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Abstract

Sustainability can be achieved by developing products that are more sustainable than the
existing status. A systematic sustainable solution should cover sustainable development and
sustainable service to achieve thvipte bottom line (TBL) of sustainability. However, current
researchin this area have not given enough attention to the full TBL and whole product life

cycle.

This research aims to develop and implement a holistic approach to facilitate sustainable
innovaion that covers the whole life cycle of the product as well as the TBL of sustainability.
This aim is achieved by developing a sustainable product development and service (SPDS)
approach. Interdisciplinary methods and tools were integrated into the apgroRistinct

from other counterpart methodologies, this approach: (1) addresses TBL of sustainability (2)
enhances the interaction between product development and product service phases to
advance sustainability performance. (3) Covers the whole life states of a product, from
design, manufacture, distribution, retail to use, maintenance and repair, and EoL (4)
demonstrates the suitability for universal product innovation instead of -cg@eific ones. The
approach is further demonstrated with threesmapplications, including domestic lighting
products, industrial lighting products and services, and flooring products. The Products
developed by adopting this approach are proved to have superior sustainable performances as

well as embracing prominentpduct functions.

This research contributes to the body of knowledge of sustainable innovation methodology.



The proposed approach supports life cycle management and the implementation of

sustainable product and service development, and facilitates eng&Epto reform the profit

model solutions towards sustainable production and consumpfidms, it can be concluded

that the SPDS approach is effective in developing product and service that advances the TBL of

sustainability, which is novel in the suljecea
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Chapter 1¢ Introduction

1.1 Research background

Environmental impact and climate change, socioeconomic issues, sustainable innovation, and
consumption are some of the key challenges of our time and future efforts (Pettersen, 2015).
Sustainable development has been agreed upon among countries and atiamssafter the

WadzaldlrAylrofS RSHSt2LIVYSYydiQ 02y OSLIi ¢l & oNRdAzAK

GKAOK RSTAYSR (GKS GSN¥Y a GKS aRS@St2LISyd i
without compromising the ability of the future generationsYXoS S G KSANJ 246y Yy SSF
(Brundtland, 1987). The United Nat®released 17 sustainable development goals (SDGSs) in

2015 including goals addressing the environmental impact and climate change, socioeconomic

issues, sustainable innovation and consumptionclvlgrovide support to governments to

adapt with their national development plans and policies towards the SDGs (UNDP, 2015).

Reduction of ecological footprint by responsible production, efficient management of
resources and waste are highlighted in SD@#tle United Nations Climate Change

Conference COP21. In the same year (2015), the UK Government committed to achieving the
''bQ&a {5Daz @dHaddklirg Yimktd chahge is one of the most urgent goals to
achieve by 2030 (Lunn, 2019). Furthe2019, the UK became the first major economy to
legislate to achieve net zero greenhouse gas (GHG) emissions by 2050, which ggedso a

challenge to reduce emissions by 80% (Harrabin, 2019).

Many of these objectives are an integral part of the Ukustidal Challenge Research Fund

(ICRF) goals. As an exeeppb meet the environmental policy commitments and improve

7



Parliament's environmental performance, both Houses have agreed the following targets
(based on 2008/09 baselines) by 202021 to reduceabsolute carbon emissions by 34%,
water consumption by 50%, the weight of waste generated by, 30%&cycle 75% of waste

generated.

Following on from the financial crisis of the first decade of the millennium, the national and
international economic erikonment was clearly already under strain as being potentially
unsuitable for long term sustainability, and the CO¥fDPandemidurther revealshe need to
re-boot the national economy in a green and sustainable.Wwagddition, to achieve long

term sugainability, socieeconomic aspects have increasingly been recognised as crucial. The
SDGs has encouraged the decisioakers (policymakers, organisations, rgovernmental
organisationdNGOSs) to implement the social, economic and environmental stratepsaith

the sustainability goals by 2030. The need for wider stakeholder discussions has been
recognised and is embodied in, for example, the membership of therid& UK Stakeholders

for Sustainable Development (UKSSile the UKSSD focuses on how basscan engage

with the SDGs.

The consumers, who coyldnd, the evidence is, would (at least for the younger members)
drive the economy in the direction of sustainabilifyonly they were sufficiently empowered
to be able to model the impact of the wlerange of their behaviours, purchasing and work.
What is needed interactigwith consumers and providing them with the ability to engage
with this national agenda in a meaningful manner. In this regard, sustainable products and

services are increasingltyportant to global marketgNeff, 2012).

8



1.2 Research motivation

Under the current challenging circumstances, states all put regulatory instruments and green
fiscal instruments to tackle the imbalanced issues between economic growth and
environmental degradation, biodiversity loss, global warming and vulnerabilities linked to

health and social exclusipsuch as taxations, and camdtrade permits, offset systems, etc.

In recent years, green fiscal policy, which isgarrangegovernmer spending and revenue

with the goal of advancing sustainable development objectives of countries, is preferable
among government and policymakers. Public spending, which accounts for an average of 12%
30% of GDP in different countries, wields enormouspasing power towards more

sustainable goods and servicadichcan help drive markets in the direction of innovation

and sustainability (UNEP, 2020). Under the sustainable consumption and production (SCP)
policies and sustainable public procurement (SB&)ntries tendheir consumers and

producers to choose among goods and serviedgschhelp to realise sustainable consumption

and production providing opportunities for product and service which perform well on
environmental and social sustainabili§gcheceBlanco and Bastant€eca, 2016; Rick

LeBlanc,2018).

In addition, many surveys and studies show that a growing percentage of consumers,
especially millenniajsre willing to pay an extra price for sustainable products and services,
and theyexpectcompanies to be more responsible for environmeraati social aspectdike

fair trade and employee welfareTighe202Q consumer council, 2016; Nielsen, 2015).



Under both opportunities and challenges, increasing numbers of companies consider
sustainability in environmentand social issugsasparts of theagenda of their new product
development, reputation building, and overall corporate strategy (McKinsey, 2010; Murto et
al., 2014). Furthermore, on a cestfective level, companies have tesgd that sustainable
production with a circular business model has economic benefiiich is another key reason

for them to adopt sustainable programme (CountryProfiler,2018).

However there are barriers itiaking proactive approaches to manage susthility issues

including:

1 The lack of technical knehow within companies can prevent companies from
adopting alternative sustainable actiar&he barrier including knowledge background
and tool utilisation. Interdisciplinary knowledge and tools are rezpiiduring
sustainable development or decisiomaking processnanydesigners are lacking
information about the usage of tools; that supporting life cycle approaches, such as
assessment tools, have impeded the implementation of life cycle thinking and girodu

innovation(CIRCALIFE, 2018)

1 AlLackof systematidongterm businesstrategy/solution Bockenand Geradts2020;

Brockhaus et al., 2016).

1 AlLackof clear and comprehensivapproach especially on value creatigRetersen,

2017; Albla®t al., 2014 Haubensak, 202@Bocken and Geradts,20R0
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1.3 Whydoesdevelopment of sustainable product matters?

Sustainability can be achieved by developing products that are more sustainable than the

existing status (Charter, 2001; Boks and McAlo@069; Seuring, 2008). As 80% of the

LINE RdzOG Qa G2GFf SYy@ANRYYSydGlrf AYLIOG Aa RSGS
2001), more attention should be paid by companies to address sustainability issues at the

product development stage. In additiompm the Life cycle management (LCM) perspective,

the product development stage determines the materials, supplier, manufacturing methods

and cost as well as the value chain actors during the service phase, wihieriest

controllable and effective stage prevent potential sustainability risks and reduce cost

(Agudelo et al. 2017).

1.4 Triple bottom line of sustainability in product and service

Triple bottom line (TBL) is a sustainabifiyated framework that incorporates three

dimensions of performate, i.e. social, environmental and financial. Driven by sustainability,
TBL provides a framework that expresses the expansion of the environmental agenda in a way
that integrates the economic and social lines (Elkington, 1997). In this definition oh&BL, t
terms profit, people, and the planet are used as the three lines for measuring sustainability

performance.

Under the framework of TBL sustainability, the scope and cognition of sustainable product
development have been extended. The product developniecitides two stages, design and
manufacture. The design methodologies to address sustainable development in the early the

®na SYSNESR a UKSRYANBYYS RERAAK QI X Y RGO #SORE R
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on the material level of a product; whilsis the methodology evolves, the interpretation of

W3 dzabflity y2F | LINE R dzOfiiendlyanatéridl o2eyeR a productStseR.

Sustainable product desigmasthen defined as an interdisciplinary concept to switch the
consumption habit tavards a sustainable mannéor creatng new products and generate

G tdzS YR Ayyz2@lLGaAz2y G2 o6Sad YSSG O2yadzySNRa
economic perspectives with the best possible balance. However, barriers have been observed
to achieve TBL sustainabilityolely by implementing sustainable produesign As an

instance the traditional productsale business mode hinders the consideration of the potential
AYLI OG 27F LINEZ R dzO (isfeactidtiedk A dppliers BeBefit@rénCsimPly deling S NJ
the products, there is no interest in prolonging the product lifetime or reuse/repair,

consequently increasing the consumption and disposaiee than it should. Similar issues

have arisen in sustainable manufactgi(SM), it has consented among researchers that the

TBL should be addressed during the sustainable development stage, where the focus should
not only on the product itself but also on the product life cycle level in the future research

(Gbededo et al.,20t8Valek and Desai, 2020).

Sustainable products need to lksensumedby consumers tdulfil their sustainability

therefore, sustainable consumption is an important bridge between sustainable products and
a sustainable lifestyle. product service system @%5) integrates aspects from the physical
product side (goods) with an intangible service offering, such as-sdierservice including
maintenance, repair, and end of life service, usually the service is based on the particular

established product. It hate great potential to facilitate sustainable production and
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consumption (Tukker and Tischner, 2006) as well as achieving customer satisfaction.

Thus, a comprehensive sustainable solution within the product life cycle and its supply chain
should cover thesustainable development and the sustainable service to achieve TBL of
sustainability. Nevertheless, there is limited reseatdt addresses three pillars of

sustainability during product innovation; when it comes to product development towards the
TBL,plR RdzOG RS@St 2LSNR FINB adAtft WRFEYyOAy3d Ay
Furthermore, practices and studies on sustainable PSS are mostly from the economic domain,
whichare usually based on established products, and separated from the product
dewelopment process. The connection between sustainable product development and
sustainable product services has not been given enough attention in existing research and

practices regarding product sustainability

1.5 Aims and objectives of the research

The am of this research is to develop and implement a holistic approach to facilitate
sustainable innovation that covers the whole life cycle of the product with consideration of the

environmental and socieconomic aspects of sustainability.

In order to achige the aim, the researchadaccomplisked the following objectives:

1 Develop a systematic and harmonized conceptual framework that allows

interdisciplinary methods and tools to be integrated to enable new product innovation

G f

to addressTBL obustainabilityissues throughhe LINR RdzOlG Q& 6K2t S f AFS

framework hal to enhancethe interlinks betweerthe product and its servic®
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synchronize pathways that advansustainabilityperformances

1 Investigatethe relationships between environmental and seeiconomic
LISNF2NXYIFyOSa Ay I htRisaeOanddppoftuhifeSas 0all @sf S © L
the interrelationships between both aspects, and integrate the findings in improving

new sustainable innovation.

1 Develop methods that are generally applicatdédentify and tackle environmental
and socieeconomic issues through the product development processes/stageseTh
methods emphasised providing solutions to a) how to construct a sustainable product
design specification? b) how to combine product design to product service to achieve
better sustainability performances? c) how to integrate interdisciplinary methods an
tools into the product design process to guarantee sustainable performances? d) how

to validate the sustainability performance?

1 Demonstrate the framework and methods with different industries and application
scenarios. The research had to apply the psgd framework and methods to develop
product and/or service in different industries (different product categories, such as
energy consumption product, general consumer products, etc.) to prove its efficiency.
Different application scenarios, i.e. for caséth variant sustainability development

goals, had to be taken into consideration and proven applicable

1.6 Structure of the thesis

This thesis is divided into eight chapters (Fig. 1.1): 1) Introduction, 2) Literature review, 3) The
14



sustainable product development and service approach, 4) Integration of environmental and
social lifecycle assessments to sustainable industrial lightimgugt and service conceptual
construction, 5) Development of sustainable industrial lighting product and service, 6)
Development ofan environmentally sustainable domestic led lighting product, 7) Development

of anecofriendly and coseffective flooringproduct, 8) Conclusions.

CH 1-Introduction

l

CH 2-Literature Review

}

CH 3-The Sustainable Product Development and Service

Approach
CH 4-Integration of Environmental and
Social Lifecycle Assessments to Sustainable
Industrial Lighting product and service CH 6- Sustainable Product CH 7- Sustainable
conceptual construction Development and Service Product Development
I Approach for application in and Service Approach
CH 5- Sustainable Product Development and Domestic LED Lighting for application in
Service Approach for application in phanc: BldoRig Rtocio:
Industrial Lighting Products

\ 4

CH 8-Conclusion

Figure 11 Structure of the thesis

Chapter 1 introduces the background, motivation, aim and objectives of the research. Chapter
2 reviews: sustainability in product development, life cycle apgnea@nd practices, product

service systems, and sustainability assessment and the applications in products anagservice

15



Chapter 3 explains the methodology developed and utilised in this research. Chapter 4
presents how to inform sustainable prodseind ®rvices by integrating environmental and

social life cycle assessment methods and techniques in the early development stage (industrial
lighting product as an example). Chapter 5 demonstrates the case study of the proposed
approach that emphasises the ddopment of the sustainable industrial lighting product and

the service as a bundle. Chapter 6 presents a case study of developing an environmentally
sustainable domestic LED lighting product by utilising the proposed approach. Chapter 7
demonstrates the cge study with emphasis on the development of édendly and cost
effectiveflooring product (static product), and chapter 8 summarises the contributions to

knowledge, and poirgtout areas for further research.
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Chapter 2- Literature Review

2.1 Sustainability in product development

2.1.1 Environmental sustainability in product design

Research Studies addressing the environmental aspect of sustainability of product emerged in

c
A
(p))

fF0S donas YSGK2R2f23IASa Iy ukppRr b ORRBBR WS
RSaAaA3IYQ 0al!t22yS>s uwnndpv KIFIFS 06SSy oNRBdIdZAK(G 2
sustainable design (SD). At the same time, Life cycle assessment (LCA) , which was initially a
methodology in the Environmental Engineering fidgldd been introduced to product design

ddz06 2S00 F2NJ YSI adaNAy3a LINRPRdAzZOGQa 2NJ aSNBAOSQa
Environmental Toxicology and Chemistry (SETAC) (Fava et al., 1991) and International

Standards Organization (ISO) (1SM&). Environmental impact assessment software tool

based on the LCA method have been developed, such as Simapro (PRé Consultants, 2015),

Gaibi (Thinkstep, 2015) and OpenLCA (GreenDelta, 2017), which made conducting LCA
increasingly accessible and feasil$&bsequently, the life cycle impact result from LCA has

been considered as an evidenbased reference in decisiemaking during sustainable

product development, such as choosing materials and design concepts as well as in eco

labelling scheme and envinmental declarations (Baumann, 2004, ISO, 2006).

