelabout the impac

of design decisionandcan identifyWK 2 i &aLl2daQ 2F G(KS 02y OSLJ
4 (embodiment), the product is more defined and there is m@med more accuratejata

to inform the assessment, however there are still areas of the produatiwieed further
refinement. Additionallysome information about the product life cycle still unknown so
screening tools are used. At stage 5 (detail), the product is more defined and there is
enough data to carry out the first comprehensive detailed assess$r(D) with detailed
tools. Due to the lack of datkom the use, distributionand end of life phases, the
assessment can be done only from extraction of materials until the product leave the
manufacturing facilitie§Cradle to gate)Alternatively WONJ R &sessthent@ail R f
be conducted based oassumptionf the distribution, use and end of lifstages since

there is no factual data about these stages yet. At stage 6 (communication), the product is

already defined, manufactured and firghits tested and sold, thus factual daabout all
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stages is availableh@ results of this assessment (with detail tools) can be used to compare
the final total environmental impact of the product developed with the reference product,
in order to know ithe environmental impact has been reduced and in which stage/s. It can
also be used forinternal use of the companyto inform ecolabels, sygiers or

Environmental ProdudDeclarations (EPD)

Thefeaturesof Detailed and ScreeningCAbasedsoftware tools usedbased onspecific

criteria (Input, Output, User ands8essment) arexplainedin table 2.3

Detailed tools Screening tools
Input High amounts of detailed Low amounts of basic
factual data are needed estimated data are needed
Output Accurate/objective detailed| Estimated/subjectivdasic
results communicated with § results communicated in a
wide range of indicators | limited number of indicators
User More knowledge and time i Less Knowledge and tinie
required. Suitable for LCA| required. Suitable for noh CA|
experts. experts
Assessment More impact assessment Less impact assessment
methodologies and methodologies and database
databases available. Not vell available Suitable to create
adAaidlrotsS (2 WgKIFG AF &a0S8
A0Syl NR2aQ d design processes
processes

Table 2.3Advantages andisadvantages of La@#ased softwardools

Thefeaturesof both types of tools shown itable 2.3are described below in more detail:

Input data required for theassessment:

Detailed LCAased softwareools require higher amounts of data, antbre detailedthan
Screening LCGBasedsoftware tools, and sreening tools require less data amdichof this

is based on estimates, non real factual data. Usually screegtools provide databases

with materials, industrial processes, and sometimes parts/components which makes easier

the assessment for nehCA experts.
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Output data required for the assessment:

The output of detailed LGBased softwardools is more detailed and accurate than the
results produced with screening tools, this is so because the amount of data input is higher
and more comprehensive, usually based of factual real (not estimated) dathalso
because the impact assessment tmedologies used are more complex and rigorous.
Detailedtools can show results based on several types of indicators, but usually the results
need interpretation by users with knowledge about LCA and/or environmental impact in

order to be meaningfufor product designers

User:

The interface of detailed L@#ased softwardools isusually more complex, which
reflectsthe fine detail of data that can be input for assessmestwell as the higher
number of advanced functionalitighat can be used teonduct the assessment. Detailed
toolsalso allow highelevel of transparencgboutthe assessmentrocess conductedly
the software, and &n be customied, which is a feature appreciated by LCA experts.
However, for poduct designershis type of toolscan be time-consuming, not flexible,

and too demanding in terms of datpantity andquality required. In addition, many of
the advanced featuresiseful for experts, are usually not used by product designers

because this level of detaf assessment nd required for their needs

Assessment:

The assessment itself depends on the functional features provided by the software to

carry outthe assessment. Detailed L®Ased softwardools allowselection ofa higher

number of impact assessment methodologi@gnd databases to support the assessment.

It also allows displaying the results with a higher numbesrofironmentalindicators.

One of the main differences and advantages of-b@%ed screening softwateols is that

they are suitabldi 2 ONB I QSAPBKF NA2&> ¢KAOK | N&o JSNJ
design processes. For instanpepductdesigners can constantly check what
environmentalimpactthe product would havéf anew material,industrial processr

part wasselected These tools usually alloshanging the parameters of tressessment
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quicklyto see the results and compare them with other optionstgpport decision

making.

2.4.23 - CADtools with LCA integrated

CADtools with LCA integrated are CAD tools that incogperfunctionalities from LCA
based software toolsThe advantages of thcategory of tools arel) Qhce the product has
been modelled in the CAD toobs fypical activity irdesign process) all theproductdata
(i.e.BoM)is available ineattime to beinput inthe LCA assessment, whican bedone
simultaneously and quickl®) The other key advantage is thalhe environmental impact
resulting fromdesign change@.e. change of geometry, or materiatpn be seenn reat
time,a 2 WoKI 0 Kkefessyadd@aSty mdddl2 a |

Since the products modelled in the CAD tool dedined in detaillwhich is necessary to

model them in CAD}he input data for the LCA é®mprehensive

SolidworksSustainabity (Dessault Systemes, 2015) is one of the CAD tools with LCA
integrated availablelt provides LCA functionality in a CAD software application. It can be
O2y aAiRSNBR type otdinlQaMIB ffly theydat&bases and environmental impact
assessment ethodsusedare provided by Gabi (detailed L®Ased softwardool). It can
provide realtime assessment of the products modelled in SolidwoiKse results are
shown based on fouenvironmental indicators: Air acidification, carbon footprint, total

energyconsumed and water eutrophication.

One of the disadvantages of this tool is that product designeedd to model thegproduct

in Solidworks, which means that product designers that use other CAD software cannot use
it. Another disadvantage is that this tool does not allowoanplete detailed LCA, and the
amount of functionalities and assessment possibilities that aresip¢es with LCAased

software based tools such as Simapro or Gabi are not possible.

2.4.3- Databases

Databases are the core tools for te@vironmental impactassessment of products. The

quantity and quality of the data contained in databases will deiee the quality and

accuracy of the results of the assessment. Databases are the key element-b&4&0A

software tools and are embedded in these tools to make the assessment possible.
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Databases contain datasets of Life Cycle Inventory (LCl) of numenaisrials,
manufacturing processes and other industrial processes such as transport, or waste

treatment processes from different countries worldwide.

There are many databases which have been created by professional associations, private
companies and resarch projects. &ne of the most welknown databases, described in

more detail in Appendix 2.1, are listed below

Hazardous Substances Data Bank (HSDB) (U.@&atibrary of Medicine, 2015).
- European Aluminium Association database (Europ&aminium, 2015)

- European Federation of Corrugated Board Manufacturers (FEFCO) (FEFCO, 2015)
- International Iron and Steel Institute (11SI) (1ISI, 2015)

- The Ecolment database (Ecoinvent, 2015).

- CPM LCA Databas&wedish lifecycle centre, 2015).

- EME Bureau Veritas CODDE, 2015).

- Esuservicedatabases (ES&krvices, 2015).

- Eurfer data sets (Eurofer, 2015).

- Global Emission Model for Integrat&ystems (GEMIS) (IINAS, 2015).

- IVAM ICA Database (IVAM UvA BV, 2015).

- Plastics Europe EguofilesdatabasgPlasticsEurope, 2015).

- The Boustead Mdel (Boustead Consulting, 2015).

- US Life Cycle Inventory (USLCI) Datab¥dBE&L, 2015).

Up to date accurate data of the input (energy, and resources) and output (waste and
emissions) of industrial processes used n@anufacture, use, distribute and dispose
products is key to assess the environmental impact of products. One of the problems
product designers have is that the data they need to assess their products is not available
or it may take too much time to retrievThe databases role is to provide LCI datasets easily
to facilitate environmental impact assessmenifowever,the data from the databases,
which has been obtained by industrial associations and research projects, sometimes do
not match exactly the dataeeds of the product designer or LCA expert. In these cases,
similar data (surrogates) from the databases have to be used instead of the exact data

needed. This means that the results of the assessment aréutigtaccurate, but still are
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accurate enouglo provide approximate results that cguide ecedesign processes. That

is why a Life Cycle Assessment (LCA) is eeNieely complete and accurate, because it is
nearly impossible to obtain the complete real input/output data of each industrial process
involved in the product life cycle. Usualtiie daa needed is not fullavailable or it may
take too much time, so the majority of the environmental impact assessments are based
on data obtained from databasgemstead of by the data collection of thetaal processes

and materials involved in each product life cycle

The improvement of the field of environmental impact assessment of products is strongly
influenced by the quantity and quality of the databases available. That is why more
research focusedn the collection of data from more industrial processes from different
geographical areas is needed in order to improve the accuracy and reliability of the
environmental impact results of the products conducted by product designers. Another
area of keymportance is thestudy of theenvironmental Life Cycle Impact Assessment

(LCIA) methods used to assess this data.

2.4.4- Tools to improve the reliability of the product

There are different types of tools thatiamprove the reliabilit{and hence durability and
lifespan)of a lighting product.Standards and certifications can ensure that the lighting
product (and its electricaklectronic componentsyill provide its function for a periodf

time under certain operatingconditions spedied in the standards and certifications.
Softwarebasedsimulationtools allow tothe virtual simulation ohow thelightingproduct

will function under specific operatingonditions during the design stage before physical
prototypesare made. The use dhis type of tools early on can improve the reliability of
the lighting product, as well as save time and money during the design process. Design
changes can be carried out early on informed by simulatresslts instead of later on

when design changeseamore expensive and difficult to implement.

Tessand testing methods aralsousually used to pass standards and obtain certifications.

The type of test and testing methdd be useds specified byach standard
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Standards and certifications:

Standards are established norms or requirements in regard to technical systems. Usually,
these are formal documentgstablishinguniform engineering or technical criteria,
methods, processes and practices. These are usually used as criteria to verifgtprodu

performance requirements when products are tested.