In recent years, studies on sustainable product development method and sustainable design
support tool are thriving. These methods and tools emphasisefréndly material selection

and assessment (Zarar@glii I t ®X WHammMI { | {dzyRENAYA S |t o3
al., 2015); product development innovation study with integrated-design tools (Zhang et

al., 2015, GonzéaleRarcia et al., 2012, Spangenberg et al., 2010, Bovea andB&ig2012);
17



decisionmaking support tool and evaluation criteria for sustainable design (Besharati et al.,

2006, Buchert et al., 2015, Heintz et al., 2014). Those studies providsmaséc approaches
GKAOK FAY (2 NBRdzO0S { K Srorimedfalmpact. BowkINPaRMeO (G Q&
interpretation and dimension of sustainability evolves, the interpretation of sustainable

LINP RdzOG A& 06S@2yR | LINPRdzOG 6AGK WNBOeoOfl o6fS
interdisciplinary concept to create new produatsservices that generate product/ service

GKIFG 06Sada YSS i avhid@sliagdeithSMNaameyitdl, SdRiadl,and economic
perspective with the best possible balance. Therefore, a comprehensive sustainable solution
within the product life cycle ahits supply chain are necessary, social, and economic aspects

are also essential aspects that require to be considered in sustainable design (Manzini,2007;

UNGA, 2005). Nevertheless, there is limited research address three pillars of sustainability

duringthe product innovation process.

2.1.2 Social aspects in product development

Social sustainability is the least defined in TBL, and has not received enough attention (Santillo,
2007; Onat et al., 2017) as it should be. According to the Western Aasalincil of Social

Services (Partridge, 2014):

"Social sustainability occurs when the formal and informal processes; systems; structures; and
relationships actively support the capacity of current and future generations to create healthy
and liveable comunities. Socially sustainable communities are equitable, diverse, connected

and democratic and provide a good quality of.life

The Sustainability Development Goals (SDGs) has encouraged the deakins (Policy

18



makers, Organisations, Ngbovernmental Organisatiod$GOs) to implement the social,
economic and environmental strategy to reach the sustainability goals by 203@eint re

years, social sustainability dimensions are being considered in the degisking processes

pu
(p))
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considered in the literature (Hutchins and Sutherland, 2008h¥aand Mao, 2008;

Fallahpour et al., 2017; Yawar and Seuring, 2017), it covers an essential role in achieving the
economic performances of companies (Carter and Rogers, 2008; Krause et al., 2009; Yawar and
Seuring, 2017). A recent review shows that ord961(46 out of 279) sustainabilitglated

indicators addressing social performance whist 61% (170 out of 279) measuring environmental

performance (Kravchenko et al., 2019).

CdzNI KSNY2NBEZ GKSNBE NS fAYAGSR addzRASa OF LI d
de@St 2LIYSYy G Q AyiGSyidrazys gKAOK OFly 06S AyidSaNI G
productservice system development (Kravchenko et al., 2019). On one hanthdhibedue

2 GKS WAyGlFy3aAroftSQ FyR WwO2 Y L¥ehtiosships (ChoebtS 2 ¥

al.,2015; Costa et al., 2015). On the other hand, when it comes to product development

Q)¢

0261 NR 0KS GNARLX S o060200G2Y tAYyS 2F adzadl Ayl oA
RFNJQ 6t SGSNBRSY YR . Nahdjudstionnd Bow sociahaspeds a@ a LIS O A
integrated and how social assessment results can inform product/service design remains
challenging. Hence, it is necessary to explore issues and opportunities in both social and

environmental perspectives to inform piact and service design, so that potential risks can be

mitigated in a more holistic perspective among different stakeholders
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2.1.3 Sustainable manufacturing

Sustainable manufacturing (SM) is a new concept, it emerged under the current circumstances
sinceA 1 Qa | ONMXzOALFf YR AYyS@OAGlIofS adzadl Ayl oAt A
environmental sustainability aspect (Bogue, 2014). SM can be described as an extension and
implementation of sustainable design. The definition of SM is various acgaiesearchers

without a universal agreement. Most of the definitions emphasise the environmental

sustainability related to the manufacturing process and the tratfe between environmental

and economic factors (Song and Moon,2016; Malek et al., 262@)jnstance, according to the

5SLI NIYSyd 2F /2YYSNDS 2F ! {3 a{ Aa aiKS ONB
minimize negative environmental impacts, conserve energy and natural resources, are safe for
employees, communities, consumers and areyeéY A O f f @ &2 dzyRé 6/ KIFy S

et al (2020) described SM as an integration of environmental aspects into economical aspects

of business, which aims to reduce the negative impacts during the manufacturing processes.

The majority ofesearchand studies regarding SM emerged during the past seven years. Those
studies tended to explore the qualitative aspecatsyst of whichfocus on one specific aspect

or issue as well as industry. The literature from the automobile industry presents the highest
as quantity, followed by electronic industry (Malek and Desai, 2020), whichlmeaue to the
energyconsuming nature of those industries. There are numbers of review studies regarding
SM topic, which can be found in (Rashid et al., 2008; Ball et al., G0p2a et al., 2016).

Energy efficiency is the most reviewed topic of SM, followed by sustainable accounting and
auditing. Topics on product design for remanufacturing and recycling as well-aeigooare

also identified in SM studies.
20



Ahmad et al. (208) reviewed various sustainability indicators for the manufacturing sector

and the constant utilisation of those indicators.

The only literature found that made efforts of addressing social aspects of SM were published
by Gbededo et al. (2018), which carmtied a systematic review of the contribution of
sustainable manufacturing approaches. The study mainly focused on life cycle sustainability
assessment; which as well proposed a road map framework for sustainability assessment of
Discreteevent simulationThe authors argued the production process would be evaluated and
optimised based on holistic sustainability objectives. However, the choice of assessment
indicators is not in compliance with the UNEP guidelines of social life cycle assessment, the
critcf adlF1SK2ft RSNA &adzOK |a Wg2N]J SNRQ FyR WOdz i
framework requires established product and-site related manufacturing process to obtain

the data for the assessment, therefore, the design and the manufacturing pracesmt easy

to be adjusted or optimised according to the assessment result, not to mention the cost of the

change.

One of the issues in the existing literature of SM which has been consented by researchers
(Gbededo et al.,2018; Malek and Desai, 2020;&all., 2012) ishat, compares to

environmental and economic dimensions of sustainabilitg social dimension of

sustainability is under deprived situation. The economic dimension topic is still of the highest
quantities of the SM literature. As a panf the framework of sustainable product

development, it is another evidence of the need for a holistic approach for sustainable product

development (design and manufacturing) that addresses triple bottom line sustainability
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2.2 Life cycleapproaches and practices

Life cycle approaches are the aggregation of concepts methods and practices which are based
on thelife cycleperspective The aims are to providbeoreticalframeworks and methods to

address one or more issues within the lifeleystages in order to improve sustainability.

Concepts

- Sustainable development Life cycle thinking

- Industrial ccology Dematerialization

- Precautionary principle Eco-efficiency

- Risk principle Pollutionary principle

Analysis Practice

Analytical tools Policy programmes Corporate programmes

Life Cycle Assessment - Material Flow Accounting Sust Consumption & Production Life Cycle Management
Substance Flow Analysis - Env. Input/ Output Analysis Sustainable Procurement Supply Chain Management
Environmental Risk Assessment - Life Cycle Costing Integrated Product Policy End of Life Management

Cost Benefit Analysis - Total Cost Accounting Chemical Product Policy Product stewardship

Env. Management Accounting - Cost Effectiveness Ext. Producer Responsibility Social Corporate Responsibility
Ecological footprint Cleaner Production Assessment Integrated Waste Management Integrated Material Management

Checklists Policy Instruments
Checklists have been made for eco-design, waste management, eco-labels, and Legal instruments, e.g. licences and regulations
environmental management in companies Financial instruments, ¢.g. taxes and subsidies
Communication instruments, e.g. awareness-raising campaigns
Structural instruments, e.g. liabilities
Voluntary agreements, i.e. agreements between industry and government

Models & techniques Procedural tools

Among the frequently used models are: fate models, dose-response models, Environmental Management System - Design for Sustainability
ecological models, and allocation models. Examples of techniques are: - Environmental Certification System - Environmental labelling
weighting, uncertainty analysis, sensitivity analysis, and normalisation Envi; I Impact A - inability Reporting
Environmental Performance Evaluation - Etc.

Data & information

- Quantitative data - Qualitative data

- Environmental process data - Technical process data
- Generic data - Specific data

- References - Benchmarking

Figure 2.1 Life cycle approaches, consisting of analysis and practice

As shown in Figure 2.1, the role of concepts is to guide analysis and practice. The tools and
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practice are supported by data and informaat under the concepts (SETAC, 2005). The most

important concept relevant to this research topic are expgim following subsections.

2.2.1 Product life cycle

The International Standard Cognization (ISO) documentation 14001 and 14004 had brought
outtheWt A¥S O8O0fS LISNELISOGAQGSQ (2 GKS ¢ARSNI Lz
oConsecutive and interlinked stages of a product (or service) system, from raw material

acquisition or generation from natural resources to final disposal. Life stagdes include

acquisition of raw materials, design, production, transportation/delivery, usepéfift
GNBFGYSyYy G |y RSOF20)6Adcordivg té Life Gytld Iditiatives (SETAC, 2005), the
number of life cycle stages of a product can vargonventional six stages are often defined as

follows:

1) Product design

2) Raw material extraction and processing

3) Manufacturing of the product

4) Packaging and distribution to the consumer

5) Product use and maintenance

6) Endof-life management: rase, recycling and disposal
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2.2.2 Life cycle thinking

[ATS /80ftS (KAYy1Ay3d O2yaARSNA G(GKS LINRPRdzOG 2N
could have an effeain the entire system of the product or service itself. In which, the key

societal actors cannot limit their responsibilities to those plsaskthe life cycle of a product,

process or activity in which they are directly involved. On the contrary, the scope of their
responsibility is expanded to include environmental implication along the entire life cycle of

the product, process or activitsETAC, 1997).

2.2.3 Eceefficiency

The term eceefficiency was brought out by the Business Council for Sustainable Development

(BCSD, 1993) for Sustainable Development (WBCSD). The concept is defined as followed:

& 9 @fficiency is the delivery of compately-priced goods and services that satisfy human

needs and bring quality of life, whilst progressively reducing ecological impacts and resource

(s}

AyiSyaride GKNRdZAK2dzi GKS fAFS O80fSsz G2 | f
Ol LI O A-éffciéndy h@s®écome a synonym for a management philosophy towards
sustainability; in short, ecefficiency means producing more with less.-&ficiency as

concept can be applied as a practical but qualitative guiding principle for life cycle

I LILINB I OKS & ®¢

Those life cycle concepts are supported by analysis tools such as qualitative analytical tools,
checklists, and model and techniques. The tools mentidagare 2.1 covers environmental
evaluation tools, environmental management or economic accountinty toased on a life
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cycle thinking framework, the complete explanations of the tools can be found in (SETAC,
2005.) Tools and method for social aspect evaluation were addressed limitadijy due to
the time frame of the publication, still, it reflectsahthe social aspect of sustainability is not
well addressed compares to other aspects in sustainability. The sustainability assessment
methodology and research status will be reviewed in the later section in detail, where the

assessment of social performee (social life cycle assessment) will also be explained in.detalil

2.3.4 Life cycle management

Life Cycle Management (LCM) can be described as the application of life cycle thinking in
practice under the Life cycle approach (SETAC, 2005). It has bady coasidered as a

business management concept aiming to enhance the overall sustainability performance of the
business and its value chains in general. However, there is not an agreed definition of LCM, the
concept still needs to be developed. There msearchers and organisations that made their

effort to define the LCM concelgFigure 2.2).
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Reference

Linnanen
(1995)

Fava (1997)

Finkbeiner et al.
(1998)

Heiskanen
(2002)

Hunkeler et al.
(2004)

Baumann and
Tillman (2004)

Remmen et al.
(2007)

UNEP/SETAC
(2009)

Jensen (2012)

LCM definitions

Life cycle management consists of three views: (1) the management

view — integrating environmental issues into the decision making of the
company: (2) the engineering view — optimizing the environmental impact
caused by the product during its life cycle; and (3) the leadership view —
creating a new organizational culture

Life cycle management is the linkage between life cycle environmental
criteria and an organization’s strategies and plans to achieve business
benefits

A comprehensive approach towards product and origination related
environmental management tools that follow a life cycle perspective

LCA-based ideas and tools can be viewed as emerging institutional logics of
their own. While LCA makes use of many scientific models and principles,
it is more a form of accounting than an empirical, observational science.
Thus, the life cycle approach implies a kind of “social planner’s view’ on
environmental issues, rather than the minimization of a company’s direct
environmental liabilities™

Life cycle management (LCM) is an integrated framework of concepts and
techniques to address environmental, economic, technological and social
aspects of products, services and organizations. LCM, as any other
management pattern, is applied on a voluntary basis and can be adapted to
the specific needs and characteristics of individual organizations

LCM is “the managerial practices and organizational arrangements that
apply life cycle thinking. This means that environmental concerns and work
are coordinated in the whole life cycle instead of being independent
concerns in each company”™

LCM is a product management system aiming to minimize environmental
and socioeconomic burdens associated with an organization’s product or
product portfolio during its entire life cycle and value chain

*“... a business management approach that can be used by all types of
businesses (and other organizations) to improve their products and thus the
sustainability performance of the companies and associated value chains”
“It can be used to targel, organize, analyze and manage product-related
information and activities towards continuous improvement along the life
cycle”

... a systematic integration of life cycle thinking in modern business
practice with the aim to provide the societies with more sustainable goods
and services and to manage the total lifecycle’s of an organizations product
portfolio towards more sustainable production and consumption”

Figure 2.2  Different definitions of life cycle management (Sonnemann et al., 2015)

The triple bottom line (TBL) integrates the three demotionsusftainability namely
environmental, social, and economic sustainability (Remmen et al., 2007). In the late 90s, the

definitions of LCM only addressed the environmental aspect of sustainability. Until the early
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00s, the social aspect and the whole sustaleaconcept were included in the LCM definition,
which broadens the depth and width of sustainability that the concept covers so that the tools

and methodologies according to the adjusted LCM concept can be developed and adapted.