Compulsory and voluntary certifications ensure minimum quality and rétiabi
requirements in products. Foixample: the CE certification is compulsory in produbtt t
are going to be commerciaéd in EU, and products have to pass specific tests in order to
achieve this certification. Some of the testindertakento obtain these certifications
increase the reliabilitysafetyand the lifespan of théighting product, and others require

minimum perfomanceoutputs in terms of energy (e.gnergy Star label).
Appendix 2 shows the standardspplied to the lighting productdeveloped which
comprises standards foLEBbased lighting productand modules, LEBcontrol gear and

LED components.

Softwarebased simulation tools:

These tools are used to simulate the functioning of the lighpngduct under specific
operating conditions in a computer. Basically, these tools can model the behaviour of
lightingproducts in specific conditionty demonstratehow they will behave in rdavorld

or extreme operatingonditions. This type of tool can hakpduce the material used in the
lighting product or increase their reliability. These tools argually complemeted with

physical test®f the lightingproductin the last phase of the desigmocess

- Solidworks; Simulation (Dassault Systemes, 2015a% tool tomodel andsimulate the
functioning of poducts under specific operatingonditions. This tool allows the
functioning product to be simulated undepecific forcespressures, accelerations,

temperatures and contacts between components
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- ANSYS (Ansys, 2015:a tool used to conduct virtual simulations of systems and

products.
- Gabi DfX (ThinkStep, 2015:4d tool used to simulate and analyse thedesf life of
products. It provides functionalities to support Design for Disassembly (DfD), Design for

compliance (DfC) and Design for Recycling (DfR).

Tests and testing methods

Tests are used to confirm thighting product will function properly undercertain
conditions for a pend of time. Tests are like redde smulations, and the ains to ensure
certain level of reliability of théghting product. Lightingneducts that have passed certain
standard tests receive a certification, which commaités the consumer that thighting
product has satisfied certain qualitgquirements. Test€an reduce the risk of future
failure of the producthence increasing its lifespan. Lightinggucts that do not pass the
tests need to be relesigned before maufacturing begins. Some of these tests are required
for basic compulsory certification in some markets (like the CE marking), ancd @tre
voluntary(i.e. high-quality certifications), and are conducteéd increase the quality of the

lighting product Typical tests carried out iecolighting products are

- CE tests: Testssedto assess the reliability and safety of the lighting product and
its components in order tobtain the CE certificatian

- Ingress ProtectionlP) tests: Tests usetb evaluatethe sealing properties of the
lighting product in order tgass the IP certification

- Light sources tests: Testsedto assess thdight sourceperformanceover time
(lifespan).

- Disassembly tests: Testsedto assess the disassembly potential of tighting
product.

- Light tests: Testsisedto analysethe light output (quantity and quality) of the
lighting product.

- Powerconsumption tests: Testgsedto measurethe energy consumption of the
lighting product.

- Thermal tests: Tests useéd analyse the thermdbehaviour of the lighting product.
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2.4.5 - Tools to communicate the environmental profile of the

product

Theseype of tools are usetb communicate the environmental credentials of the lighting
productto the consumer The mostvell-knownare Ecelabels and Environmental Product

Declarations (EPD).
Ecolabels

Products that have been certified with an elael inform the customethat the product
has passed specific environmentiandards. Currently2016 there isno ecclabel for
lighting products, but research (Ecolighting, 2015) is being carried out to develop an eco

label for lighting products.

The®rSNH& { G NI fig-agadtle fob IhtihgZproductanly i the US at the
moment. Inthe EU, this label can be apgdi to other type of energysing products but nto

to lighting products. fiis Ecdabel set specific requirements for lighting products in terms
of energy consumptionlight output quality, and lifespanFor example, it specifies
minimum energyefficiency atios for lighting products, proper light distribution, longer
lifespans, longer warranties and the implementation of enesgying strategies such as

the use and integration alimmersand sensors.

Environmental Product Declaratians

Anotheroption to inform the customersabout the environmental credentials of a lighting
product, and probably the only one at this moment, is through Environmental Product
Declarations (EPD) (EPD International AB, 2015), which is an independently verified

document thatcommunicates the environmental profile of a prodibetsed on LCA results

2.4.6- Tools to selecmaterials, components angirocesses

This group of toolsupport the selection of materials, manufacturing pesses and
components with lovenvironmental impact. The most useful and watiown tools arghe

CESselector(Granta Design, 2015) and tBecIndicator 95/99 Goedkoop and Spriensma
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2001). CES Selectgorovides information about different propertie§.e. mechanical,
thermal) of each material including the environmental impact. It is a suitable tool to
compare and select materialBnd manufacturing processe#t also can perform basic
environmental impact assessment pfoducts, although thesassessmergtare not very
comprehensiveEcalIndicator 95/99provides a list with the environmental impact (based
on scores) of the most common materials and industrial processes, based orcdhe E
indicator 95/99 methodologyEcelindicator 95 provides 100 edndicatas of the most
common materals andprocesses; and Edadicator 99, the later version, provides over
200 ecaindicators.One of the problems of thi®ol is that it is out of date. lhough it was
initially used to guide materials and manufacturing process selebiygoroduct desigers
when there were no better tools to fulfil this need, today this need can be fulfilled with
LCAbased softwareools, or other materials selection tools such as @egctor(Granta
Design, 2015) which have databasamsd assessment methodhat are continuously

updated.

LCAbased softwardools:

LCAbased softwardools such as Simapro (Pre Consultants, 2015b), Gabi (Think8iy),
and Sustainable Mind$Sustainable Minds, 2018ave embeddedhigh-quality up to date
worldwide databasethat can support materiaimanufacturing processes ansdmponents
selection during the design procesAlthough some of these (i.8imapro and Gabi) are
complex and specialised toolieveloped for LCAthey can also be used to support
materialk, manufactuing processes ancomponentsselecton if the product dsignerhas
the knowledge and skills to use them. Thare other LCAbased softwardools which are
easier to usdike Sustaiable Minds, which although liasless quantity and quality of
databases and less impact assessment methodsalsaprovidebasic guidance to support

decisionmaking processes.

LED driver selector dime webbased application (Future Lighting Solutions Inc, 2015):

The driver selectotool helpschoose the optimum driver model for a specific LED model

Once the brand antype of components (LEDs and driver) are seledtesl specific model
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of each type of componenLED and LEdriver)is selected, based otine results of this

tool to optimise the energy efficacy of the LEIED driver system.

Thermal resistance datasheets:

Thermal resistance datasheets from suppliers are used to dwede sink designThe aim
of this tool is to optimisaninimise the use of material in the heat siak much as possible
for a given fundbn. Sometimedheat sinks size and fins are over dimensioned, thus wasting

material, because it is not understood how thermal resistance works in heat sinks.

2.5- Summary ofliterature review

The literature reviewhas coveredhe ecedesignprocess models and methodihe eco
design toolsregulations and directives, arible studies related witldesignof eco-lighting
productsandthe types of lighting productservices andystemsAll themethods and tools
reviewed are used to reduce the environméa impact of generic products, argenerally
adopt a life cycle approacivhich takesnto accountall the life cycle stages of the product
life cycle (manufacturing, digbution, use and end of life)Ecedesign toolswere also
reviewed toanalysethe advantages rad disadvantages of thes®ifferent types of eco
RSaA3Iy (22fta FT2NJI RAFFSNBYy(d LlzZN1I2aSa ¢SNB
4 3JdzARSEAYSas |FyR OKSQridwére dséd tdaifow $heB &
qualitatively(matrix and polaibased tools)and guantitatively (LCAased softwareools)
environmental impact assessment pfoducts. There are twomain types of LGhased
software tools according to the type of assessment restitisy provide: Screening dn
Detailed LCAbasedsoftwaretools. The integration of each type within the design process
has keen reviewed and discussed.hHas been concluded that, in general, detailed LCA
based softwar¢ools are more suitable for the begiing andhe end of the design process
and screening LClased softwaretools are more suitable for the middle stages of the
design processThe integrationof LCA functionalities into CAD todias also been
reviewed and howthis integration makes thapplicationof LCA much easiéor product
designersallowingthe seamlesgombinationof environmental impact assessment in real
time during the design procesBatabases, which are a key aspecthaf LCAtool-method
have also been reviewedlhe correldon of the quantit/quality of the datawith the

guality of the LCA assessment resuitss also been explaine@®ther tools that may
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contribute to reduce (indirectly) the environmental impactligfting products have also
been discussedlools such as standards or certifications can improve the reliahitidy
durability of the lighting product, contributing to extend itéfespan, and softwardased
simulation tools and tests casimulate and physically analyse thghting products.Tods
that contribute to communicate the environmental credentials of the product to the
consumer have also beereviewed and the main tools available are elabels (not
available for lighting products yetje energy star label (not available for lightipgpducts

in EV), and the Environmental Product Declarations (ERDpf theseWf | asiélly Q
require LCA reports of thigghtingproductin orderto be certified.

Through this review the need to studhe eccdesign process of LHiased lighting
products has been identified. This will increase the understanding of it, imform a
descriptive model and apecific approach omethod to ecedesign LEMDased lighting
products. Althouglsome of the features of existing models, methods apgroaches a
design generic products are also applicable to-b&&ed lighting products, the eatesign

of this category of products present particular characteristics that require specific

approaches, which highlight the neéat this research.
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Chapter 3. Methodology

This chapter explains thmethodological approach followed in thisgearch. It begins by
outlining the key elements of this approach (section 3.1): Epistemology, theoretical
perspective, research approach, research methodology, ftimmee and data collection
methods.Next, it describeshe research methodologgnd data collection methodsised

in more detail (sections 3.1d4nd3.1.2.

3.1- Methodological approach

In order to achieve the airand objectivef this researcha conbination of two research
methodologieshave been utilisd: Case study researghection 3.1.1and survey(section
3.1.2) Case study research hdeenusedto describe examine and analyse reatworld
singlecasebased on therocess followed to desigaLEDBbased lighting product with low
environmental impact,undertaken by the author with alighting manufacturer(Ona
Product S.L9ver a peiod of threeyears In addition to the case studg,survey to study
the lifespan of LEDased lighting products and the causestdir end of lifehas also been
utilized, in order to inform design guidelines that coulde applied during ecdesign

processes to extend the useful life of LE&»ed lightingoroducts.
Fig. 3.1showsthe methodological approaciollowed, with its key elements: Epistemology,

theoretical perspective, research approach, research methodology, timeframe and data

collection methods.
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METHODOLOGICAL APPROACH

l

Epistemology

Constructivism

|

Theorethical perspective

Interpretivism

!