LCM is an integrated framark concept that connects various tools and methods for
implementation. Companies use LCM to support their goals of providing products that are as
sustainable as possible. Since the concept is under the pillar of Life cycle approach, therefore
the techniques and analytical tools are all applicable, such as life cycle assessment depending
on the level of ambitions of the enterprise. Remmen et al. (2007) lists the possible tools
including policies, strategies, systems, programs, see Figure 2.3. The aggrefj#tte choice

of tools provides an overall picture of the implementation of LCM, yet still not clear enough for
the implementation of conducting LCM. However, for enterprises, the barrier in implementing
the LCM is frequently not their ambitions of antimuous improvement of their sustainability.

The barriers often cluster in the financial avenue of the change; lack of technicalHoww

and difficulties in organising and cooperating value chain actors, organisations, and

communications between functi@l departments inside the enterprise.

On top of the barriers, there is a need to explore and develop-biegtep LCM approaches
GKFG OFy 6S IFRIFLWGSR G2 avyrftf FyR YSRAdzY Syids$s

be applied for the large enterfses which require a stricter sustainability need
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Life Cycle Management
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Figure 22 Choice of tools within LCM context (Remmen et al., 2007)

2.3Product service systems

2.3.1 Definition of product service system and the classification

Product serviceystem (PSS), defined as a system that combines marketable product and

services to fulfil specific consumer needs (Goedkoop et al., 1999). A PSS integrates aspects

from the physical product side (goods) with an intangible service offering, such asaifter

service including maintenance, repair, and end of life service or likewise, usually the service is

based on the particular established product. It has the great potential to facilitate sustainable

production and consumption (Tukker and Tischner, 2008)adlsas achieving customer

satisfaction. Studies have also proved that PSS can create benefit for environmental

sustainability, which is especially true for resouommsuming industries (Mont, 2002; Roy,

2000). The characteristics of PSS can be summlaaséollows (Mont, 2002; Helo et al., 2017):
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1 Pointof-sale services. Services such as personal assistance in shops, financial schemes

for customers, explanations regarding products and their use, as well as marketing.

1 Concepts of product use. Use orientetiere the utility of a product is determined by

the user. Result oriented (utility provider determines product utility for the user).

1 Maintenance services. Product servicing aimed at extending the life span of a product,

including maintenance and possihlpgrades.

1 Revalorisation services. Services that aim at closing the material cycle of a product.
This can be realized by, e.g., taking products back, reusing certain parts of new

products, or recycling materials if reuse is not possible.

Various classifations of PSS have been grosed (see e.g. Behrend et al., 2003; Brezet et
al.,2001; Zaring et al., 2001). Three major types of PSS have been identified and most cited,
namely Producbriented PSS, Resutiented PSS, and Useiented PSS (Tukker, 20043,

shown in Figure 2.4.
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Product-service system
Value y Value
m?:::ilxcl: Service content n;aelrr\l:i!:: 'en
P (intangible)
content Product content
content (tangible) —

Pure A: Product B: Use C: Result Pure
Product oriented oriented oriented service
1. Product 3. Product 6. Activity ma-
related lease nagement

2. Advice and | |4. Product 7. Pay per
consultancy renting/ service unit
sharing 8. Functional
5. Product result
pooling

Figure 23 Classification of PSS (Tukker, 2004)

According to Tukke2004), producbriented PSS characterised as services providing added

value to the product life cycle where the business model remains as the predled, but

some extra services are added. Re&uWA Sy G SR t {{a NS aSNBAOSa LJ
customers. In this PSS type, the traditional product still plays a central role, but it is beyond

just selling products where the ownership of the product stays with the provider. The provider

is usually responsible for maintenance, repair and conttwd. 0ser pays a regular fee for the

usage of the product and the related services, the forms of serving can be various in including

product lease, product renting and sharing, and product pooling, which includes sharing and

renting but in a simultaneous way

Forus2 NASYGiSR t{{ aSNWAOSas AlG A& LINRPGARAYy3I WS
client and provider agree on a result, and there is nogegermined product involved. This
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type of PSS involves less product selling but emphasises provitiingible result as the
services. The user no longer buys the product but the output of the product according to the

level of use, while the producer maintains the ownership of the products

2.3.2 Sustainable product to sustainable product service system

As stated in the early sections, the trend of sustainable product design is beyond the choice of
more ecofriendly materials, but a more stringent interpretation requires a system innovation
approach. In fact, researchers have observed that product kifle©esign or Eegesign
implementation meets obstacles in traditional supply models of product sale (Stahel 2001,
Lindhgvist 2000; Goedkoop et al.1999; Vezzoli, C. et al., 2014). A more significant scope in
which to act to promote radical changes for &isable consumption seems to lie in widening

the possibilities for innovation beyond the product: commonly referred to in this context as

ProductService System{®SS)(Vezzoli, C. et al., 2014).

2.3.3 Sustainability in Product service system

Thereduction of environmental impact is the most recognized as the benefit of PSS, 62% of
the PSS topic articles (Annarelli et al., 2016) have agreed upon this effect, which is also one of
the main reasons behind the development and implementation of a @S2 IS concept has

been suggested as a way to address and contribute to sykeehimprovement (Goedkoop

et al.,1999). PSS is designed to have a prolonged products' lifetime and its utility so that it
allows better exploitation of resources and less vwegstoduction. The prolonged life span of
products promotes the energy efficiency during the consumption phase from the customers'

perspective, also reduce cost related to the consumption
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For business providers and industries, there havenbesable policydriven reasons to

conduct sustainable consumption innovation (Backhaus et al., 2017), such as interest in the
sustainable business model for shared value creation. PSS reduces mass production which led
to a cost reduction of manufacturin@Vith the added value of the service, the PSS providers

can be competenthantraditional product provider in many ways, such as revenue increase,
consumer engagement and loyalty as well as new market development. Those advantages are
built upon the achieement of consumer satisfaction which boosts socioeconomic

sustainability.

From the perspective of design for sustainability, it suggests that the environmental impacts of
products and associated services should be addressed already at the product argsproce
design stage, while special attention is given to the possibility of reducing environmental
impact from the use phase by providing alternative system solutions to owning products

(Mont, 2003), in this regard, PSS also facilitates sustainable consumption

2.4 Sustainability assessment and the applications in products and services

2.4.1 Environmental life cycle impact assessment

Life cycle assessment (LCA @@ when compare environmental life cycle assessment to
a20A1t fATFTS O Okrfaticsét af racaddrEsyfall dompilingzand ¥xamiging théi
inputs and outputs of materials and energy and the associated environmental impacts directly
attributable to the functioning of a product or service system throughout its life cycle'(ISO
14040). Altlough LCA studies were carried out in the 1960s, it was only in the 1990s that
SETAC initiated the standardization process that led to the ISO 14040 and 14044 series
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(Hoogmartens et al., 2014).

LCA enables the comparison of different options, produce evigbased references on the

impact performance of each option so that priorities can be identified more transparently and
inclusively. LCA methodology is the most acceptable methodology in assessing product or
AaSNDAOSEAQ fAFS Oe Ofcusion I @aNP CAMBsEdirestilts ardN@otgk f S @
integrated nowadays in decisienaking processes, such as selection of materials, sustainable
design, selection of complex supply, policymaking, green procurement dabeling

schemes.

2.4.1.1 Environmetat life cycle impact assessmebcedureand tool

¢KS aaSaayvySyid aoeB8l ¥EQf HZRANAE I OKYORKRDE 02¢
the extraction of raw materials; manufacturing and fabrication of the product; the

transportation or distributiorof the product to the consumer; the use of the product by the
consumer; and the disposal or recovery of the product after its usefuldeording to ISO

14040, 14044, the procedure of conducting an LCA consists of four steps:

1 &Goals and scope definitian which system boundaries and unit of the analysis are set;

1 Life cycle inventory (LERhe collection of all elementary flows of input and output
from and to the system in terms of resource used and emission;

1 Life cycle impact assessment (LCI&)e assessment of the impact associated with the
flows in the inventory, covering a wide variety of environmental impact categories
(such as climate change, acidification, ecatity, etc.). The different impacts mhg
associated with three Area of Protections (AoP): human health, ecosystem health,

natural resources; and Interpretatian.
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1 Interpretation.Finally, the conclusiorthat are result fronthe processan be shared
in interpretation phasethe conclusions arentirely affected by scope, and goals
defined in the first part of the process.
There are many L@&#ased tools, both qualitative and guantitative (software tools). The
mainstream of conducting an LCA is by utilising software tools with the support of databases,
such as for policymaking or declarations. The most applied LCA softvadsertdude Simapro
(PRé Consultants, 2015), Gabi (Thinkstep, 2015) and OpenLCA (GreenDelta, 2017) and

simplified tools such as Sustainable Minds (Sustainable Minds, 2015).

Simapro and Gabi are commercial software tools that facilitate the simulatioonoplex LCA

models, and also to conduct complex end of life (EoL) scenarios.

hLSy[ /! 3JFAya Ada FLIWIXAOFGA2Y RdzZNAy3I NBOSy
codlings provided, which enables advanced users or developers to modify or createviheir
version of the LCA tool. The software itself is free, which gains its advantage and popularity of
research students and academics. The software is compatible with the majority and the most

preferable databases and life cycle impact assessment (L@tAYds.

SustainableMinds is a simplified LCA tool that mainly supports the sustainabledesign
process, i.e. to compare different design concepts easily. It is less sophisticated than the
commercial software above and not able to conduct multifacetad detailed assessments

with complex EoL scenarios.

hiKSNJ O2YLJzi SN AR RSaAdaly (22t &dzOK a {2fAR
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main purpose is also to aid eclesign. But the focus is on material and energy consumption in
conceptsé SOGA2Y NI 0KSNJ GKIy FaasSaaiay3a (GKS TFdz f
therefore cannot be referenced in formal declarations or likewise purpose. The advantage of
Sustainable Minds and Sustainability function in Solidworks is that the simpligiteating the

Bill of Materials (BoM), the software itself will obtain the material information from the

product model; for Sustainable Mind, the BoM can be imported from CAD software, which

reduces the complexity for designers in conducting.LCA

Thisresearch utilisedpenLCAGreendelta, 2017and Online LCAatform
(http://h2020.circ4life.net)) to practiceLCA due to several reaso@penLCA is an advanced
software tool for practicingomplexed_CAits compliance with ISOstandards such as ISO
14000 and14040and provide severalatabasesand LCIA method option¥he software tool is
alsoaid easier comparison between products with varipatameters. In addition,ampares
to other commercial software tools, openLGéftware itselfand the LCIA methods afiee

and some of the databasese free to researchers and ngmofit partieswhich is more
accessibleOnline LCA platform is developed by CIRCA4Life projectables geographically
dispersed users to calculate gshare the LCA results online. The Platform prsiideA
modelling and assessment functiongh userfriendly interfaces. The platform is in line with
the international LCA code of conduct ISO 14040 with the incorporation of theeceljnised
databasemainstream life cycle impact assessment (LCIA) methods, including ReCiPe midpoint,
endpoint and CML are builih for the impact calculatio(detailed insection6.2.4.5. The
onlinetool was initially developed to support industrial practices includireyetectrical and

food industries which fit for the case studies in this research.
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2.4.1.2 Status of life cycle assessment of lighting product towards sustainable design

There are a number of studies addressing environmental topics of LED lighting pretigtts

as (Tahkamo et al., 2012; Principi and Fioretti, 2014; Wang et al., 2020). Most of the literature
are comparison studies LED products and demonstrate energy efficiency and environmental
sustainability among different technology or LED lighting pobslurahkamo et al. (2012)
highlighted that modern light sources (CFLs and LEDs) are more environmentally friendly than
conventional sources. Principi and Fioretti (2014) conducted a comparative life cycle
assessment of luminaires for general lightingtfa office, the results showed that the
environmental impacts of using LED luminaire in the office were significantly reduced mainly
due to high energy efficiency in the use stage. More LCA studies of lighting product are listed in

Table 2.1.

Table 21 LCA studies of lighting products

Lighting  Assessment
category method

LCA Case S‘de _to LE EPS 2000: Human toxity and
Outdoor Luminaries as

) Exhaustion of resources are the mc
lar Econom EPS 2 ) )
a Circular Economy outdoor S 2000 affected impact categories; CML

Name of the article Key points summary

Solution to Local Scale method& CML .
. human health and Exhaustion of
(LozaneMiralleset
resources are the most affected
al.,2020)
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Life-Cycle Assessmen
of Energy and

¢CKS ddzaS¢ LIKI &S
lamps accounted for 90 percent of
total life-cycle energy, on average,
followed by manufacturing and
transport. (basd on 10 existing

Environmental Incandesc Iightingtproduct_ LC_As that included
Impacts of LED ent academic publlcat|_ons as well as
Lighting Products lamp/CFL manufacturer and mdependent
(Scholand and Dillon /LED research reports.) The light source
2012) ' that performed the best was the LE
lamp (2017) whose impacts are
expected to be about 50 percent
lowerthan the 2012 LED lamp and
70 percent lower than the CFL.
incandesc
ent lamp
(IL),
fluoresce
nt lamp
Analysis of the (FL) and
compact

performance of
domestic lighting
lamps (Aman et al.,
2013)

fluoresce energy
nt lamp efficiency
(CFL).

Light

emitting

diodes

(LED)

based

lamp

"with the current technology, the
use of FL and LED lamp is benefici.
for utility as well as for consumer."

Assessment of Light
Emitting Diodes

technology for general primary
o o energy
lighting: A critical

demand

review (Nardelli et al.,
2017)

the lifespan of an LED bulb was
equivalent to that of 25
incandescent bulbs and 2.5 compa
fluorescent lamps. During the
manufacturing and use phases, the
energy consumption was 667.9 kW
for the LED bulb, 678.2 kW h for the
compactfluorescent lamp and
3305.3 kW h for the incandescent
bulb. Less than 2% of primary ener
demand over the full life cycle was
used for manufacturing. The major
contributors to these results were
the metalsg aluminium, copper and
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gold¢ and the chemicalssed in the
composition of the LED chip.

Assessment of Light
Emitting Diodes
technology for general

Compact fluorescent lamps and LE
lamps are more likely to

produce an impact on human healtl
andecosystems.

natural resources depletion. The

lighting: A critical LED main environmental benefits
review (Nardelli et al., of LEDs compared to conventional
2017) light sources are low carbon dioxide
emission and absence of filaments
and mercury.
LED (364pt), HPS(433pt)the use
high caused the majorityf the
Life cycle assessment pressure environmental impacts: 96% in HP<
of road lighting sodium and 87% in LED luminaire over 30
luminaires e (HPS) and years of operation, while
Comparison of light  light- CMLIA eco manufacturing accounted for 4% ar
emitting diode and emitting indicaté)r 99 13%, and enaf-life less than 1%,
high-pressure sodium diode respectively. the LED luminaire
technologies (LED) caused 26% or 17% lower average
(Tahkamo and Halone luminaire environmental impactshan the HPS
2015) s. (road luminaire. defining functional unit
lamp) under assessment is crutial for
lighting comparative study.
A comparison with the values from
the cumulative the various old studies appears
Tungsten rather difficult, as a broad varietyf
energy : : o ) :
. lamp different impact indicators is used ir
Environmental demand (CED) : .
. N Halogen the various studies. The oldest
impacts of lighting the global . . -
. . lamp . studies partially use LCIA indicators
technologiest Life warming )
Fluoresce . that are even not in use anymore
cycle assessment and potential : . )
e . nt lamp todayt making a comparison with
sensitivity analysis (GWP) and the , : )
Comp. today's result almost impossible.
(Welz et al., 2011) Eco e
fluoresce . , Another difficulty comes from the
nt lamp Indicator'99 fact thatthe functional units vary
(EI99) were

considerably from one study to the
other. Nonetheless,
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A comparative life
cycle analysis of low
power PV lighting

functional unit: withluminous flux
0f100 lumens, for 3 h a day, over a
period of 1 year. Solar PV lighting
products have a lower
environmental impact than

products for rural :ia\imn ReCipe cor;_vehrtl_tlonal Ilg_htlngf solulilons, sucl
areas in South East ghting as lighting services from kerosene
. . lamps and powered by car batteries
Asia(Durlinger et al., . 4
2012) T_he enwronr_netal profile of small
size PV lighting products can be
improved by 10 up to 50% by
recycling of the batteries.
Mitigating the
greenhouse gas used a bottoraup approach to
emissions from urban estimate GHG mitigation potential
roadway lighting in road associated with replacing current
) ! S GHG . .
China via energy lighting emissions high-pressure sodium (HPS) lamps
efficient luminaire (HPS and calculation with light-emitting diode (LED) lamp
adoption and LED) and deploying solawind hybrid
renewable energy street lights, solar street lights, and
utilization (Chang et wind street lights in China.
al., 2021)
Current LEDs and CFLs available ¢
the market
The Effect of have similar total impacts in the use
Consumer Behaviour phase and are both suitable
on the Life Cycle CEL and replacements for household
Assessment of Energy CML2001 incandescent lamps if electricity
- L LED . .
Efficient Lighting savings are desired.
Technologies (Yu et lamp efficiency (lumens per watt)
al., 2016) still remains the largest
influence on the environmental
impact of the lamps
The life cycle assessments show th
A comparative life the LED luminaire allows the
cycle assessment of environmental impacts to be
luminaires for general significantly reduced (reduction of
lighting for the office e CFL (62W 41-50% of greenhouse gas emissio
ILCD 2011 :
compact fluorescent andLED midpoint and cumulative energy demand),

(CFL) vs Light Emitting (23W)
Diode (LED) e a case

study (Principi and

Fioretti, 2014)

mainly due to high energy effericy
in the use stage.

The Cumulative Energy Demand
(CED) assessed for the CFL was
11.9 MJ and was 71.3 MJ for the LI
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luminaire; percentage between 96
and 99% is due to the use stage of
the luminaires,

Exploring Cost and
Environmental
Implications of
Optimal Technology

examine the cost and environmentz
implications of technology
management decisions in the
context of the street lighting
industry, empbying lifecycle
assessment and a Markov Decisior

Management LCALCC Process model. The goal of the
Strategies in the Stree research is to determine a policy
Lighting Industry that minimizes expected costs and
(Dzombak et al., 2020 emissions for the system over a fixe
time horizon thus reducing
uncertainty for managers.
The results quantify the waste
burden of highperformance lighting
. . and further motivate the
Balancing focusing . .
: development and implementation o
technological on waste : -
. ) . recycling programs and policies to
innovation with waste (Incandes . i
T prevent waste diverted to landfills
burden minimization: cent, CFL, N/A
o . ) by consumers. The results also
An examination of the Disruptive ) . .
S confirm that attention must be paid
global lighting industry LED, Best
(Dzombak et al., 2019 Case LED! to how to reduce the waste burden
v ' : of LED lighting products through
improved design and lighting as a
service model.
Fluoresce
Life Cycle Assessmen nt,
of Incandescent, Compact
Fluorescent, Compact Fluoresce CML, ecoe Functional unit selected for this
Fluorescent and Light nt and indicator 99 study is lumenhours
Emitting Diode Lamps Light y . '
in an Indian Scenario Emitting
(Sangwan t al.,2014) Diode
Lamp
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However, these studies are conducted by LCA expaotsaiming to guide sustainable LED

lighting product designOnecomparative LCA study (Casamayor et al. 2018) regarding the
design perspective of LED lighting was found, in which the environmental impact was assessed
and compared between a newly designed eco LED product and a commercialiseaiseED
product. The newlglesigned product proved to have less (60% less) environmental impact

than the existing lighting product in all scenarios, and recommendations for thdesign of

LED lighting products are proposed.

2.4.1.3 Status of life cycle assessment in Flooriogymt

According to the literature, there are limited researches regarding the LCA of flooring
products. In the early years, studies were mainly regarding the topic of LCA comparison of
floor covering materials to guide environmentally sound and emisSiea purchase (Potting

1995; JOnsson,1997; Joénsson 1999).

A series of Swedish studies (J6nsson,1997; Jénsson 1999) compared the environmental impact
of three general flooring materials namely linoleum, vinyl and solid wood under the scenario of
Sweden. Thetudy based on a processed LCA, the results revealed that the solid wood flooring
was the most environmentally preferable choice, followed by linoleum and vinyl; and the
TVOCs emitted by floor coverings during the use phase are of much the same magnithde

TVOCs emitted in the rest of their life cycle, except for solid wood flooring.

Nicoletti et al. (2002) conducted a comparative LCA between conventional ceramic and marble

tiles, the key environmental impact categories were identified as well akdiéfe cycle

41



phases of two flooring tiles. The results indicated that the impacts of ceramic tile are over
twice as bad as the marble tile, and the improvement solutions for the two products were

proposed.

Similar studies were found in recent yearsz&et al. (2011) compared three kinds (concrete,

clay and expanded polystyrene) of construction flooring systems based on AHP LCA,; according
to the result, expanded polystyrene EPS is the most environmentally sound flooring system
amongst the three. A rece LCA case study (Sangwan, Choudhary, and Batra 2017) assessed
the environmental impact of a ceramic tile supply chain, Umberto NXT LCA software was
utilised with an updated database and assessment method, and the manufacturing stage was

identified as thekey environmental impact stage.

Geng et al. (Geng, Zhang, and Yang 2017) compared a kind of wood flooring with traditional
ceramic tile from a greenhouse gas reduction and-effctive points of view, which proved

the advantages of wood flooring tile.

The existing studies discussed above clustered on comparing the environmental impact of
general flooring materials to guide material selection. Additionally, some of the studies did not
apply LCA software in the early years due to the technology limitadiifierent evaluation

methods were applied so that the accuracy of the assessments remains contraversial

2.4.2 Social life cycle impact assessment

The discussion of integrating social aspects into Life Cycle Assessrmémt)(Started in the

M o n aiencehald 1996)The United Nations Environment Programme (UNEP) and the
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rationale regarding social impacts for the product and provides a solid social impact evaluation
framework. Five types of stakeholders and 23 social and smtinomic subcategories (topics)

are introduced in the guideline. A stakeholder category is stefof stakeholders that are

expected to have shared interests due to their similar relationship to the investigated product
systems. The stakeholder categories provide a comprehensive basis for the articulation of the
subcategories (Benoit et al., 20IMe Five stakeholders are: Workers, Local community,

Society, Consumers, and value chain actors.

Impact Categories used iALEA will correspond to the goal and scope of the study and
represent social issues of interest that will be expressed regarding the stakeholders affected
and may cover health and safety, human rights, working conditions,-sooimomic
repercussions, culturdderitage,and governance. While impact Indicators act as the bridge
that links the data with subcategories and impact categories, guiding the data collection

process.

SLCA assesses the social and secimnomic impacts fouthin the life cycle (supply chain,

including use phase and waste) and provides general data and specific data. It is different from
other assessment methods, the scope of which is the entire life cycle. The social and economic
and social aspects assesse@&LCA are those that may directly or indirectly affect the positive

or negative aspects of the stakeholders in the product life cycle (UNEP, 2009). The four steps of

conducting 8.CA is as the same as it df EA:
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Goal and scopélhe definition of the gal and scope has to be clearly specified in the first step
of the study to ensure the study willlfil the intended applicationThe goal and scope are
directly determining the depth and breadth of the study. Determine the stakeholders
considered in thetsidy and the life cycle stages included, the data-ltC2\ are always case

specific.

Life Cycle Inventory Analysighe inventory is the phase of &LCA where data are collected,
the systems arenodelled and the LCI results are obtained. The GuidelftdEP, 2009)

specify three different types of data that can be usednr5d. CA (Parent et al., 2010):

(1) the activity variable, which serves to allocate a socially relevant weight to the different
unit processes when dealing with qualitative and semmdigative indicators that cannot

be referred to the functional unit directly;

(2) the data related to the social conditions or stressors that will be translated into impacts

(the inventory data); and

(3) the data necessary to compare the local situation to an international set of thresholds
OGKS Gt SNF2NXI yOS wSTSNBYyOS t)2Aytae (G2 oS
Life cycle impact assessment. Impact assessment (SLCIA) is the third pheSé.0fa Ta
purpose ofd CIA is to aggregate inventory data and cluster them into subcategories and
categories_CIA methods aim to connect to the extent possible, emissions and extractions of
life cycle inventories on the impact pathways to their potential envinental damages.
Impact pathways consist difie linked environmental process, and they express the casual

chain of subsequent effect originating from emission or extraction (Parent et al., 2010).
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Life Cycle Interpretation. According to the guideline, thtenpretation of SLCA results
including identification of the significant issues; evaluation of the study (which includes
considerations of completeness and consistency) and making conclugoasymendations,

and reporting.

2.4.3 SLCA methods

ThereareF 2 dzNJ YI Ay YSGK2Ra | @rAttrotS G2 FaasSaa |
cycle, namely Checklist Method, Scoring Method, Database Method and Empirical Method.
Amongst the methods, the Database Method is the most recent and the trend of social

performance calculation.

The checklist impact assessment method uses the tick sign to measure an impact. Franze and
Ciroth (2011) utilised this method and compared the social life cycle impacts for rose flowers

from the Ecuador and Netherland, with fo@sson production and packaging stages. The

assessment was conducted and measured with five levels of colours in a spreadsheet format.
¢KS AYLI OG OFGS3I2NE ¢AUK GKS Y2ald WKQ gAft o
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assessment box. The darker the colour is, the more impact the category possesses, and vice

versa.

The Scoring Method uses scores to measure an impact. A variety of scoring methods and
standads have been developed to apply in the implementation of proddcCa. Foolmaun

and Ramjeeawon (2013) investigated the social impacts of four solutions for recycled PET

45



bottles by utilising this method. The percentages have been marked for each subyatego
based on the established scoring standards, the total scores can be calculated for each
subcategory for different solutions for comparison. In addition, scoring with values, sueh as 1

6, has been also found inRLEA practices (Ciroth and Franze, 2011).

The database method is the most recent and the trend of social performance calculation.
There are two databases available to date farG3\ practices: Social Hotspot Database (Norris,
Aulisio and Norris, 2012) and PSILCA (Ciroth and Eisfeldt, 2017) aBadihsds comply with

the categories and indicators framework that is defined by the UNEP Guidelines (Benoit et al.,
2010). Global governmental and organizational statistics, as well apnoditable

organizational data, are the main sources for the tweathases. Both databases cover data by
different sector in hundreds of nations and regions. Using the database to model the product
system for & .CA and conduct the evaluation is timesaving and reduce the uncertainty of the
assessment. This research applied database method to calculate the life cycle social

impact, PSILCA database was selected with the industrial case study, which is detailed in 4.4.4.