Research approach

Inductive
I
- >
Research methodology. 1 Research methodology. 2
Case study Survey
Timeframe Timeframe
Longitudinal Cross-sectional

Data collection methods

Data collection methods

Direct participatory observation Questionnaires

Figure3.1. Methodological approach.

The reseech methodologieselected ¢ase study and survgwere underpinned by
specific epistemologiesndtheoretical perspectivesiews as well as particularesearch

approachesand timeframes determined by thaéata collection methods chosen

Epistemoloqy:

This research has been conductmad underpinned by a constructivist epistemological
perspective. Constructivists hottle view that the manner to understanebout the world
is not independent from the researchdyut that knowledges created (constructédoy
the NB & S | NteracEiondvith the world (Gray, 2009). On the other Haabjectivists
believe thatknowledge and understanding of the world exist independently of
researcheé €dnsciousness. In this sense, for objectivists, the world phenomenbeca

understood ad discovered objectively.
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Theoretical perspective:

This research has adopted an interpretittstoretical perspectiveThe interpretivist
perspectiveholds the view that the social world is fundamentallyfeliént from that of

the natural andphysical world, and that the understanding of this requires a different

logic of research piedure, one that cagrasp the subjective meaning of the social
phenomena (Bryman, 20020 ¢ Kdza X AYUGSNIINBGAGAEZGEA WO2y
the world in different ways in relation to the same world phenomenon (Gray, 2009). On

the other hand, positivists aim tainderstand the world objectively based on empirical

experimental research through hypothesis testing.

Wt 23 A0A GA &Y Q rspedtivelmoré suaBldtBhideks@ndthe nad%al and
physical phenomenthat takes place in the natural amghysical world, whilst
WA vy i S NLIN&allg rigbkesitable fadderstand social phenomena of the social

world.

Crotty (1998) explains theeed for different theoretical perspectiggo understand the

physical andhatural and social worlds as follows:
GhdzNJ Ay G SNBal A gtofodksSon éxactlyihode aspetdlthaRareluSigids
individual and qualitative. Whereas our interestlre natural world focuses on more

6aGN O LKSy2YSyls (KIFIG Aaz GKz2asS SEKAOG.

Research approach:

The interpretivist theoretical perspective usually follows an inductive research approach.
The inductive approacls groundedn the premise that theories are built based on the

data collected from a given phenomenon, so theory is the outcome of the research. The
process of inductioninfo @S a (G KS 20 0 SAIIARY DFEOSINESYW GG |
observation (Bryman, 20)2Positivists, on the other hand, believe that the only way to
understand the world is by adopting a deductive research approach, where hypothesis
are proposed, and then confirmed ogjected through empirical experimental research.

This research has folled an inductiveesearch approach based on tbatacollection
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regarding the case study research

Qurveys can follow an inductive or deductive approach dependingherntype of survey
conducted. Descriptive surveys tend to follow an inductive approach, whilst analytical
surveys tend to follow a deductive approaghray, 2009)Thedescriptivesurvey used in
this researcHollows an inductiveapproachbecause there waso initial research

question or hypothesis that hat be confirmed orrejected with the results of the

survey.

Research methodology:

The research methamogy used in this researchdase study researciindsurvey Case

study research is a suitabieethodology to describE  SEF YAY S | yR SELJX |
on a contemporary realorld event (such as a process) over time. It is aglgquate for

the study of events wheréhere is no control over the (behavioural) parameters of the
event, and the ainiis toNB & S NOK WK2¢6Q ljdzSadAz2ya o, Ay

Althoughcase study researdsespecialyd dzA G F 6t S (G2 aiddzRé WLI NI
0S dza SR {2Y20QzR@I & S WD®RG&erydady prbcgss. At ¥aR bedbasedh |- f
on multiple-casestudies ora singlecase studythe present research case study has been

based on a single case study.

One of the main problems with case study is that it has been claimed that the results

from a single casstudy are difficult to generaless However,Yin (2014) sttes that, as it is

done in science research with experiments, several case studiesXfiegiments) can be
conductedmthed YS (G2LIAO Ay ZORBWNG (BA WRHSYWING® { i EK
case study research argue that the purpose of this researetmodology is not to

generalise to other caseshdy tend to argue that the aim is to generate an intensive
examination of a single case, in relation to which they then engagesoreiical analysis
(Bryman, 201p
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Schramm (1971) defines the case stuelyearch as follows:

G ¢ KsSence of a case study, the central tendency among all types of case study, is that it
tries to illuminate a decision or set of decisions: Why they were taken, how they were

AYLX SYSYGSRZ FTYR gAGK oKIFG NBad#Z G o

A aurveyhas also been used an additionalresearch methodologio find out what was
the lifespan of LEDased lighting products, and what the causes of their end oféee.
This informationcaninform LCAlfespanof LEBbased lighting products), aneco-design
guidelines to extend the lifespan of LIBBsal lighting products.

Data collection methods:

Thedata collection methodised to gather data dung the case study research waisect

participatory doservation

The data collection method used to gather data during the survey research waeelf

completion closeendedquestionnaires

3.1.1- Case study

Case study research methodology was selectedldéscribeand examinea reatworld
singlecasebased on therocess followed to desiga LEEbased lighting product with low

environmental impact

Other similarresearchmethodologiesthat follow the sametheoretical perspective, such

as action research and grounded theory, were not selected fofdhewing reasons:

AlthoughAction researcimay also be selected to explore a process from the point of view
of the practitioner who may be involved using direct participatory observation, the key
feature of this research methodology is thaktlim of the study has to be to improve an
organisation or process for exampl&he aim of this r@earch was not tamprove,
implement and test theorocesdollowed in this case studyput to describe and examine

to understand it betterand be able tomodel it, and based on that descriptive model,
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propose an approach to eadesign LEMased lighting product that could be used by

Product developers in the future

Grounded theorys also arh Y RdzOG A @S | LILINE I OK ¢ KAOK &aSS|
based ordata collection from the fielddowever,it is not advisable when there is nure-
existing theoretical ideas and assumptions about the ¢adpi be explored (Robson and
McCartan, 201l The present research began with no fadsting ideas or topics to be
rSaSI NODKSRX &dAyOS (GKS FTAY gl a G2 WwWerddA OA

contemporary event from the point of view ofpaactitioner (product designer

The case study research udeal the following characteristics

- The case studguestion:How to reduce the environmental impact of L-BBsed
lightingproducts during the design process

- The sudy propositionsare to explore

1. Keyproductrelated featuresthat affect the environmental impaabdf LEDBbased

lighting products

2. Eco-designtools, techniques andnethods used at different stagesluring the
design processto reduce the environmental impact dhe LEDBbased lighting

product.
3. Advantages andisadvantages of each of the tools, techniques amethods used.

4. Method used to assessand compare the environmental impactof LEDbased

lighting products.

- Unit of analysisTheprocesdollowed to desigra LEEbased lighting product of low
environmental impact.

- Type ofevent:The event was based oncantemporary realworld designprocess
followed by gproduct designerwith alighting manufacturer.

- Timeframéduration of event Longitudinal study3 years

- Data collection methodirect participatory bservation
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The data collection method used during the case study was direct patiocy
observation. The researcher(author) played an activeovert role during the study,
observing and participating (active) in the process, as a product designer, without informing
about his research activitigsovert) This allowed him to describexamine and study the
process irdepth, and experience firdtand theadvantages and disadvantages of methods,
tools andtechniques used ding the ecedesign process, as well dse problems of
implementing these imealworld situationswhere lighting mamfacturerswishto design

and develogd_-EDbased lighting products with low environmental impact.

3.1.2- Survey

A survey was selecteals a research methotb study the lifespan of LEBased lighting
products and the causes of their end of life, in order to infdr@A(e.g. lifespan of LED
based lighting products)and design guidelines thatan be applied during ecdesign

processes to extend the usefullibf LEEbased lighting products.

Pescriptiveanalyticalsurveywas the only research method available to obtain the type
of information requiredfor this study because this igthe only research method that could

captureand analyse data from consumeasd manufacturers past anaresent events.

There are severapossibledata collection methodshat can be usedo gatherthe data
needed in the survey Survey datacan be collected with structuredinterviews or
questionnaires. Sructured-interviews carbe conducted by telephone or fage-face, and
guestionnaires can be distributed by post or bymail/website (online). This survey
utilised questionnaires wiah weredistributed via email, to save cost and speed response
time (Robson and McCartan, 20110ne of the disadvantages of thidata collection

method is thatusuallyobtain low response rateRobson and McCartan, 20111

Several typsof questionnaires can be used to collect the data, dependingLdtine type
of questions includede.g.open orcloseended) and 2) if the questionnaire haso be
completed by the prticipant (e.gselfcompletion) or another person (e.the researcher).
This survewsedselfcompletion questionnaes with closeended questions because the
method of distributionchosen only allowedhis use The questions were closended

because are easier to answgwhich is especially important in s&bmpletion
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guestionnaires) and to analyse. It is recommended to avoid the use of egmted
guestions as much as possible inegtionnaires(Robson and McCartan, 201Bryman,

2012.

The survey sed had the following characteristics

- Data collection methadQuestionnairs (2 types: one for consumers LEBbased
lighting products, an@nother for LEBbasedlighting product manufacturers).