The empirical method uses empirical formulas or rules in order to assess social impacts. This
method ha been practised mostly for individual case studies. Labuschagne and Brent (2006)

developed a quantitative method to assess social life cycle impacts based on the South Africa
Resource Impact Indicator approach. Feschet et al. (2013) used Preston Paitevajutite

the health, education, employment impacts related to the banana industry in Cameroon
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2.44 SLCA study and integration in sustainable product

The understanding and application 6 SA methodology are advancing during the past

decade, whethepn the amount or extensiveness of the publications on this aPedblications

were ascending in addressing social and secimnomical topics after the UNEP/SETAC
guidelines were brought out in 2009. Furthermore, it can be detected as a fact that among the
existing literature, the number of case studies 6hGA began to surge since 2012, in contrast,
literature before were more on a theoretical level. Similar support statics can be found in
several publications such as Arcese et al. (2008). The guidaimesnsidered to have a

positive effect on life cycle sustainability assessment as well (Ciroth et al., 2011). However, the
concern is raised regarding theL €A method lacks standard and code of practice (Arcese et

al., 2018; Agyekum et al. 2017). DespitNEP/SETAC guidelines provide an important

benchmark of the $CA framework.

There are several studies that integrated social life cycle assessme@&()Swvith

environmental life cycle assessmentl(EA) to assess product/prode&tS NIJA OS &ae a i Sya
sustainability performance. Jagrgensen et al. (2008) conclude-ti@ASstudy into three

categories: 1)-£CA which aims to identify social hot spots;-2JCA which aims to evaluate

the social impacts caused by choosing among several scenarios/option3)e8idCA for

marketing and communication purpose.

Franze (2011) and Ciroth (2011) identified both environmental and social hotspots through a
y2i0S02210Qa tAFTS 0e0fS YR NRBAS LINRPRdAzOGAZ2Y LN
early efforts in the corination of ELCA and-&CA. These studies indicate that the@A and
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SLCA results might be completely different so that both environmental and social dimensions

need to be assessed to understand holistic sustainability.

Foolmaun and Ramjeeawon (2018nducted a comparative-ECA and-&CA of used

polyethene terephthalate (PET) bottles in Mauritius to identify a suitable method of disposing
of used PET bottles. A software tool was applied foCB while three stakeholder categories
and eight sukcategay indicators were included in thelSCA study. The analysis finally
detected that the solution with 75% flake production and 25 % landfilling is the best solution

for the case.

Agyekum et al. (2017) created a simplifieHGA approach that combines a camgtive LCA of

bicycle frameworks with a simplifiedLEA due to the data limitation.

Chongyang et al. (2019) conducted a comparative environmental and social LCA of manual and
mechanical harvesting of sugarcane in Brazil, in which mechanical harvésimgdsa better

end-point environmental and social impacts.

In a most recent case study, Khorasstral. (2019) developed anlSCA operational model

0FraSR 2y !'b9tk{9¢!/ Qad IFdZARStAYS I-yCRtoRSY2y ai N
identify the environmental and social hotspots in cultural heritage restoration. However, those
studies focused on the ogparative assessment of past actions (an established product or

activities) and their outcomes (Pope et al., 2017), there is limited study capturing social
LISNF2NXIFyOS F2NJ WLINRPRdAzOG RS@St2LIYSYyiQ 6KAOK

product or poduct-service system development (Kravchenko et al., 2019). On one hand, this
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(Chou et al.,2015; Costa et al., 2015). On the other hand, when it comes tacprod

development towards the triple bottom line of sustainability, product developers are still
WRIYOAY3 Ay GKS RFENJQ 6tSGiSNASY YR . NRO]KI d
social aspects are integrated and how social assessment results gan prbduct/service

design remains challenging. Hence, it is necessary to explore issues and opportunities in both
social and environmental perspectives to inform product and service design, so that potential

risks can be mitigated in a more holistic pasfive among different stakeholders

2.5Gaps of current literature

According to the literature review conducted above, the TBL has not been fully addressed in
research and practice, there is a need to address sustainability issues from a holistic
perspective, i.e. from TBL perspective. Current research focuses on ome dimension(s) of
sustainability issues, environmental and economic sustainability are most addressed in the
literature, but the social aspect is lack of attention among current studies, whether on the

conscious or application level. The lacking reflects

9 Applications of conducting social life cycle performance evaluation of product and

services.

1 Applying the social factors to sustainable innovations towards developing products

and services.

1 The implementation as decisianaking criteria of sustainaliiy issues related to
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Systematic Approaches for universal implementation which address holistic sustainability is
lacking. Current literature focuses on solyispecific case problems, the methods and
approaches developed from the caspecific studies are usually suited for specific conditions
or enterprise/ case, therefore are difficult to implement as a universal approach. PSS has the
potential of integrationof TBL od sustainability, however, the application is mainly from the
business point of view. There are several efforts made by studies to provide systematic

I LILINBF OKSasx adzOK a (GKS w{eadiSYy RSaAdye F2NJ a
method can be varied for the goal of the applications, the method still emphasises the service
part rather than product development. In addition, the current methods towards systematic
sustainability design are qualitative methods, amongst which qudiv#dechniques are

lacking. For those which sustainability assessniasted approach/ frameworks, the choice of
assessment indicators and the integration of assessment results into denisiking or

product/service development concept optimisation remaicontroversial.

Systematic sustainable innovation is lacking. In the existing research and practice about
product sustainability, the connection between sustainable product development and
sustainable product services has not been given enough atteriostainable design
development and sustainable PSS in service has frequently been studied separately by
research in different domains. The product service is mainly developed after the base product

is established, therefore there are limitations in thigtpan for considering the product and
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service as a whole to achieve its sustainability goal from a life cycle perspective. Therefore, the
combination and consistency of product development and service need to be addressed. From
a life cycle thinking perspéve, the product and service should be developed and considered

as a whole for sustainable innovations.

The methodology that supports preventing the potential environmental and social risks in the
early development stages is lacking. Sustainability assest is a useful and effective

methods technigue to indicate sustainability performances as a deeisaing reference. Yet
the nature of the assessment requires quantitative data which often can be conducted by the
end of the development process, wheltee concepts are well developed and difficult to
change. Thus, controlling the negative impact in the early design stage is key. From the LCM
perspective, the product/service conceptualisation could decide the choice of materials,
supplier, manufacturing ethods and cost as well as the value chain actors during the service
phase, which is the most controllable and effective stage to prevent potential sustainability
risks. However, difficulties for designers and engineers are detected in the constructian of
sustainable Product Design Specifications (PDS) due to the ambiguities of the sustainable
requirements. Other difficulties including the methods to control and predict early impacts in

early design stages which needs more research attention.
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Chapter 3 Sustainable Product Development and Service Approach

3.1 Overview of the approach

Sustainable product development and service approach (SHDSYo support sustainable

product and service through a systemic innovation underpinned by interdisciplimettyods

and tools.The SPDS approach covers the whole life cycle of the product, and is conceived to
address three detentions of sustainability in the product development and service, i.e. to

reduce the environmental burdens, address the social issueg &bilieving the economic and
competitive interest of providersThis approach is applicable to enterprises, sustainability
consultancies, engineers/designers and researchers. The approach was conceived to addresses
three detentions of sustainability (emehmental, social and economic) but adjustable

according to the individual needs (to address environmental aspects only, etc.) of the

enterprise/practitioner.

Figure 3.1 illustrates the framework of the sustainable product development and service
approach The approach covers the whole product lifecycle stages: design, manufacture,
distribution, retail, use, maintenance and repair, and end of life; amongst which the first two
stages, design and manufacture, are coveredhgsustainable product developméphase,
while the rest stages are covered by sustainable product service phase. The approach is
supported by various techniques and tools including sustainable product design and

manufacture, life cycle analyses, sustainability assessment, and sustasealite.
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Figure 31 The sustainable product development and service approach

This approach is a Life cycle approach under the Life cycle thinking and LCM framework (see
chapter 2 for detail) and is supported by sustaingideduct development and PSS

methodology (Goedkoop et al., 1999). The scope of the approach is beyond a physical product,
0dzi GKNRdzAK2dzi Fftf GKS ftAFS OeotsS adl3sSa 27
systematic solutions not only to deice the environmental burden but also to achieve

economic and social values.

However, for a radical improvement of holistic sustainability of product and service, the
existing frameworks and concepts have gaps on the implementation level for sustainable

innovation. As a business management concept (UNEP/SETAC, 2009), LCM pays close attention
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to the implementation of the supply chains to target, organize, analyse and manage product
related information and activities (Remmen et al., 2007); yet lacks spewgfihods regarding
sustainable product development. In addition, the PSS focuses on business models by adding a
service component to a physical product (Aurich et al., 2009), such as aisateservice of

the existing product, which only brings incrental innovation to products but not a complete
change in the manner to develop the system (Maussang et al., 2009). For those reasons, the
approach proposed by this research adopts the framework of LCM but advanced than the
existing LCM frameworks and P$®pleations, aiming at a radical improvement of

sustainability by the development of the sustainable product and the service as a bundle in the

same stage to construct a systematic sustainable innovation

The proposed SPSD embraces the following key festur

1 As alife cycle approach further developed from the existing frameworks and

approaches, the SPDS is more advanced than the existing LCM and PSS applications.

1 Covering the whole life cycle stages of a product, from design, manufacture,

distribution, reail to use, maintenance and repair, and EoL.

1 Addressing the TBL of sustainability in products and services.

1 Enhancing the interaction between product development and product service phases

to advance sustainability performance.
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3.2Interactions between product development and service

3.2.1 Design for service (DfS) and service feedback for design improvement (SfD)

In order to achieve effective interaction between the two phases, the product development
and product services need to be considered, therefore the connection between product

development phase and product service phases needs to be enhanced. This ischblieve

w»
w»
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two phases to interact and support each other.

The DfS is to address the service factors at the design stage, for the product to achieve
sustainable functionat relevant stages within the product service phase. An example of such

DfS methods is the modular design which facilitates the repair and recycle/reuse of products
GKSY GKS& NBFOK (KS 92[® 5F{ A& RSNAODSR FTNRY
sugainable impacts are determined at the product design stage and form the LCM

perspective, and the design stage is most controllable andeffsttive in improving

sustainability (Agudelo et al. 2016).

The SfD is to deal with the issues encountered inptegluct services phase, which are related
to the product performance/functions, to provide useful feedback for the improvement of the
product. As illustrated in Figure 3.2, such feedbacks are used to refine the product design
specifications, which govethe design and manufacture, to ensure the improvement of the

product performance/functions, including the product sustainability.
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3.2.2Implementation ofDfS and Sfih productandservice system

The objectives to implement this approach are to reduce the environmental impact through
the product life cycle and to address related social and economic issues. The objectives are to
be achieved by implementing sustainable product development and sasigiproduct

services.

Within the approach, the sustainable product development phase and the sustainable product
service phase are interrelated and support each other. The interaction of product

development and product services take place at differeages in the SPDS. For example, the
ability of service is considered as one of the criteria in the evaluation of potential design
concepts; in the detail design stage, the product features are particularly addressed to
guarantee the successful operationtb& product service, see chapter 5 for application in

lighting product. A conceptual construction method is proposed in response to SfD and aims to
conceptualise product and service opportunities towards TBL sustainability at the conceptual
design stageniwhich, the sustainability performance-(lEA and-&CA) of the product(s) in

service is to be assessed first to provide feedback on sustainability issues, such as to identify
the opportunities for the specific enterprise/case on the improvement of soatality

performance in the new product and service development. The sustainable recommendations
are to be given based on the assessment results so that they can be applied to the sustainable
product design specification (PDS) construction. The methoddeslthree steps: data

collection, conducting sustainable assessment, and deriving recommendations and
implications for product and service design. This method is the first step of operating the SPDS

as well as reflecting the interaction between service @noduct development.
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Figure R Thesustainable product development and sen(i8®DS) approach
In the sustainable product development phase, S and Sfinethodsareimplemented
within the design process consistingmbduct design specification (PRBe essential
definition of what the product is required to provide. The PDS is a statement offutetions
or characterghe producthaveto achieve, conceptual design, detail design and prototyping.
The PDS is refideby the feedback for improvement resulted in the sustainable product
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product through the manufacturing process, where related sustainable manufacture methods

are applied

In the sustainable product service phase, the manufactured product goes through the stages of
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distribution including retail, use (i.e. consumption), maintenance, and end of life (including
recycling and reuse). In this phase;areation is conducted, wh the knowledge of life cycle
thinking and lifecycle management, designers, researchers, value chain actors are all involved
in the cacreation which aiming at circular economy business model/models. The goal is to
constructa service that is bettefulfil consumer needs while creating value for the providers

with reduced environmental and social impact.

The sustainability assessment is applied in the approach to reveal the environmental and
sociaeconomic performance of the product and service. Iriclhlife cycle assessment
technique and software tools are utilised to evaluate the environmental sustainability of the

product, while the soci@conomic sustainability of the service is analysed as well.

3.3 Sustainable product and service conceptual straction approach

3.3.1 Product conceptualization stage towards sustainability
la ymx: 2F GKS LINBPRdzOGQ& G2i0lft Sy@ANRBYYSydll

(Charter, 2001), more attention should be paid to address sustainability issues at the product
design stage. Sustainable product design is defined as an intefitiacy concept to create new

LINE RdzOG & 2NJ aSNBAOSa |yR (2 3ASYSNraGS @t f dzS
dealing with environmental, social and economic perspectives with the best possible balance.
The sustainable design process begins witfinihg the product design specifications, then
Y2@gS G2 wO2yOSLlidzZZf RSaAdayQ G2 YSSG GKS t5{®
supplier, manufacturing methods and cost, as well as the value chain actors during the service

phase, are builn in this stage, which is the most controllable and effective stage to prevent
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potential sustainability risks and reduce cost (Agudelo et al. 2017). Thus, controlling the negative

impact in the early design stage is crucial.

However, barriers are detected 2 RS&aA3IAYSNEKkSYIAYSSNEZI &dzOK
sustainable variables in design requirements (Giachetti et al.,, 1997). The difficulties to

designers/engineers in sustainable PDS construction mainly centred on
1 Detecting and conceptualising thailored PDS towards holistic sustainability;

1 Lacking a clear evidendxased design guide for the specific product (Petersen, 2017;

Alblas et al., 2014);

1 Lacking method or guidelines to integrate social aspects and social assessment results

to inform product/service design, and;
9 Lacking a comprehensive strategy (Brockhaus et al., 2016).