- Type ofguestionnaire Selfcompldion questionnairewith closeended questions

- Distribution methodOn-line (via email)

- Sample1,691people 396manufacturers of EBbased lighting produstand 1295
consumerf LEBbased lighting products

- Timeframe/duration of the even€rosssectional study/at a single point in time

- CoverageBelgium, Germany, SpadK

- Type of surveyDescriptive

Questionnaires:

Thesurveyconsisted of the distribution of two types of clesadedselfcompletion
guestionnaires to LEDBasedlighting product manufacturers and LibRasedlighting
product consumeraisers €.g.individual consumers, facilities management, companies
and retailers) The questionnaire for manufacturers contained 15 questions and the

questionnaire for consumers contained 17 questions.

The questionnaire includedugstions about the following maissues:

- When do the LEDasedlighting products fail owhen theyare replaced?

- What were the causes of these failures?

- What were the environmental and operational conditions leading to
failures?

- What happens after the products fail?
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Both, the manufacturer and consumer, questionnaires were translated into three
languages (English, German and Spanish) for plaeticipants basedn four countries
(Belgium Germany, Spain,UK), and were distributed bgeveral manufacturergOna
Product S.L., Etdg.V, BraunLightingGmbH Riva GmbH,ED in lighktd) in each country.
Thequestionnaires were degminatedon-line, to a sample of 691 people 396 LEMased
lighting product manufacturers and295 consumersf LEBbased lighting productsOut
of the 1,691 questionnaires distribute 140 were completed (8Bom consumers an&7
from manufacturery As it was expected, and suggested by other studies, this data

collection method had a very low response rate.

An introductory letter (appendk 5.1) was sent with the questionnaire informing
participantsabout the aim of the studythe benefits foindustry andparticipants,andthe
organistion that funded the studyThe estimated completion time of thquestionnaire
and the confidentiality and anonymity of tHell NJIi A GuAsh@rsyivasiatdo explained in

the letter.
The twotypes of questionnaireffor manufacturers and consumersnd the introduction

letter have been attached iappendixes5.1 (introduction letter), 5.2 (questionnaire for

manufacturers) and 5.3 (questionnaire for consumers).
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Chapter 4 Casestudy

The case studgonsisted ofthe design process completeid eco-design a LEDased
lighting product. This process was conducted and led by the author with the lighting
product manufacturer (Ona Product S.L.). The companysisal (micreSME)lighting
product manufacturebased in Spain that desigrmand producesdlifferent types (e.gtable

lamp, ceiling lampof lighting productsdr different applications (e.glomestic, contract).

The company does not have machinéanhouse they subcontract themanufacturing of
components and parts, which are assembled and packaged in the company. Complex tests
and quality certifiations are also subontracted. Due to the small size of the coamy

they do not have a speciatid team for research and developmesttivities, although the

CEO has a background in product design, and is aware of design tools, and participate ir
the decisionmaking processs of the design of théghting products. On the other hand,
the author (product designerhas been working in ingtry asa product designer for six
years, before beginning to conduct research in sustdpboduct design. In the last seven
years he has beenvolved in research related ®ustainable prodat design and hence is
quite familiar with the tools and méehods available for product designers to design
products with low environmental impact. However, thease studywas the first
opportunity the author hado test in a realworld industrialcontexthow the ecedesign
methods and toolssuggested in theesearchliterature (theory) worked in practiceln
addition, this case studypresented a good opportunity to understand better the
implementation of ecedesign methods and toolswvailableto ecodesign LEDbased
lighting productsin order togaininsigts whichcould informaneco-designapproach that
could be used by future product designers of {#&Sed lighting products.

This chapter describes and examines the-design process followed (case study), &ad
been divided irfour main parts: 1) Identification of units of analysis (section 4.1)case
study of thedesign process of the LEased ighting product (section 4.2)) 8ase study of
the design process of the packaging of the {aBed lighing product (section 4.3), and 4
case studyof theRS&AA Iy LINR OSaa dEroundise LEMasged ligivgQ
product (section 4.4).

O«
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4.1 - Identification of units of analysis

Thisresearchhas lookedat the followingspecific areas of the case study for analysis: The
eco-design process stages (Product Design Specifications definition, concept design,
embodiment design, dethdesign and testing/analysighie LEEbased lighting product life
cycle stagegmanufacturing use, distribution, end of life)the ecodesigntools and
methods used during thedesign process;and the productrelated key issues (e.g.
durability, disasembly, energy consumptigrthat influence the environmental impact of
LEDbased lightingoroducts.

The rationale of this approach was to identiffiichproductrelatedissues influenced each
product life cycle, whichiools and methodshad to be used in each stage of the design
process to reduce the environmental impact producedhmse issuesand the advantages
and disadvantags of each tool or methqdin order to modelthe ecedesign process
followed and to develop an effectivefficient eco-design approach informed by the

insightsfrom arealworld industrial case study.

4.2 - Case studyL.EDbased lighting product

The case study of the LEased lighting product has been divided in five sections, which
correspond to the five stages of the design process: Product Design Specifications (section
4.2.1), concept design (section 4.2.8jnbodiment design (section 4.2.3)etail design

(section 4.2.4) antesting and certificatiorfsection 4.2.5).

4.2.1- Product Design Specifications (PDS)

The first step of thelesign procesis to define theProduct Design Specifications (PO8)s
section describethe process followed to define the PLfd the insights gained based on
the units of analysis previously identified (section 4.1).

The PDS will guidenddelimitate (i.e.constrain)the boundares of the creative output (i.e.

soluions) created byhe product designer.
The compangpecifiedthe followingPDSof the lighting product

- Modularstructure, so itcanbe customisd according to customer needs

- Aimed at contract andomestic markets
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- Indoorsuse, including toiletsliP44).

- Easy Light ControProvide the exact amountf light where neededfo avad
wasting light (and energy).

- Aesthetically coherent/neutral

- Use energyefficient light sourcege.g.LED).

- For different ighting applicationstable lamp/ceiling lamginitially).

- Allow the possibility to incorporatelifferent types of drivers (e.g. for different
markets).

- Produce different typsof light(i.e.: accent, ambient

- Have low environmental impact.

hyS 2F (KS &LJS O haweldlenviiognedt t 2 A YohdApEéds@Bgmber W
of further specifications, but since the company was not familiar with the specifications
required to design a lighting product with lemvironmentaimpact, they could not specify
which requirementavere necessaryo achiee this.The product designer (authohad to
provide eco-design specifications dm several sources: regulations addectives that
affect lighting productgsection 4.2.1.1)and ecedesign guidelinegsection 4.2.1.2 The
eco-design guidelines also included the edesign guidelines to extend the lifespan of the

lighting product obtained in chapter 6 (Lifespan of {tBed lighting products).

4.2.11 - Directives and regulations

Regulations an®irectivesrelated withthe environment thataffect lighting productsvere
reviewed and ecalesign recommendatiaextracted from these to inform the PDEhese
need to be complied to, not onlgeduce the environmental impact of the lighting product,

but also to avoid finesThemost relevantare the following:

Energyrelated Products (ErP) Directive 2009/125/EC (European Commission, 2009)

This directive, among other pointbansthe commercialiation of inefficient light sources.
Thegeneraldesign recommendaticsthat can be ettacted out of this directive arthe use

of energyefficient light sources, and to avottle use of inefficient light sources such as

incandescent light sources.
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Waste Electrical and Electronic Equipment recycling (WEEE) directive (Buropea

Commission, 2012):

This directiveobligesmanufacturers otlectricalelectronicproductsto recoverand reuse

or recycle theseat the end of life The general design recommendatofor product
designerghat can be extracted from this directivare the use of recyled and recyclable
materials;design the lighting product so it is easydisassembldor repair and recycling,
and mark (identification codes)}components and materials for easy identification (for
recycling) at the end of lifélhe desig of systems around théghting productto facilitate

its re-use and recycling can also help to comply with this directive

Restriction of Hazardous Substances (RoHS) directive (European Commissjon, 2011

This directive is concerned withé avoidancen products of specifibarmful substances
such as: lead, mercury, cadmium, hexavalent chromium and bromiriked-retardants
(PBB and PBDEhe general design recommendations are to avoid these substances

lighting products, or to use thetmelow theminimumthresholds agreed by the directive.

4.2.1.2- Ecodesign guidelines

Ecoadesign guidelines can be used at the PDS stage of the design process to provide genere
guidelinesabout features that have to be considered in the next stage (concept design) of
the design procesd here are many available edesign guidelines in the literaturenost

of them are generic (i.enot for lighting products in particular), but many cancalse

applied to lighting products, since alitegories oproducts share many features.

Theecodesign specificationased in this case study have been informsdecaedesign
guidelinesfrom the literature (Chitale and Gupta, 2007; EcCoOSMEs, 2010; Mokl@nd

Bey, N., 2009; Jedlicka, W., 2009; Jedlicka, W., 2010; Meinders, H.P., 1997; Nordkil, T., 199
Shedroff, N., 2009; Siemens, 2004, Tischner et al., 2000; UNEP and TU Delft, 2006; Vezz
and Manzini, 2008; Yarwood and Eagan, 1998).

The main ecaledgn guidelinesconsidered classified byheir application peproduct life

cycle stage are the following:
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Manufacturingstage(this also includes materials extraction and processing)

- U= as small amount of materiak possible.
- Userecycled andecyclable materials.
- Use one offew types of materials in the same product.
- Avoid the use of banned toxic materials (As indicateRaidS).
- Selectlocalmaterials.
- Use materials which have &dblished recyclingietworks
- Use materals which are fit fopurpose.
- When choosing recycled materials selpostconsumer recycledhaterials
- Avoid the use of adhegesor glues
- Use light materiald@w density).
- If using more than one material, they shdule compatible for recycling.
- Use materials that are dulde.
- (Choose materials that achieve abstical properties over timgage gracefully)
- (hoose materials that do not require energytensive processes to be shaped.
- Avoid composits andother thermostable plastics
- Avoidusing scarce ankimited materials.
- Avoid use energyntensive extraction andefinement materials.
- Avad energyintensivemanufacturingprocesses.
- Choosemanufacturingprocesses that:
1 Do not waste material.
1 Recycle the materialvasted (preconsumer waste)
1 Do not create harming emissions
1 Do not produce liquid and solid waste
1 Use water and energy efficiently (if allJaand use renewable energies.
- Design compoents that are multifunctional.
- Fecfiy remanufactured components.
- Design components with minimum volume.
- Ecodesign guidelines to ¢end the lifespan of the LEBased lighting product
(Please see section 6.5: Design asd recommendations to extend the lifespan of

LEDbased lighting products).

87



Manufacturing related with Packaging

- Avoid theuse of packaging if possible.

- Designpackaging wth minimum weight and volume.

- Design pakaging to be reused orrecycled.

- Avoidthe use ofsolvert-based inkgo convey information

- Use theamount ofpackagingheededfor protection only (not over package).

- Qiteria from previous stagealreag mentioned also appligere, as packaging is a

product in itself.

Distribution (storage, sale and installation) stage:

- Choose eftient transport meansg(.g.ship).
- Avoid Air freight
- Design efficiendistribution/logistic systems.

- Use transportwhich avoids damageof goods

Use and maintenance stage:

- Design modular products so parts andmporents can be umlated andrepaired

- Design easy to dismantle productsfercilitate upgrade andepair of parts

- Providesparepartsan®2 YLI2y Sy Ga a ¢Sttt Fa | fAad
and thesupplier§Xeferences.

- Provide customer service.

- Design product which are dirtresistant, easy to cleannd require little
maintenance

- Indicate on the product how it should lmpened forcleaning or repair

- Use lightand motion sensors or timers and dimmers to reduce the amount of
energy used.

- Use energyefficient light sources

- Use energyefficient drivers

- Use standardomponents

- Locate components that mighwear outeasilyin accessible areas
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- Designlighting products with devices that allow theontrol of the quantity and
quality of light inorder to use the exact quantity angquality needed for each
purpose

- Yecify bestin-classenergy efficientomponents

- Allow users toswitchoff lighting modules individually.

- Himinateunnecessary product features

- Identify and eliminate possible weak points of the guat.

- Design productdor safe andselfexplanatory use

- Ecodesign guidelines to extend the lifespan d¢fet LEEbased lighting product
(Please see section 6.5: Design asd recommendations to extend the lifespan of

LEDbased lighting products).

End of Life stage:

- Useas few fasteners as possible.

- Use the same type of fasteners.

- Use fasteners which doot require tods, or require standard tools.

- Avoid welding joints;only jon permanently materials thatre compatible for
recycling

- Design products so different parts (materials) d@nseparated easily and-esed,
remanufactured orecyckd dependingpn the component.

- Reduce disassembly steps.

- Avoid the use of coatg on materials surfaces.

- Avoid the use of labels, use d&rmss to mark components.

- Use one single material forldhe componentsf possible

- Minimise the number and length of wires

- Useone disassembly diction to avoid reorientation

- Design for multiple dtachments with one operatian

- Facilitate reuse andecycling by using standabdes for identification (marking
of materials andcomponents

- Design the product so it does not needlte dismantled to be recycled

- Minimize the use of energytensiveprocesgsin disassembly

- The cost of disassembly has to be less thandbst of the material recycled
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- Make sure that joining points are easily accessible and there is enough space to
allow disassembly with tools

- Include symbols or pictograms to inforabout the disassembly process

- Use detachable joints such as sHip screw or bayonet joints instead of welded,
glued or soldered connections

- Selecfoining systems that can be dismé#ed after long periods of use

- Try to concentrate in one area all egonents that can be recycled

- Avoid use of joints that require energlependent tools for disassembly.

- Ecodesign guidelines to extend the lifespan of the ##&Bed lighting product
(Please see section 6.5: Design asd recommendations to extend the lifespan of

LEDbased lighting products).

4.2.13 - Analysis and smmary of nsights

This section(section 4.2.1) examindke tools and methodsised during the PDSage of
the designprocessn the case studyThissectionhas not considered theco-design
guidelines fronregulations andlirectivesrelated withpackaging, only the oneslated
with lighting producs. The design process of the packagingrisfly described and
examinedn section 4.3 (Case study: Packaging ofth&ded lighting product).

Tools andVethods used:

At the PDS stagéewas utilid two types of ecalesign guidelines: Generic Edesign
guidelines, and Eedesign guidelines frorthree directives andegulaions(RoHS, WEEE,
ErP)

How thetools and methodsvere used:

Both types okco-design guidelines (section 4.2.1.2) were used at the beginning of the
design process to infortihe PDSGeneric ecalesign guidelines were used émsure the
future lighting producincluded a numberof design features (e.gise of recycled
material, easy disassembly, etthat could reduce its environmental impadEcedesign
guidelines derived from directives amdgulations were used to make suthe future

lighting product embodied a number of design features that could contribute to comply
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with ROHSWEEE and ErP directives aedulations which were applicabl& lighting
products.All these ecedesign guidelines were included as a listledign
recommendationselated with different areage.g.materials selection, manufacturing

processes selection, maintenance, use, atcthe PDS

Insights

Ecodesign guidelines are very easy dadt to apply at this stage of the desigrocess,
andthey can covedifferent area such as disassembly amaterial selectionThe

application of these desnot require previouexpertise about environmental issues.
Howeve, these can be too generiand only provide general guidanceEcoedesign
guidelines an provide WISy SN} t Q NBO2YYSYRIGA2Y & | 02 dz
should be, but they cannot assesi#ferent design decisions (i.eolutions, concepts)n

the casewhere the lighting product have to be H#esigned, in addition to eedesgn
guicelines, aLCAbased software tool to assedbe reference lighting product or the
lighting product to be redesigned was also utilisedThe results of the environmental
impact assessmertan be used to inform wherthe future ecodesignstrategies should
focusin future stages (i.e. concept desipwf the desgn process. In this case studn
environmental impact assessment of the reference lighting product measconducted
because there was no referendigihting product to rededgn, the aim of the casstudy

was to ecedesign a new lighting producthe incorporation of environmental criteria in

the PDS is very important because it is at this stage when decisions will have the highest
impact and it will be less difficult to implemer@ne of the problera found with the use of
eco-design guidelines at this stage is that the specifications or recommendations provided
are too general and are not quantifiable. For example, it is recommended to use recycled
materials butthe amount was not specifiedt wouldhave been more effective to specify

the total amount of recycled content of the lighting pract (e.g.the lighting product
should contain 90% of recycled material and 100% should be recyclaidggfore all the
eco-design guidelines should be providedth quantifiable targets (if possible) at the PDS

stage.
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4.2.2- Concept design

After defining the PDS (section 4.2.1), thinstep of the design process whsbegin to
define the first concepts of the lighting produ@tis section describéle process followed
during the concept design stage of the design procassl the insights gained based on

the units of analysis previously identified (section 4.1).

4.2.2.1- Initial concept design

The initial conceptvasinformed bythe PDSsection4.2.1). The concept that matched
higher number of PDS criteria waelected and further developed with more detailed
sketches Fig. 4.1 and 2). Fig. 4.1 and 2, explainghe rationale of the desigdecisions
made (i.e. the design features)and how each of thesecontribute to reduce the
environmental impact of thdighting product. It can be noted how these desideatures
contribute to the key produetelated issues that affect thenvironmental impact of the

lighting product.

The main designfeatures of theinitial concept shownin fig. 4.1 and £, are explained

below:

1 All electronic components werenstalled in one tray, which allowethe easy
updating, alteration and repairand, hence, extendhe lifespan of the lighting
product.

1 All modulesused the same matrix for extrusion, thus saving cost, material and
energy.

1 The lousing wasmade of recycled aluminiungnd containedLED modules, heat
sinks and the energgfficient electronic diver, which coulde used with or without
dimmer. Aluminium is eastp machine and, hence, i¢ess energyconsuming to
process than other metalslt also has corrosicproof properties for outdoors
environments durablity, low weight, malleabilityand high conductivityd conduct
heat outside LED compartments. It can be obtained from recycled sources and could
be collected and recycled again at thed of life of the producttidoes not require
protection surface finish as it creates its own natural protection. In aalito the
housingof the modules aluminium wasalso used for the axisolder and lateral

covers, so the whole product coub made of one single material for easy recycling.
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The dsassembly process wassy because ttequired basic tools onl. One bolt
heldthe whole structure together.

It did not contain any banned toxic materi@s specified by RoHS)

Cooling fins avoied overheat of LEDs and other electronic components, thus
extending their lifespan.

The housing dimensions hé&een designed to conta a wide range of drivers and

LED types in order to allow customization and upgrading of components over time.
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ECO-DESIGN

FEATURES ELECTRONIC
COMPONENTS ARE
COOLING FINS AVOID FIXED IN ONE TRAY,
LED + OTHER SO THEY CAN BE
ELECTRONIC SEPARATED TOGETHER
COMPONENTS EASILY
OVERHEAT
THE HOUSING IS MADE
OF POST-CONSUMER
RECYCLED ALUMINIUM
LIGHTING UNITS CAN BE ALL COMPONENTS
ROTATED AND USE ARE MADE OF THE SAME

DIFFERENT LEDs WATTs
AS WELL AS DIMMERS,
SO INTENSITY AND
DISTRIBUTION OF LIGHT
CAN BE CUSTOMIZED
ACCORDING TO
PURPOSE

MATERIAL, EXCEPT
ELECTRONIC COMPONENTS.
WHICH FACILITATES RECYCLING

A SINGLE NUT

ALLOWS TO DISMANTLE
THE LAMP WITH STANDARD
TOOLS, MAKING RECYCLING
UPDATING/REPAIRING

COMPONENTS EASIER
CENTRAL UNIT

HOUSES THE TRANSFORMER/
POSSIBLE DIMMERS/OTHER
MOTION/LIGHT SENSORS TO

OPTIMIZE USE OF LIGHT ALUMINIUM COVER

AUMINIUM COMPONENTS

HAVE NO ADDITIONAL

COATING-BASED FINISH USING LEDS ALLOWS TO WORK

FACILITATING RECYCLING WITH REDUCED HOUSING DIMENSIONS
; AS THEIR SIZE IS SMALL AND THERE

IS NO NEED FOR REFLECTORS

WHICH REQUIRE MORE SPACE

ALUMINIUM IS A LIGHT
MATERIAL , SO WEIGHT
IS REDUCED. IT ALSO

WITHSTANDS WEAR
AND OUTDOOR
CONDITIONS WELL.
LEDs ARE
EATUDED PrOrLES Ao -
60 LIGHT SOURCES

OF COMPONENTS, POST
MECHANIZING PROCESSES
AND BY-PRODUCT WASTE

Figure 41. Lighting product ecalesign features.
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ECO-DESIGN
FEATURES