3.3.2 The integrated method to inform sustainable product and service design

The integration of sustainability assessment aims to detect and guide product and service
congeptualisation towards TBL sustainability at the early development stage. In which, the
sustainability performance of the product in service is to be also assessed at the beginning of
the development process to provide feedback on sustainability issueshughuseful for the
conceptualisation of new sustainable product and service. Its application can be broad
depending on the sustainability goals (how many sustainability aspects to address, etc.), and
according to the goals, the environmental and socioeguic performances of produéh-

service are to be assessed to identify the opportunities (see figure 3.3) for the specific
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enterprise/case on their improvement of sustainability performance in the development of
new product and service. The sustainableaemmendations are given based on the
assessment results, therefore, are tailored and specified so that they can be applied into the

PDS constructian

3.3.2.1 Integrating sustainability assessment to inform product and service design

The integration methods outlined in Figure 3.3. The method includes three steps: data
collection, life cycle assessment and recommendations. LCA methods and tools are utilised to

assess the produénh-service.

3.3.2.1.1 Data collection

In the data collection step, an invegdition in collaboration with the manufacturer to obtain
casespecific data is necessary. Given the goal is to address the TBL of sustainability, the
sustainability evaluation, therefore, is consisting df@A and-ECA. There will be three types
of data wnder this circumstance:-ECA specific data;L$A specific data and common data for

both ELCA and-8CA.

The investigation consists of two parts: the first part is to obtain the&CB specific data and

common data for both £CA and-&CA through the duct life cycle, including production

RFEGIFEZ adz2ldli e OKFIAYy RIEGEEZ FYR EAFS OeOfS adlr 3
applied and adapted to the assessment model directly. The other part is to colleciliGd S

specific data that contain infmation about company social performance regarding different

stakeholders through life cycle stages.
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Existing literature has pointed out that one of the barriers for engineers/designers to conduct
environmental and social life cycle assessment is tHiedlifies of acquiring inventory data.
Therefore, there is a need to apply the constructive method to short the time and reduce the

communication barriers between the practitioner and manufacture

The data collection forms forlECA and-8CA are designedee figure 3.4, which can be

applied during the data collection processes.
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Figure 33 The Integrated approach to Inform Sustainable Industrial Lighting Product and Service Design
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1. Product General Data

1.1 Product Name/ Model Name

1.2 Product Photo (including application
photo)

please put all the pictures in the picture folder.

1.3 Suggest Service Time

1.4 Total Weight (kg)

2. Product Manufacturing
Data

[2.1 Describe Product Manufacturing Procedure
including time use)

production diagram with brief description, please put all the
pictures in the picture folder

[2.2 Product Assembly inventory data

including product all assembly parts name, number, weight
material , see 'example for 2.2' sheet.

2.3 Waste Generation During Manufacturing(kg)

leg: solid waste, liquid waste

[2.4 Emissions Generations (kg)

[to air

2.5 Is there harmful waste or emission? If yes, specify
[the production stage, substances and mass

3. Functional Unit and
Usage Data

13.1 Functional Unit Description

How the product works, how much function could a individual
product provide, is it required work with certain amount of the
products

13.2 Product Explosion Diagram

ee 'example for 3.2" sheet, please put all the pictures in the
picture folder

13.3 Parameters of the Product

13.4 Energy Consumption During Use

13.5 Is there any maintenance needed during the
lservice time? If yes, specify in detail

4. Transportation Data

1.1 Manufacture Plant country and Region

1.2 Target Market Country or Region/City

1.3 Distance between manufactory plant to target
market Region/City

.4 Means of Transport

if the transportation includes more than one transportation tool
pecify in detail

1.5 Is there other transport activities take place during
[the manufacturing stage? If yes, specify in detail

5. End of Life and Disposal
Data

15.1 Current disposal method and Mass of product
isposal this way

5.2 Is there component of the product includes
harmful substance which requires special disposal
method? If yes specify the disposal method and mass
lof the component.

EEE, REACH. RoHS

15.3 Is there material of the product recyclable? If yes,

escribe the material and mass

1.4if thereis
members
from other
country plea|

1.8is there

se specify the|1.5 the cost of  [1.6 transpor|1.7 export o{other costs, fill
1.2 If all the assembly member electricity during |cost of inport cost |the activity
1.1Place of members come from 1.3 if yes, the cost of thejname, countrymanufacturing |production |of the name and cos
Production China members are and cost. ($) [the product ($) |stage ($) product ($) |($)

1. Production
Stage

2. Transportation

3. Distribution

4. Use Stage

5. Disposal
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Figure 34 Example of data collection form-(EEAand SLCA
¢KS RIFEGF O2fftSOGA2Yy F2NX¥a O20SN) GKS [[dSaidAazy
segments, such as product general data, manufacturing eratactional Unit and Usage Data,
transportation data and End of Life and Disposal Data. The data collection forms had been
used in the case studies in later chapters. Each life cycle segment consists of three to five
questions accordingly. The required infaation is stated as direct questions in the question
forms, which are easier for engineers to provide the corresponding information by answering
the questions. It is considered as an easy method to interact between the assessor (the one
who conduct the asessment) and the industrial partner to shorten the data collection process
by explicate the questions in a coherent format and obtain the data with effectiveness. It is
Ifaz2 O2YyaARSNBR & I WodzZNRSY NBf AdFcle®® T2 N (K
about the exact information needed for the assessment consequently have trouble providing
the right information, which may lead to the misunderstanding between the assessor and the

industrial partner and prolong data collection process

Fortheg /! RIFGF 02ttt SO0A2Yy>S AGQa Y2NB O2YLX AOI
complement, interviews with engineers, employee representatives, and company directors can

be conducted to obtain the data as needed.

3.3.2.1.2 Conducting sustainability assessment

In the second step, with the data collected from the firsts step, th€B and-8CA are
conducted. LCA is a valuable tool in integrating sustainability into product development and

assessment due to its systematic procedures. FTh€E considers envirorental impacts
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along supply chains, while theL&A aims to assess the social and secamomic aspects of
products and their potential positive and negative impacts along their life cycle (UNEP/SETAC,
2009). Both the £ CA and the-BCA adopt the same ni@dology (LCA) which is comprised of

four main steps: goal and scope, life cycle inventory analysis, life cycle impact assessment, and

interpretation.

To conduct the sustainability assessment, tHe@ and-ECA modelling techniques are

required. Assessent models for environmental and social impact assessments are developed
via the LCA software tools (see chapter 2 for details). The key life cycle stages, key assembly
components, and opportunities are identified on environmental and social aspects.
Meanwhile, the potential environmental issues, potential social risk to the stakeholders,
namely workers, society, local community, consumer, value chain actors, and potential social

benefit are also obtained and analysed.

3.3.2.1.3 Recommendations and imptioas to product and service design

In the third step, the ECA and-&CA results obtained from the second step are analysed. If
applicable, the interrelation between thelECA and-&CA results are also analysed. The
insights and findings from the anafyssare derived and transformed into applicable
sustainable design recommendations and managerial implications, subsequently guide

sustainable product development and business service implementation.

The method to detect the interactions can be found ictgan 3.5. Those recommendations

derived from the sustainability assessment of the product in service can be directly applied in
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constructing the new sustainable product design specification and service conceptualisation.
The recommendations are tailoredrfthe specific enterprise with evidendmsed

(environmental and social performance results based) systemic solutions, including new
technologies and sustainability requirements for the new product and the requirements
addressing social issues and traaféwith economic interests. Therefore, by integrating the
recommendations into sustainable product and service conceptualisation, it is expected that
the negative impact can be controlled in the early development stage, and consequently, to

improve the oveall sustainability of the innovation

This proposed method can be applied to guide sustainable product and service
conceptualisation. However, the interrelationships between tHe( and-&CA results can

vary due to the characteristics of different mhacts. The application of the method also
depends on the goal and the ambitions of the enterprise towards sustainability, nevertheless,

the method can be adjusted accordingly, which will be demonstrated in later sections.

3.4Methods and tools in sustainablerpduct development stages

This subsection introduces methods that can be applied during the product development stage
to support sustainable product development. These methods can be applied selectively
depending on the targeting product and identified etiives from PDS. The demonstration of
different methods will be presented in the forthcoming case studies. Figure 3.5 illustrates the
methods and tools and how they can be integrated in the product design process. The

subsections will explain each methadd the application process.
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Figure 35 Methods and tools in sustainable product development stages

3.4.1Concept selection method

Concept selection is an activity in the product design process, where alternative coapepts
compared and a decision is made to select the alternative(s) which proceed into the later
phases of design (Ulrich and Eppinger, 2000). Several authors have agreed that concept
selection is one of the most critical issues in design (Pugh, 1996; &hddBppinger, 2000).

The concept selection process is the initial decigiaking process that could affect the

impact of the product through the selection criteria, those criteria should be formulated in
accordance with the PDS with emphasised aspectssigiainable design, when the product
technical characters are guaranteed, environmental and economic aspects also should be
addressed and emphasised in the criteria construction (social aspect is hardly be considered at

the initial concept selection stag since the social information is limited at the stage).

This research proposes a concept selection method that aims to grantee the technical standard

while minimising the potential environmental impact and cost. In which, all the concepts are
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evaluatedwith two types of evaluation criteria, comparative criteria and threshold criteria. The
threshold criteria represent the requirements that the concepts must meet. Those criteria are
usually derived from the standard and the constraints of the productgmte If a concept

cannot meet any of the requirement, i.e., the threshold criterion, the concept is then ruled out
without further consideration for evaluation. With the comparative criteria, the concepts are
evaluated using numerical values, and a higlaue represents a better result. To rate the
importance of each criterion, the Weight Factors are applied. The values of the weight factors
are ranged from 1 to 3, and a higher value indicates more importance of the criteria to which

the higher value asgned. To guarantee the eddendly features, it is suggested to assign

WgSAIAKGIQE WSYSBANRYYSYdGrFt AYLIOGQ YR wO240Q

the weight factor can be adjusted according to the initial PDS. Figure 3.6 illustratesah

criteria.

The comparative criteria cover possible issues that can affect the sustainability (mainly

environmental and economic) performance along the product life cycle.

Weight. Product weight is one of the most critical parameters that link td&urrissues such as
transport, installation, etc. It is also proved to be the key parameter to the environmental

performance of the product (Wang et al., 2020).

The number of materials. It is another important parameter that links to manufacturing
processesjoint methods and costs as well affects the environmental performances (Wang et

al., 2020) during the production stage and related to the end of life options.
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Ease of manufacturing. This allows the comparison of the design concepts regarding their
manufacturing process if the proposed concept is achievable from the manufacturing

perspective.

The flexibility of adjustment. This item aims to measure the flexibility of instalment and

disassembly/adjustment.

Ease of maintenance. Easensdintenance refers to the low maintenance required throughout
the service time, easy to detect if the product needs to be repaired; as well the operation of

the repair or upgrade is either require fewer complex works, easy to reach; ceffestive.

Lifecycle environmental impact. Here is an estimation of the potential environmental impact
along the product life cycle, i.e. through the material and manufacturing complexity. Three
impact aspects can be considered regarding this item, namely the impdmtroan health,

ecosystem and resources
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disassembling the product.

Threshold
Criteria

Comparative criteria

Weight

Number of materials
Ease of manufacturing
Flexibility of adjustment

Ease of maintenance
Life-cycle environmental Impact

Recyclability (EoL options)

Availability of materials
Cost
Technical parameters criteria(3-4)

Service ability (optional)

Figure 36 threshold criteria and comparativei@aria

Recyclability (EoL options) is to address the end of life options if the materials chosen in the

concepts are recyclable, or easydisassemble if the joint methods are preferable when

Availability of materials evaluates if the materials proposed in the design concepts are easy to

reach. This can also affect the production cost of the design concept.

Cost.The objective is to balance the environmental impact but with controlled production
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cost. This is considered beneficial for the producer to gain market competitiveness.

In addition, optional criteria are included, such as the evaluation items regardihgital
parameters and serviceability. The additional technical parameters criteria aim to pick the
preferred characters of the product under development. The serviceability is to indicate and
support the potential product service related to the producseu can consider this item when

there is a service goal to achieve

3.4.2Simulatiorexperiment confirmation method

Finite Element Analysis (FEA) is a simulation tool that can be used to predict how a product or
system will react in numerous scenarios. For the product that needs to comply with a strength
standard, FEA is useful to simulate the stress and deformatiomwliaih the response data

under a certain load.

The simulation of experimental test with FEA techniques is necessary before the product
prototype is ready. It is considered a tiraéfective and cost reduction method in the detailed
design stage. The siration model of the product and the experiment instrument is to be
developed and the simulation of the load/position should be set according to the physical
experiment, which in turn complies with the related technical standards. This combination of
method can be applied by repeat attempts which are continued until success, or until the

attempt stops.

If the FEA results meet the chosen standard, they can be processed to the next development

stages, where the prototype can be made then the experiment carabged out. Finally, the
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FEA results will be compared to confirm the physical experimental test results.

Under the circumstances when the detailed design concept under FEA is failed to meet the
requirement, it is suggested to be redesigned/refined.déds to be noticed that the FEA

results, in theory, is slightly lower than those of a real experiment environment. In this case, by
limiting the fixed parameter (usually the technical standard or goal), and keep trying with

different dimensions (thickneshgight, etc.), the simulation tool could finally detect the

breaking point so that the designer/ practitioner refines readjust the preferable dimensions

GKFG YSSG 6AGK GKS OK2z2aSy adl yRFNRQA& NBSIj dzh NB
developirg a product with loaébearing capacities, such as furniture, transportation products,

aiding products and constructing productgc.

3.4.3 Sustainability evaluation

The sustainability evaluation is applicable as a sustainable deaisiking method throughout

the product and service development process. The evaluation including life cycle assessment;
social sustainability evaluation, and cost and benefit and other economic aspect evaluation.
According to the goal set at the beginning of the development, theszssent can be chosen
accordingly. For example, if the goal is set to achieve the holistic sustainability, then the three
evaluation needs to be conducted in the detailed design stage to check if the goal is met, while
if the goal is emphasising on the emrimental aspect, then the life cycle assessment should

be focused throughout the development process. Nevertheless;affistent is a universal

target that will be addressed during the decisioraking process. The evaluation can be an

iteration procesauntil the sustainability goal is achieved, i.e. the environmental impact is
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reduced, the social issues are well addressed (it varies between cases).