HOUSING OF LIGHTING

UNITS AND TRANSFORMER

USE THE SAME MATRIX FOR
EXTRUSION, SO MANUFACTURING
COST AND ENERGY IS SAVED.
UNITS CAN ALSO BE

CUSTOMIZED TO DIFFERENT
LENGTHS USING THE SAME MATRIX

IT DOES NOT CONTAIN ANY OPEN AREAS ON UNITS' SIDES
TOXIC/BANNED MATERIAL ALLOW VENTILATION. ALTHOUGH
THIS HAS TO BE FURTHER
STUDIED BECAUSE CAN BE
PROBLEMATIC FOR OUTDOORS
AND IP REGULATIONS.
NEVERTHELESS THE IP REQUIRED
IN SPEC. IS MEDIUM-LOW: IP 33

IT ONLY USES ONE
FASTENER, WHICH
CAN BE OPENED
EASILY WITH ONE
STANDARD TOOL

THE DISASSEMBLY
PROCESS IS SIMPLE
AND REQUIRE FEW

STEPS
HAVING ALL ELECTRONIC ALUMINIUM IS VERY MALLEABLE
COMPONENTS IN ONE TRAY SO MECHANIZATION SPEEDS AND
ALLOW TO CUSTOMIZE EXTRUSION PROCESSES ARE

THE ELECTRONIC PART AND EASIER, THUS SAVING ENERGY

LED POWER OF THE LAMP, IN MANUFACTURING
THUS ALLOWING MORE
POSSIBILITIES FOR
CUSTOMIZATION
WITHOUT CHANGES

IN HOUSING GEOMETRY,
AND THEREFORE
MATRIX

Figure 42. Lighting product ecalesign features.

4.2.2.2- LCA of initial desigeoncept
Once the initial concept wamughlyR STA Y SRE  Wg K| (lusedl ® ®Rnowi Whaty I N.
the environmental impact of the lighting produstould be if another material or

manufacturing process walected ard to obtaint  W¥ S St Q | ah2 lifEicycle K I
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stages with the highest impacAsthis stage of tle design process, the lighting product was
not definedyet and a lot of information wasot available, onla streamlinedLCAof the
lighting product couldoe conducted. That is wh§ustaimble Minds (Sustainable Minds,
2010) software was used a Life Cycle Assessment (LCAgestng softwaretool which
adopts Okalaimpact assessmentnethodology (Sustainable Minds, 2015) and uses
Ecoinvent database. This tool allows a quick aeasonably ofective environmental
impact assessmentwhich is translated in score®kala pointy for easy comparison
between product concepts. The sconavide the environmental impaatf the concept
based on the following main indicatorsnergy and raw materialomsumption, ecological
damage, resourcdepletion, human health damagé&his tool has been designed to carry
out BcreeninglL. CAsand, since it does not require too much input data for the assessment
and uses surrogates and average data from generic pseses is very suitable for the
early stages of the eedesign process, when initial concepts and their design features have
to be assessed and modified quickly in an iterative process. Although the results of the
assessmentising Sustainable Mindse mae objective and accurate thamsingmatrix-
based environmental impact assessment todise results are notvery accurate or

detailed,and should only be used guidedecisionrmaking.

At this stage of thelesign process, it was necessary to knelnch was the best material
choiceto make the housing of the product, so the concept was assgssaty Sustainable
Minds) using dfferent materials: Auminium, High Density PolyEthylene (HDPE) and
PolyEthylene drephthalate (PET), in order to comparesttotal environmental impact of

the concept using these materials. These materials were selected because they were all

light, corrosionproof and easy to extrude.

One of the materials selected for the assessment was aluminium because of its corrosion
proof (for outdoors), durability, low weight, malleability (low energy required for

processing) and high conductivity (to comtiiheat outside LEproperties.

The other material selected for thessessment was High DensitglyEthylene (HDPE)
because it isight weight, corrosiorproof, malleable, and easy to extrudelowever, they
usually need coating to improve their UV properties, and lose their quality (eywing)

each time they are recycled, unlike metals (steel and aluminium) which can be recycled
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indefinitely without losing their properties. Also the use of polymers is asaally
considered an environmentaHiyiendly choice because plastics use frenewable
resources and usually do not biodegrade. In addition, some versatile and cost effective

thermoplastics such as PVC are toxic and its use is not recommended.

PET material was also selected because, in addition to being light weight, cosposain
malleable and easy to &ude like the HDPE, it also haery good optical (transparén

material) properties, which wa®quired in lighting applications.

The following assumptions wep®nsideredduring theLCAof the concept usinglifferent

materialswith Sustainable Minds

- 50,000 hwasconsideredas theLED average estimated lifespaliis estimation
was based on the useflite of the LED provided ithe LED supplier datasheets.

- The concept used 4 LEDs of 3 W.

- LEDsnodulesand LED drivers wereohconsidered in the assessment, because the
aim of this assessment was to compare teavironmental impact of the

manufacturing of the housing only.

ResultsFig. 4.3 and 4) of theLCAshowedthat when aluminiumwas usedhe impact was

higher than when it was used HDPE or PET, which had similar environmental, ithaact

is why the results of the PET assessment are not shown in the figures. Although selecting
100% recycledinstead of virginpluminium reduced the total impact greatly, the impact

of producing recycled aluminium waamilar than the impact using recydeédigh Density
Polyethylene (HDPE) or PET. Thus when comparing the production of 100% recyclec
aluminium with 100% recycled HDPE, the impact of both was similar. However, the
extrusion process of the aluminium was much more enenggnsive than the one sl to
extrude the HDPE37.2 vs. 0.45), thus resulting in higher total impact when using
aluminium (100 vs. 65 Okala pointgjd. 43). When it was assumed in th€Athat both
materials could not be collected and recycled at the EoL, or that they weeagneld from

virgin (not recycled) sources, then aluminium had even higher impact than HDPE or PET. Ir
both cases the greatest impact stage was the use phase (which is normal in-esargy

products)followed by manufacturing.fe highest impact categoryagEcological damage
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(ecotoxicity), being higher (64.94) for HDPE and PET than aluminium (55.15). The secont
and third highest impact categories were in human health damage (human carcinogens and
human toxicity), being human carcinogens higher in HDPE®r(21.96) than aluminium
(21.23), and being human toxicity higher in aluminium (22.63) than HDPE or PET (12.06).

It was concluded that the difference of impacts between materials was not dependent on
the material used (when using redgd aluminium, HDPE and PET) but tme
manufacturing (extrusion) proceskig. 44), being more energintensive in the case of

using aluminium.

Although LC#Aased screening softwartols provides useful information about which
material or industrial process to usand which life cycle stage have higher impadtjch

it would not be possible with other eetesign tools such as guidelines or matrased
tools, the information provied by this tool should be used as a guidance since it igergt
accurate This assessment could have also been conducted with more complébak€d\
software tools like Simapro, and probably results would have been rmeli@able and
accurate,although Simaprorequires moreexpertise and time to learand conduct the
assessment, whilsfustainablemindsis a very intuitiveand easy to uséool for product

designesfor quickand easyenvironmental impacassesment.
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System BOM Results

Scorecard J Printable view
Reference
Copy of SIN-1_aluminium recycled_EOL Copy of SIN-1 - recycled plastic EOL recycled
recycled

1 o Okala mPts 6 Okala mPts
Impacts per functional unit Per 7 hour of use Per 7 hour of use
Total amount of service delivered 14 x 7 hour of use 14 x 7 hour of use
Impacts of total service delivered 1 4x10° mPts 910 mPts

Assessment level Estimate Estimate

Greatestimpacts

SBOM input Electricity, 120 V, EU Electricity, 120 V, EU
Impact category Ecotoxicity Ecotoxicity
Life cycle phase Use Use

Total impacts by impact
category

Impact category % Impact category %
Ecological damage Ecological damage
. Acidification 0.07 . Acidification 05
- Ecotoxicity 5515 . Ecotoxicity 8484
. Global Warming 085 . Global Warming 0.38
. Ozone Depletion 0 . Ozone Depletion 0
[ | Water Eutrophication 0.03 \ | Water Eutrophication 0.02
Resource depletion Resource depletion
Fossil Fuel 2 Eossil Fuel bz
Human health damage Human health damage
| Human Respiratory o 7 Human Respiratory 0.07
Human Carcinogens 21.23 Human Carcinogens 2198
Human Toxicity 2263 Human Toxicity 12.06
0.03 0.08

Smog Smoq

Figure 43. Environmental impact asssment and comparison of results using different
materials (using impact category and total Okala score).
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Copy of SIN-1_aluminium Copy of SIN-1 - recycled
recycled_EOL recycled plastic EOL recycled
(reference)

110
110

92
g2

73
73

ss 55

37 37

18 i8

Total = 100 Okala mPts/func unit Total = 65 Okala mPts/func unit
Lifecycle phase mPts/func unit Lifecycle phase mPts/func unit
. End of life 0 . End of life 0
- Manufacturing 37.2 - Manufacturing 0.454
[ Transportation 000349 [l Transportation 0.00349
- Use 646 . Use 646

Figure 44. Environmental impact assessment and comparison of results using different
materials(using impactategory and total Okala score)

After the first screeningassessment ofthe initial concept using different materialgig. 4.3
and 44), HDPE anBET thermoplastic materials weselected to make the housing instead
of aluminium, because they hadelss environmentampact overall. Recyed PET waigally
selected becausalthough both HDPE and PET Hhthé same enviromental impact,
recycled PET hdzktter optical, thermal and UV properties than HDPE (Ashbylahdson,
2010). PET also allowdtke possibility to use the already estabkshrecycling network of
PET bottles and other PBasedproducts, contributing to the recyclability of the PET after
disposabf the lighting producby consumers. In addition, the company had gbodiness

relationsand access to a local supplier of pashsumer recycled PET.