Life cycle assessment is a widely accepted method to evaluate the environmental performance
of products ad services. In this research, the integration of life cycle assessment is on two
folds: the initial sustainability performance assessment, where the impact of prétuct

service is assessed to obtain and derive the PDS, see early this section for lietaiher fold

is to conduct comparative LCA to obtain the environmental performance of the new design
with the reference product/products. The reference product can be the product that under
assessment initially, or other typical product that can be coragas benchmarking objectives

or reference values in related standards.

Social sustainability evaluation. The evaluation focuses on the social effect along the supply
chain of the product and service, where stakeholders (i.e. provider of the supply ehéin,
user/consumer, workers, etc.) benefit along the life cycle stages will be evaluated. Social issues
such as job boosting, consumer satisfaction, etc. will be covered. This evaluation will be
conducted in the detailed design stage, however, unlike L@ the socieeconomic

information is hard to collect for anISCA. Nevertheless, the social sustainability analysis and

evaluation will cover as much of the stakeholders and social issues as possible.

Cost and benefit and other economic aspect evaluatidns evaluation can be integrated into
many development stages, such as concept selection, deaisaking in detailed design stage
prototyping and manufacturing. The goal is to achieve-effgctive also create extra value
from the sustainable producbtenhance the profit of the provider while achieving

sustainability goals with their products
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3.5 Operation of the approach

An overview of the operation process of the product service approach is presented in Figure

3.7.
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Figure 37 Operation process of the approach

The approach consists of several steps with optional and common processes and supported by
interdisciplinary methodologies and tools. The methodologies can be selectively applied
according 0 the nature of the product/service and the sustainability goals. In figure 3.7, the
processes filled with blue refer to the activities link to the development of an environmentally
sustainable product, while the processes filled with yellow refer to tttevies that link to the
development of a socioeconomic sustainable product. The processes linked with green are the

common processes that apply to all purposes.

The approach starts by setting the sustainable goals and identifying the sustainablergoal f

the certain product and/or service by the case enterprise or by the practitioners for a research
project. For a sustainable innovation, the goal can be set to achieve one or more perspective of
sustainability. Environmental sustainability is the fundauad goal to achieve, nevertheless,

this approach is designed to achieve the TBL of sustainability initially. Thus, it is encouraged to
set the sustainability goal to cover both environmental and socioeconomic sustainability where
AGQa | LILIX A heré dreSalbo biarflegs $0@& Algoal for holistic sustainability, the
practitioner needs to consider several aspects in this step, such as timeframe, available

resources, technical knohwow and cost, etc.

~ Az o A
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stage, sustainability evaluation will be conducted to a prodoegervice. The purpose is to
detect the sustainable issues from both environmental and social perspectives, also to derive

recommendations and imphdions for sustainable product and service conceptualisation. Life
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cycle assessment methodology, including both environmental life cycle assessr&h)E

and social lifecycle assessme(SA), are utilised in the stage as the evaluation method and
tool. During the evaluation, the key life cycle stage (hotspot) and process, as well as the key
issues are identified from environmental and social perspectives. After analysed and
interpreted the results, opportunities and recommendations which address thadseies for
sustainable product and service design are derived and applied the conceptualisation of the
product and service. After the assessments, the results need to be analysed and the interlink
between the HL.CA and-&CA results can be identified.iJstep aims to identify the evidence
based objectives and opportunities for the specific enterprise/case so that sustainable
recommendations are tailored and specified. Those overlappe@4A& and-&ECA results are the
key opportunities to improve the ovall sustainability, thus will be directly applied into
sustainable product and service conceptualisation, whilst individu& A findings will be
addressed in service conceptualisation. THEC2\ and related analysis can be eliminated for

only environmenal sustainabilityoriented innovations.

Moving on to the next step, in this stage, sustainable product development and sustainable
service will be developed as a bundle. The sustainable product development stage including
product design and manufactureut&sequently, according to the tailored recommendations
derived, the standard product design process is conducted while the product service concepts
are proposed building on the newly designed sustainable product with a coherent solution for
sustainable prduct development, the recommendations are applied in the product design
specification, and go through the design iteration process supported by proposed design

methods that enhancing eefeatures, such as concept selection method, simulation
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sustainable features can then achieve by making the designed product through the

manufacturing process, where related sustainable manufacture methods are applied.

The sustainable servidey Of dzZRS& WRAAUNAOdzIA2Y QY WQdzaSQ:X
stage. In the product and service development stage, the new product should address the
potential service activities in the early development process such as conceptual design and
viceversa. Take takback service (take back the EoL product from a customer for
reproduction, etc.), design for disassembly and recyclability as instances, the new product
under development should consider/optimise the EoL options (by modular design and/or
choosing the recyclable material) for the easy operation of the further potential tabduds
service; similarly, the service under construction requires to consider what the product traits
need to be fulfilled to realise the service in the design stagthdrsustainable product service
phase, the manufactured product goes through the stages of distribution including retail, use
(i.e. consumption), maintenance, and end of life (including recycling and reuse). Since the
development of sustainable product drservice requires interdisciplinary knowledge,

therefore, in this phase, eoreation might be needed to facilitate the development processes.
With the knowledge of life cycle thinking and lifecycle management, designers, researchers,
value chain actorsra expected to be involved in the -@peation which aiming at circular
economy business model/models. Such an katisciplinary team shall consist of researchers
within the organisation itself (between people from different disciplinary backgrounds) or
outside the organisation. The goal is to construct a service that is better fulfil consumer needs

while creating value for the providers with reduced environmental and social impact.
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To validate the sustainability performance of the new sustainable procutsarvice,

comparative environmental impact assessment is conducted underpinned by the LCA method
and tool, as well as the soe@onomic sustainability. For the product without a service, the
sociaeconomic performance is not expected to change much,tdube product still
manufactured from the same company and the supply chain is similar to other products of the
company, therefore the socioeconomic evaluation can be eliminated at the stage. After
validating the sustainability performances, finally, fveposed product and service bundle

can be confirmed and processed to the next phase

3.6 Addressing the TBL of sustainability in products and services

The TBL is addressed throughout the development process. For the environmental and social
aspects, those ere initially addressed via the sustainability assessment, in which,

environmental impacts regarding resources, human health and ecosystem are assessed, and
FTAGS GelLlSa 2F aidl 1SK2f RSNA AyOf dzZRAy3I Wg2NJ] SN
WORE O2YYdzyAiASaQ INBE O20SNBR Ay tAYS ALK |
recommendations which contain environmental and social aspects are then integrated as the
development goals in PDS of product and service conceptualisation to guaranteentiidde

issues are addressed in the innovation. Furthermore, during Concept Selection and Detailed
Design, the sustainable features are strengthened by selection through comparative criteria

YR ¢SAIKIAYI YSGIK2R® ¢KS OXNRGSNREIt AagDt ¢RAYS
YIEydzFF OGdzNAY3IQS WTESEAOATAGE 2F FR2dAGYSYy(iQ:s
WNBEOeOf oAt AGEQT WwWO2a0Qx WaSNUAOSIoOAtAGEQ |y

ranged from 1 to 3, and a higher value indicategenmportance of the criteria to which the
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higher value assigned.
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environmental issuei the implications. In addition, cosfffective is one of the comparative
criteria with the highest weighting factors. In the product service phase, the profit
competitiveness is also is addressed, such as in the added value analysis, payment plan, etc.
Finally, the sustainability assessment is once again applied in the approach to reveal the

sustainable performance of the proposed product and service.

3.7Demonstration of the approach

To demonstrate and validate the effectiveness of the approach, threestadees will be
presented. The case studies consist of sustainable innovation in lighting products and flooring
products, which represents the product of energy consumption and static product. The three
studies emphasis on different perspectives to pragtr applicability of the approach, which

is explained as follows.

A sustainable industrial LED lighting product and service will be developed by utilising the
proposed sustainable product and service approach. This case study aims to implement the
utilisation of the approach to combine sustainable product development and sustainable
service as a bundle through the product life cycle and achieve holistic sustainability. In this
case study, the product development part consists of sustainable design, mméndal and

social lifecycle assessment, and sustainable manufacture. The sustainable product service part
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includes distribution, support for sustainable consumption, maintenance and repair, and
services related to product end of life such as recyclingseend takeback. The case study
addresses sustainability in both environmental and setionomic aspects by applying the
process and methods in the proposed approach to the development of an industrial lighting
product and the design of its subsequersavices with sustainable features. The case study
also demonstrates how the approach can provide consultations and solutions for enterprises
which aim to bring out sustainable product and service towards a circular economy. An
industrial lighting manufaciring company was joined for implementation of the consultation
results on their sustainable product and service innovation. The approach and its application in
the industrial LED lighting industry are further detailed in the following chapters (chaptst 4

5) of this thesis.

An environmentally sustainable (efgendly) domestic LED lighting will be developed. This

case study is designed to demonstrate the alternative application of the approach, i.e. when
environmental sustainability is the goal of theoduct innovation. The sustainable product
conceptual construction methods for domestic lighting product will be demonstrated in detail.
This case study also aims to demonstrate how small and medium enterprises (SMES) in the
energy consumption industry naapply the method. A domestic LED lighting design and
manufacturing company was participated in this case study on the design and manufacture the

sustainable lighting product results from the study.

Finally, a sustainable flooring product will be depeld to demonstrate the application of the

approach using a static (no energgnsuming during the use stage) product as an example.
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This case study is designed to demonstrate how the derived PDS can be meet by utilising the
supporting methods and tools. Bcase study emphasises the sustainable product design
process and integration of the interdisciplinary methods to meet its sustainability goal
(environmentadfriendly and coseffective). The proposed sustainable product conceptual
construction methodsgoncept selection method, and simulati@xperiment confirmation

method will be utilised and explained in detail
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Chapter 4 Integration of Environmental and Social Lifecycle Assessments
to Sustainable Industrial LightingProduct and Service conceptual
construction

4.1 Introduction

4.1.1 Overvievof the chapter

This chapter demonstrates the first and second steps of the holistic approach, i.e. setting
sustainability goals and sustainable product and service conceptual construction approach
(detailed in section 3). This study presents how to inform sustainabldupt@nd service by
integrating environmental and social life cycle assessment methods and techniques in the early

development stage.

According to the operation process explained in chapter 3. In this chapter, after the
identification of the sustainableagls, with the data collected from the firsts step, th& €EA

and SLCA are conducted. LCA is a valuable framework in integrating sustainability into product
development and assessment due to its systematic procedures.-LEAEoONsiders
environmental imgcts along supply chains. Th& GA aims to assess the social and socio
economic aspects of products and their potential positive and negative impacts along their life
cycle (UNEP/SETAC, 2009). Both th€ & and the-BECA adopt the same framework which is
comprised of four main steps: goal and scope, life cycle inventory analysis, life cycle impact
assessment, and interpretation. Assessment models for environmental and social impact
assessments are developed via the LCA software tool, openLCA. The &gldiftages, key
assembly components, and opportunities are identified on environmental and social aspects.

Meanwhile, the potential environmental issues, potential social risk to the stakeholders,
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namely workers, society, local community, consumer, &aloain actors, and potential social

benefit are also obtained and analysed.

This chapter illustrates the goal identification, identified the key issues and opportunities from
environmental and social perspectives. The interrelationships between bothsmseas

results are analysed and detected, and the recommendations are derived from the results
subsequently integrated into the new sustainable product and service design specifications. An
industrial lighting produetn-service (existing product in the miaat) is a case product under

study.

4.1.2 Sustainability goals of the case company

Kosnic Lighting Ltd is an independent British company that incorporates design, manufacture
and bespoke lighting solutions. The company is well recognised for its gooiteract

providing innovative, robust lamps and luminaires that deliver quality ~effettive and
environmentally responsible lighting solutions for residential, commercial and public sectors
alike. Research and innovation are important for the focal camgpa continuously delivering
prominent product and service, it recently participates in the EU H2020 research project
CIRCA4Life as an industrial partner, the main task in the project of the company is to develop a
sustainable LED lighting product witheégtated sustainable product design methods, which
dedicated to maximising the energyficient and cossaving potential of LED technology; and
demonstrate its application in a circular economy based business context to form the triple

bottom line of sustaability in their product and service.
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The objective of the focal company is to develop a sustainable product and circular economy
oriented business model that covers the triple bottom line of sustainability, i.e.
environmentally reduce the material anchergy consumption, socially benefit the society and
stakeholders, and economically create value and profit. The aim of developing the sustainable
product and service bundle is to reduce the environmental burdens, address the social issues
while achievinghe economic and competitive interest of providers (stakeholders in the supply
chain), i.e. to achieve the holistic sustainability of the industrial LED lighting through the

innovation

4.1.3 Industrial LED lighting prodact

The lighting industry is one ttie high resource&eonsuming sectors. Lighting consumes 18% of
the UK's electricity, roughly 58,000 terawduburs per year, and commercial lighting accounts
for seventenths of this electrical consumption (Statista, 2013). Lighting products, and LED
lighting products in particular, sustain our modern lifestyles and have been widely used
nowadays. Lighemitting diodes (LEDs) have been developed to a level of performance and
light quality that enables the replacement of most conventional light sources gBRA8). One

of the new paradigms for lighting industry is to provide product efficiency and longer lifetime
and the new trend is to implement circular economy and materials efficiency (GLA, 2020),
which are in accordance with the key Sustainable Developi@enals (SDGs) brought out by

the United Nations.

In this case, the LED lighting product under study industrial LED lighting product. Industrial

lighting products are widely used in warehouse, factory, manufacturing areas, barns, etc. (see

85



Figure 4.1 foexample of the application scenario) with a usual installation height of 4 to 12
meters. This kind of LED lighting products is of High power (>100W) and High efficiency
(>120Im/W) which is considered an eneggving for industrial application. Figure 4Hows

an example of such product application.

Figure 41 Industrial LED lighting application scenario.

4.2 Data collection

In the data collection step, an investigation is conducted in collaboration with the
manufacturer d the LED luminaire to obtain caspecific data. One of the barriers for
engineers/designers to conduct environmental and social life cycle assessment is the
difficulties of acquiring inventory data. In order to sharthe time and reduce the
communicatdon barriers between th@ractitionerand manufacture, three types of data are
identified before interaction with the manufacturer, i.es.LEEA specific data;L<A specific data

and common data for both-ECA and-8CA.