4.2.2.3- Final concept selection

The initial concept design (section 4.2.2.3yas modified and improved. After
improvementsthe final conceptKig. 45) usedrecycled PET as the main matéfiar the

housing angresenkd a new architecture.
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MODEL WITH 4 UNITS (LEDS)

~——TUBE

|4 UNITS: : & 2 i 3 4
Wl N |N
LED UNITS - HOUSING DRIVER - HOUSING LED UNITS - HOUSING
ANCHORAGE POINT / MODEL WITH 2 UNITS (LEDS)
~—— CABLES
2 UNITS: ‘ i 1 1 . 2

ELECTRONIC DRIVER ALUMINIUM HEAT-SINKS

MODEL WITH 1 UNIT (LEDS)

CONNECTORS

,_‘_‘1

| ]

T
HOUSING-SIDES

FASTENERS-SCREWS

Figure4.5. Final concept selected.

The final concept selected halde following main features:

1 Housing: It wasnade of D0% recycled PET with no coatidgshown inFig. 45,

the housinghadtwo modules one module(driver module) housinghe electronic

driver,and another modul€lighting modulehousingthe LEDs and aluminium heat

sinks.

1 Modular design: It coul@dopt 14 lighting modules, depending on the customer

needs.

1 LEDs: One LED ofW wasusedin each lighting moduleln the versions of

two/three/four LED units, 2/3/4 LEDs oM wereused.
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1 Tube: It wagnade of 100% recycled PET with caatings.It contained the cable
and wasused to fix tle product to different supports (i.e. walteiling.

1 Electronic diver: It was energefficient, complied with RoHS directive, and read
Ingress Proteatin Rate (IP64)

1 Aluminium heatsinks: each LED chip wiasedin one heat sink, and the heatnk
wasthen fixed into the lighting moduld@ hefunction of the heatsinks waso diffuse
the hea produced by the LED. These wenade of 100% recycled aluminium.

1 Other components: Fasteners (zinmade screws), connectordmade of
Polypopylene which compliedith RoHS directiyeand cable¢Brand/model: PTFE
2501x 1,00madeof PET and copper which complietth RoHS directive

4.2.24 - Consumer feedbachkf final concept

The aim of this survey was tibtain feedbackaboutO2 y & dz¥Y SNAR Q LINB F SNB |

concept selected, to inform fther design decisionduring the embodiment design stage.

This was the first study (out of two studies) about the preferences of consumbes.
second sudy wasaimed to obtainF SSRo I O1 | 62dzi 02y thedid& NE Q
prototype of thelightingproduct (at the end of the embodiment design stage).

The questionnaire was designed to get consumers feedback about their preferences in
relation with the following topics related with the lighting product: Aesthetics,
performance, lighting applicationsd recycling. However, in this section, only recycling
has been examined because this research is mainly concerned with issues related with the

environment.

4.2.2.4.1- Methodology

Considering that thdighting product was not defined yethat the aim ofthe study was
exploratory, and that it was required qualitative feedbafrom consumersa focus group
was chosen asm@searchmethod tocollect the data Thefocus group was conducted with
eightleading experts (practitioners and researchers) in 8vealish lighting industry who
were aware of theconsumerspreferencesabout lighting productsThe Swedish company

(Aaxsus AB) contributed to find the focus group participants and to coordinate the focus
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groups with the author. The reason why Swedish paréictswere selected fothe focus

group was because the lighting product was going to be marketed in Sweden (initially).

Focus group participants:

- Kai Piippo: Lighting Designer, Professional Member of PLDA and founder of
Ljusarkitektur.

- Clara FraenkeLighting Designer PLDA, SAR/MSA.

- Isabel Villar: Architectural Lighting Designer, Industrial Designer, Msc.

- Reine Karlsson: Professor Ecodesign Lund University, AdtiMdation,
responsible for project LEIhting and Agroforestry.

- Claes Sjoberg: Chiefy&cian at Lund University Hospital. Research in light and
health/wellbeing.

- Jimmy Landin: VP Projects at Aaxsus. Former GlamoxLuxo Lighting.

- Tord Wingren: former CEO Ericson Mobile Platforms, CEO Samsung Electronics,

present CEO of Huawei Research CeSteeden.

At this stage (concept design) of the design procésslightingprodud was not defined
in detail so the only information available about the product to show to the focus group
participants was renders (virtual 3D representations of the progustda list ofearly

specificationsabout the lighting product

After an oralpresentation of the lighting produdgtvith renders and the specifications list)
it was provided a short questionnaire with opended questiongplease see Appendix
4.1). Ths was followed by a group discussion about th&n topics of the focus groyp
with the final aimto discuss the topics to concludéth a summary of the preferences of
the participants of the focus group who were a representative sample of cons@mers

preferences.
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4.2.2.4.2- Results

Only the answers related with the environmental topic (recycling) have been included in

this section.

Questions related witlecyclingof the lighting product

The concept of the luminaire is that it shall be 10@%yclable. Do you think there is a

demand for this kind of recyclable unit and also how important is this as sales argument?

Answers summary:

The focus group answers concluded that this wa®ry good argment for the public
(non-private) marketandthat public consumers (e.g. coungiisould pay extra to
purchasethis typeof lightingproduct because this extraost wasncluded in their
budgets. For the private markethis wasof less importance from a purelea point of

view. In relation withbranding and marketing this wan important design feature.

Recycling is an additionektrafeature besides othegeneral environmental arguments
such as the use afEDo reduceenergy consumptiorand avoidunfriendly or toxic
materials which aréncluded in other lighting technologiesich as Fluorescetiased

lighting products

All theanswers were taking into consideration for the next stage of thedzsign

process (embodiment design stage) which islaxed in section 4.2.3

4.2.2.5- LCA ofinal concept

The final concept selectg@ig. 46) wasassessed to find out its total environmehimpact

andthe environmental impact of eacifd cycle stage and component

An initial basic prototype of the final conceffig.4.7) was made and itBill of Materials
(BoM) used as datmput required for the assessment with the L-8&sed softwardool

Simapro.
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Figure 46. Final concept

PROTOTYPE

Figured.7. Initial basic prototype of the selected concept.

The environmental impact assessment whlimapro software requires comprehensive
data about all the processes needed to manufacture the product, so a proeesg-ig.
4.8) had to be createdto describethe manufacturing processes that wemeeded to

manufacture the lighting product.
The procsstree diagram Fig.4.8), illustrated which processes weunsed, and in which

order. This diagram, unlike traditional production planning daags, also outlinedhe

processes after production, such as @gsambly and end of life options
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Figure4.8. Procesdree diagram ofinal concept.

After the processtree hadbeen defined, theBill of Materials (BoM) wasreated (Table

4.1), which wasised as input for the LCA with Simapro software.
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Component Material Weight kg)
Driver housing RecycledPET 0.120
Tuwe Recycled PET 0.150
Housingof 1LED unit | Recycled PET 0.040
Heat-sink Recycled Aluminium 0.078
Fasteners Zinc coated 0.015
Cable Copper 0.010
Cable Recycled PP 0.010
1LED unit Variouspreciousmetals and other | 0.010
Unit connectors Recycled PET 0.006
Total 0423

Table 41. BoM of the final concept.

Describedbelow isthe methodology used to assess the environmental impact effihal

concept and the results:

Methodology

The LCA method(Weidema, 1997)was usedto conduct the environmental impact
assessmen According to this method, theoflowing stages have to follawil) goal and
sce of the assessment, R)fe Cycle Inventory (LCI) adth products have to be defined,

3) Life cycle impact assessment used (LCIA), and #)riet&tion of results.

Goal of the assessment

To define the goal, three questions nestio be addressed (Wimmer et al., 2004): why,
who and what.The aim of the study wato assess the environmental impacttbé final
concept selected to know wherg(i.e. life ¢ycle impact stage and componégnthe
environmental impact waallocated.The target audience of this assessment weredpict
designers, developers and mareag within the company. Thatended use of theesults
wasto further reducethe enviraamental impact of the lighting product in further design

stages.

Scope of the assessment

During the definition of the scope of the assessment two isdugd to be defind:
Functional unit and system boundaries of the produ€he furctional unit used s 1

lumenshour (Im-h). Regarding the system boundari@® decision for mass inclusion was
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selected, so all the parts armbmponents were included in the assessment religssof
their relative mass within the total weight of the product. The temporabgraphical and
technological boundare used within the assessmenwere: Temporal (5 years),
Geographical (parts awomponents manufactured, used and disposed in Spain/Europe);

Technological (average current technologies).

The system boundaries of thesessment

Extraction of raw materials: &tural resources extraction and production of raw materials
were included. Manufacture: Thmanufacturing of all parts and components except LEDs
and electronic driverswas included,as it was not found data avable of these
components.Distribution: thedistribution distanceassumedwas approximately300 Km
within European area (in this case, Spain), greddistribution means3.5-16 tones Trucks.
Use the amount of electricity required to provide light tauthinate an areavas40 W per
day(the product used 1ED that consued 6W). It wasassumel that the lighting product

functioned 10 Wday during 12 maths over 5 years approximately

Life Cycle Inventory (LCI) and Life Cycle Impact Assessment (LCIA)

Inorder to obtain the LCthe lighting product wadismantled and the quantity and quality

of parts andcomponents definedThe definition includedall unit processes (industrial
processes) up to the gate of the manufacturing plaisq callectradle to gite assessment
included in the boundary systewof the lighting product. Thenput/output of substances
from industrial processes and materials used to make the products were obtained from
databases (Dutch Inptdutput databases, Ecoinvent system procesg&agopean Life Cycle
DatabaseEU&DHKnput/output database and Industry data 2.0) available in Simapro. Eco
Indicator99 LCIAmethod was selected

Results:

Results of the assessmeffitigures 4.9 and 4.18howed that the final concept haal total

environmental impact of 14.3ptand that the highest impaqgbter impact categorywas

(@]

allocated on the impact categoriesPwS a2 dzZNDOSaQ F2ftf 20 &

w9 O2 aé a (i SRégalidglttie Zalloéatidn of impact per prodlié¢ cycle stagethe
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digtribution stagehadthe highest impact, followed tpe use stageindthe manufactiring
stage In the manufactting stage, the highest impact waliocated in the manufacturing

of the housing®f the lighting product
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Figure4.9. Assesment results ofhe final conceptbased on three impact categories.
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Figure4.10. Environmatal impact allocation in the lighting product life cycle stages

4.2.2.6- Analysis andummary of insights

This sectiorexamines the tools and methodsed during the concept design stage of the

design procesgiow these were used, and the insights gairadidr the use of these by

the author in the case study.

Tools andnethods used:

At the concept design stage it was utilized Genericd&sign guidlines, Ecalesign

guidelines fom three directivegRoHS, WEEE, ErP), and two types ofdaSéd software

tools (Sustainable minds andr&pro).
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How the toolsand methodswvere used:

Ecodesign guidelines (both types) were usesichecklistto support cecisiormakingin
every design iteration. This meant that every time a new design decision had to be made
or several design options had b@ consideredthe option that couldcomplywith more
eco-design guidelinewas selectedin addition tothis, LCAdased softwardools were
alsoused to assess and compare differensig decisions (i.enaterials, manufacturing
processes, antinishes selection) andoncepts.The LCA results also provided informatio
about the life cycle stages armbmponents with the highest impact, which could guide
and prioitise future ecedesignstrategies.Two types of LGBased softwardools were
used: Sustainable Minds and Simapro.t&unable Minds was used to assess the very
SINI & 02y OSLlia Iseemariod ® kn@NBichintaterill @itariufactufirg
process had lower environmental impact. It also provided estimated insights about the
impact of each product life cycle stage. Simapro was used to assess the final selected
concept, to understand which werthe life cycle stages and components with the highest

impact.

Insights

Sustainable Minds and Simapro are different-@esign tools with different purposes.
Sustainable Minds is a L®Ased softwardool designed for product designers, whilst
Simapras a LCAased softwardool designed for LCA experts and environmental
scientists. Sustainable Min@seasy to use, and requs&ess data to completéhe
assessment, but the accuracy of the results is low. It also allows the possibilitydoato
WgEI AT Q aOdhatlf IN@ealaminiu® thsedd of PR Easily, so different
concepts or the same concept in different versions can be compaasitly On the other
hand, $mapro is a more complex tool, which is more difficult and tioo&suming to use.
It alsorequiresalarge amount of detailed data argrevious knowledge about the basic
principles of the LCA methad order to useandbe able to understand anititerpret the
results of the assessmertiowever it also provides more accuratend comprehensive
results, anccan model complex end of life scenarios to simulate possible different end of
life scenarios of the lighting producustainable Minds is more suitableassess very

early concepts, when the lighting product is not very defined yet and there is not enough
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information. Once the lightig product is more defined aritiere is a prototype available,
then Simapro softwarean also be used’hereseems to be a red for aLCAbased
softwaretool that has highguality databases anddvancedassessment methods such as
Simaprowhilst beingeasyandfastto usefor product designergNonLCA expertsguch

as Sustainable Minds.

Several matrix-based toolsuch agyreen quality function dgloyment matrix, MET, MECO
and ERPA matrixegere also trialled The conclusion was that there was not enough
information from the concept to fiin the cells of the matries In addition, the type of
information asked was toepecialised (e.g.environmentailrelated data)Yo be understood
and retrieved by a produatesigner. Since the informatioayailable forthe product
designerto fill-in the cells wasometimes unknown or based on very rough estimatjons
the resultscouldnot be considered robust enough ameliable.For exampleif the matrix
had been filledn by several users to assess the same concept the results would have
been different probably, which confirms the subjectivity of the results using this type of
eco-designtools. The comlusion is that usinthis type oftools cantake too much time
(since you have to try find the information require@nd the results are naobust or
reliable, so it is not advisable tse them in reaivorld situations.Theeco-design
guidelines on the other handare flexible enough tbe used as a reference in any
decisionmaking process alortfje conceptdesign procesd.CAbased softwardools are
alsovery useful to support product develop€recisionmaking processes garding
materials andmanufacturing processes selection.

A focus group was alserductedduring the concept design stagand this was used to
gainfeedback from the final end uséconsumer}o ensurethe lighting product
embodiedthe features demanded bihem. Although the majority of the topics explored
in the focus groupvere not related tathe environment one of the questions explored
the market demand fotighting products made with recycled matdriAdditionally,the
marketing department of Aaxsus ABigtributorin Swedenplsoinformedthat Swedish
(Sweden was the first target markethd userslemanded lighting prodicts that couldoe
dimmed which also can reduce the environmental impactloé tighting product during
the usestage becausewhen ligt is dimmed less energy is consumedthis feature was
adopted in the lighting productConsumer surveys can be problematic for-eesigners

because consumef@ishessometimesmay contradicieco-design requirements. For
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example, if the use of recyclaedaterials in the housing affesthe visual perception of
quality ofconsumers, then the manufacturer whlave to use virgin materials epating

to hide the recycled materialvhich is not recommended in ecesign guideline€nd

user feedbacKin theform of interviews or écus groups) can be beneficial during the-eco
design process, in order to ensuteat the ecodesign strategies applied will be accepted
by customers when th&ghtingproduct is launched into the markethe rationaleo

include this type of consumer studiesthat, no matter how well ecalesigned a lighting
product is,it will only have anmpact is the consumer likend buy it.

The use of LGBased software tools to conduct full assessment may not be necessary
during the concept design stage because this can be time consumintpeydo not
provideresults accurate enough tetermine a specific eedesign strategyChecklists
based on the ecalesign guidelines specified in the PDS stage can be used instead of LCA
based software tools to assess and compare concepts.

There is a need for a universategration of LCA functions (from tools such as Simaipro)
all types of CAD tools. This would make the-design process at the concept design
stage easier and more efttive, and would avoid the need for LdAsed software tools

at this design stagen addition information based on field studiexbout the use and end
of life stages should bienked with CABLCA tools in order to avoid the use of

assumptions in the efronmental impact assessments.

4.2.3- Embodiment design

In the embodiment design stagine concept selected in the previous stageoncept
design)wasembodiedand furtherdefined The embodimentesignstage comprised the
design and prototyping afeveral prototypes (prototype I, prototype Il, prototype Ill, and
prototype IV) During this stagehe concept wasmodelled virtually (3D rendeysand
physically 8D prototypes), as well as simulated and testeddefine its architectureand

his performane in more detall

Several iterations were performetilring this design process stagad seveal ecedesign
tools were utili®d. In the following sections these iterations are explained with an
emphasis on the relationship between the design featyesign decisions, and their

effect in the environmental impact of theghtingproduct.
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4.2.3.1- Prototype |

A first prototype(Prototype IYFig. 411) was made based on the sefed concept to check

dimensions andbasic functionality.

b

™ Py

Figure4.11.First prototype at embodiment design stage.

At this stageseveral areasof prototype | (Fig. 4.11)were identified as needing

improvementto reduce the environmental impact of the lighting product in further design

iterations during the embodimendesign:

The casing wasiade of PMMA sheets glued together to form a rectangular box.
This increase the complexity of the product (too many g@a), and the materials

used werenot the best option from an environmental point of view.

The current lightingproduct did not allow easy access for maintenancep@e) or

upgrade, because there was nopeacticable lid for easy maienance.

The driver waset inside the housingithout anysupportlocking pins. This meant

that abrupt movements couldause damage (by shock) of the driver.

The heat sink waset inside the housingwithout anysupportlocking pins. This
meantthat abrupt movements couldause damage (by shock) of the heat sinks. In
addition, the joint etween the LED and the casing wet a good clean solution,

asthere weretoo many components and machinipgocesses involved.

The modules wergined by a fastener. This fastener dmbt allow the units to be
rotated easily, and when these wemtated, the surfaces rubed each other

creating friction and damaging the surfaces of the modules.
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- There wasno proper and sufficient heat convectiomside the module that
containedthe LEDs.

- It wasnot possible to attach more modules to the luminaire to increasdititging

output, because it didhot feature modular design.

- Assembly andisassembly of the luminaire wasficult andrequireda lot of time.

The luminaire couldnly be dismantled using destructive disassembly.

These areas were improveid following designiterations

4.2.3.2- 3D virtual models and simulations

A virtual 3D modelvas modelledkig.4.12) based orprototype I(Fig.4.11). This wasjuite
useful because once @3virtual model is produced, design improvements and simulations
can be done easily in a widl environment before making expensive tiroensuming
prototypes. LCA can also be carried out with the LCArioui#tature of Solidworks (Dassault
Systemes, 2015b). As it was explained inlitezature review, provided the useknows
how to use Solidwdks, asessing the product after modelling it in this type of softweae

be very effective and convenient for product designers.

Figure 4.122D virtual model of the first prototype.

One of the advantages of modelling thghting productwith CAD software like Solidworks
is that once the product has been modelled, the Bill of Materials (BoMple 4.2 is
automatically created whicls very useful tanput the datafast and accuratelyvhich
needed to carry outhe LCAIn addition,when thedesign changes, the Boiill change

automatically, thign turn will change the results of the L@¥.
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