After the identification of the dat types, it is considered there are two parts of investigation

need to be conducted. The first part is to obtain theEA specific data and common data for
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both ELCA and-&CA through the product life cycle. Those data including production data,
supply K F Ay RIFEGEZ FYR fAFS OeoOfsS adl3asaqQ RFEGE®D ¢

and adapted to the assessment to build the simulation life cycle model directly.

The other part is to collect theISCA specific data. Those contain information alwamumpany
social performance regarding different stakeholders through life cycle stages. It is more
complex to collect the-8CA related data since most of them are qualitative and semi

qualitative data which are more subjective.

The proposed data collecticforms for ELCA and-8CA are applied during the data collection
processes. Figure 4.2 and 4.3 are the data collection formsli@AEand-ECA respectively.

The required information is stated as direct questions in the question forms, which are easier
for engineers to provide the corresponding information by answering the questions. The forms
also including examples for how the manufacture could provide clearer information for

assessment.
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Product

Data Collection Form (Kosnic)

1. Product General Data

1.1 Product Name/ Model Namg

1.2 Product Photo
(including application photo)

please put all the pictures in the picture folder.

1.3 Suggest Service Time

1.4 Total Weight (kg)

2. Product Manufacturing Data

2.1 Describe Product
Manufacturing Procedure
(including time use)

production diagram with brief description, please put all the pictures in the picture folder.

2.2 Product Assembly inventory
data

including product all assembly parts name, number, weight, material , see ‘example for 2.2' sheet.

2.3 Waste Generation During
Manufacturing(kg)

eg: solid waste, liquid waste

2.4 Emissions Generations (kg)

to air

2.5 Is there harmful waste or
emission? If yes, specify the
production stage, substances a
mass

3. Functional Unit and Usage
Data

3.1 Functional Unit Description

How the product works, how much function could a individual product provide, is it required work with
certain amount of the products.

3.2 Product Explosion Diagram

see 'example for 3.2' sheet, please put all the pictures in the picture folder.

3.3 Parameters of the Product

3.4 Energy Consumption During|
Use

3.5 Is there any maintenance
needed during the service time?|
yes, specify in detail

4. Transportation Data

4.1 Manufacture Plant country &
Region

4.2 Target Market Country or
Region/City

4.3 Distance between manufact
plant to target market Region/Ci

4.4 Means of Transport

if the transportation includes more than one transportation tool, specify in detail

4.5 is there other transport
activities take place during the
manufacturing stage? If yes,
specify in detail

5.1 Current disposal method an

Mass of product disposal this w:

Figure 42 ELCA data collectioform_KMSD100LLBE
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S-LCA Data Collection Form _KMSD100LLBE

1.4 if there is

members

from other

countryt plea| 1.8 is there

se specify the|1.5 the cost of |1.6 transportj1.7 export ofother costs, fill

1.2 If all the assembly member electricity during |cost of inport cost |the activity

1.1Place of members come from 1.3 if yes, the cost of thelname, countrymanufacturing |production |of the name and cosf
Production China members are and cost. ($) |the product ($) |[stage ($) product ($) [($)

1. Production
Stage

2. Transportation

3. Distribution

4. Use Stage

5. Disposal

Figure 43 SLCA Data Collection Form _KMSD100LLBE

For ELCA data collection, the process is smooth, the manufacture provided several documents
regarding the product under study, including pictures, drawings technical data, manufacturing
processes, etc. Those are valuable for the assessment, howevery dheifirst data

collection, there are a few remain questions and data that needed to be clarified and further
provided. The remaining questions are asked through phone calls and complimented by online
searching, such as the distance of the transportabietween the manufacturer and retailing

location.

For SLCA, the data which can be easily answered in a form are listed in Figure 4.3. The
manufacturer sent back the information comparatively sooner since the information of their

supply chain is well manad and easy to find. However, Interviews with engineers, employee
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representatives, and company directors were also carried out to obtain the company's social
condition related information. The information including the weding and welfare of the

employees, working conditions, the importance of the social impact indicators to the

company, etc. The qualitative and sequialitative information collected for-SCA cannot be

directly input into the calculation since impact calculation requires qualitativéhous. Those

RFGF FTNB O2y@SNISR Ayidz2z WHrOGADGS SFENARFofSaQ o

in the SLCA section

4.3 Environmental life cycle assessment

A detailed LCA is conducted to evaluate the environmental impact of the indu&bdlighting
product in the market, taking into account all life cycle stages of the product. The
environmental analysis is conducted in accordance with the international standards ISO 14044

(IS0, 2006), as detailed below.

4.3.1 Goal

The goal is to evaluatthe environmental impacts and to identify the hotsp@slife cycle

stage, process or elementary flow which accounts for a significant proportion of the impact of

the functionalunj2 ¥ G KS [ 95 fAIKIAY I LINRRdzOG als&k NP dz3 K
aims to seek opportunities to derive design recommendations that can improve the overall

environmental performance of the product.

4.3.2 Functional unit

The assessment target is one unit of a KMSD100LLBE lighting product for general industrial
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use,which is a 100W LED low bay luminaire from Kosnic Lighting LTD (UK), as shown in Figure

4.4, The luminaire is an energgving, higkperformance product which is usually applied in

general industrial areas, such as manufacturing workshops, warehousas lfgsilities, and

retail environments. The luminaire consists of three parts: housing, electronic device, and

fastening members. The housing is the shell of the luminaire that provides a space for the

configuration of the core electronic devices. Thectlenic device is the vital part providing

the feature functions, which includes two LED drivers, one LED panel, one junction box, and

one electronic press button. All the assembly parts are jointed with the fastening members.

The technical specificatiord one functional unit product are listed in Tabld 4.

Table 41 Technical Specifications of KMSD100LLBE

Product Code KMSD100LLB®65WHT
Power (W) 100
Voltage 220-240Vac 5660Hz

Current (mA)

Protection

Power Factor

Luminous Flux (Im)

91

448

Class I, IP20

0.97
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Beam Angle (°)

CCT (K)

CRI

Lifetime (h)

Dimmable

Switching Cycles

Start Time (s)

Warm-up time to 60% (S)

Diffuser

Length (mm)

Width (mm)

Depth (mm)

Mercury (mg)

92

120

6500K Day Light

83

40000

No

50000

0.35

Instant full light

Frosted polycarbonate.

600

327
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Lumen Maintenance Factor at Lifetin 0.75

Ambient Temperature (°C) -20 to 40

Optional Sensor No
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1, 3, 5, 15, 18 — housing
6, 8, 13, 14, 16——electronic devices
2, 4, 7, 9, 10, 11, 12, 17——fasten members

Figure 44 The 100W LED Low Bay Luminaire Under Assessment

4.3.3 System boundary

All life cycle stages are considered in the system boundary, including raw material extraction,
production of basic materials, production of the components, LED lighting assembly,
packaying, distribution (transportation) and eraf-life (EoL) treatment. In the manufacturing

stage, components and stdystems production and assembly are considered, including raw
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material acquisition, the product assembly, energy consumption, waste/emggieneration

and disposal during manufacturing. The packaging and transportation activities during
production are within the boundary as well. The LED lighting product is manufactured in China
(Hangzhou) and then shipped to the UK for wholesaling. Energgumed during the use

stage was also taken into account, it assumes that the LED lighting product would serve until

the end of its useful life (40000 hours).

4.3.4 Life cycle inventory

The data of material use, energy consumption, waste is providetlédiighting company
through the data collection process. The background data, such as raw material extraction and
production of the basic materials are derived from the Ecoinvent 3.5 database (Ecoinvent,

2018).

The inventory data are listed in Table 4. most of the inventory data are provided by the
manufacturer, the data quality is considered satisfactory with low uncertainty. During the

dzal 38 2F GKS LINPRdzOGXZ (GKS NBIjdZANBR St SOGNRKOA
power with useful timeThe shipping distance from Hangzhou to London is obtained by

consulting Google Map.

Table 42 Inventory data of KMSD100LLBE

Assembly Componen Material Amount  Unit

Housing Plastic 0.29 kg
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LED driver

LED lighting board

Junction Box

Press button

Fasten members

Packaging

Electricity

Shipping

Solid waste

Waste paperboard

Steel

Aluminium

Plastic

printed circuit board

LED

Aluminium

Plastic

Plastic

Steel

Plastic

printed board box

plastic film

paper

plastic form

2.199

11

0.172

0.688

0.32

0.012

0.02

0.007

0.07838

0.0016

1.17

0.0003

0.0004

0.066

4000

56451.96

5.3207

1.8537

kg

kg

kg

kg

kg

m2

kg

kg

kg

kg

kg

kg

kg

kg

kWh

kg*km

kg

kg
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4.35 Life cycle impact assessment

The ELCA assessment model of the LED lighting product system is developed with OpenLCA
(Greendelta, 2017) software, in line with the Ecoinvent 3.5 database (Ecoinvent, 26&8).
environmental impact categories can be varying when practising with diffeigsessment
methods and weighting methods, which mainly depends on the aim and scope of the
assessment. The aggregation and weighting of different environmental categories are
controversial since a subjective judgment on the priority of different impatggories are

applied in the weighting process (Benoit and Rousseaux, 2003).

The ReCiPe Hierarchist method (Goedkoop, 2009) is selected foithA Hue to its following
major advantages: it is one of the most recent and harmonized LCIA approacheslavaila
(Huijbregts et al. 2016). The method can combine LCA results as a single score via weighting,
which allows user to easily compare the environmental impact of different products or
scenarios (Kalbar et al. 2017). Unlike other methods (such akéicaor 99, EPS Method,

LIME, and Impact 2002+), ReCiPe does not include potential impacts from future extractions in
the impact assessment but assumes such impacts have been included in the inventory analysis
(Huijbregts et al. 2016). In this study, endpaanid midpoint assessments were conducted.

The endpoint assessment is based on the three endpoint impact categories, namely
ecosystems, resources and human health, while the midpoint assessment is based on 18
indicators to identify specified environmentalgiilems. Sensitivity analyses were also carried

out regarding different lifetime scenario and three EoL options to validate the results and seek

opportunities to improve the environmental profile.
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4.4 Social life cycle assessment

The United Nations Envinment Programme (UNEP) and the Society of Environmental
¢t2EAO2f 238 |YyR / KSYAAGNE o6{9¢! /0 LWzofAaKSR Y
t NPRdzOG&Q 0! b9tk{9!/ X HAndT ! b9t k{9!/ I HAMODV
impacts for the poduct and provides a solid social impact evaluation framework, 5 types of
stakeholders and 23 social and seeimnomic subcategories (topics) are introduced in the

guideline. The £CA was carried out in accordance with the UNEP/SETAC guidéigw. S

methods and the applications were under investigation as well to select the suitable

calculation method, i.e. checklist method, scoring method, database method and empirical

method (Ekener et al., 2018; Foolmaun and Ramjeeawon, 2013; Franze and Ciroth, 2011,
Weidema, 2006). The review shows that in the recent studies, more attention has been paid to
apply database method inISCA evaluation, also, the database method enables to assess more
comprehensive social and socioeconomic issues. There are two estahdiatabases available

to practice at the time when the research is conducting, namely Social Hotspot Database

(Norris, Aulisio and Norris, 2012) and PSILCA (Eisfeldt, 2017). PSILCA 2.0 (GreenDelLTa, 2017)
gl a aSt SOGSR F2N (KA & aaiiadeRidta sbufice with aispaieit &sk Y 2 a (
assessment (Mancini et al. 2018). The database is also compatible with commonly used
aggregation and calculation tools such as OpenLCA and SimaPro. In addition, it provides more

impact categories/subcategorieghich are suitable for the study.

4.4.1 Stakeholders and subcategories

From the initial set of subcategories, identification of suitable subcategories forLi@AS
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study was carried out (see Table 4.3). The selection of stakeholders and subcategories was
based on criteria of relevance, data availability, and bibliography validation. Nafisaalor,

and companyspecific data and comments for each subcategory in all five stakeholder
categories were collected from Kosnic, then the collected informatiag verified if data is
available for all the subcategories. Finall,GA related literature was consulted to validate
those subcategories, which includes the findings of one of the most cited paper in the field
(Jargensen, et al., 2008), an updatedCGyeview (Siebert, et al., 2018), and the most recent
report on SLCA done by the Joint Research Centre in 2018 (Mancini, et al., 2018), the three
studies provide a total of 24ISCA cases that serve to identify the most relevant social

indicators by theifrequency of use.

1 ff GKS FAOS (elLiSa 2F aiGl1SK2f RSNAS yIvsSte
FYR WOt dS OKFEAY FOG2NEQ 6SNB G(+H18y Ayih2 02y
assess the social sustainability of the LED lightinLIN2 RdzO G Q& & dzLJLX @ OKIl A Y
GAYSQS WRAAONAYAYFGA2YVOS WKSIfGK FyR abF8G8Q
O2YLISGAGAZ2Y QY WLINRBY2(GAy3 20A1t NBALRYAAOATL A
economicR S @St 2 LIYSYy 1 Q3 WLINBY2GAy3 &20A1f NBALRYEA
WO2YUGNROdziA2Yy G2 SO2y2YAO0 RS@OSt2LIVSYGQzx wW! OO0
fAQGAY3 O2yRAGAZ2yaqQs W[ 20t SYLX2eYSyféd Q> WI S|

NEaLR2yairAoArAtAdeQo

Table 43 Stakeholders and subcategories selection
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Stakeholder PSILCA Subcategory :ﬁgg Data availability Y Resul
validation
Workers Child labour NO NO 8 NO
Forced labour NO NO 7 NO
Fair salary YES YES 20 YES
Working time YES YES 15 YES
Discrimination YES YES 20 YES
Health and Safety YES YES 20 YES
Social benefits, legal issues YES YES 5 YES
Workers” rights YES YES 18 YES
Value Chain _ N 0
Actors Fair competition YES YES YES
Corruption YES NO 1 NO
Promoting social responsibility YES YES 0 YES
Supplier relationships YES YES 0 YES
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Contribution to economic 13
Society development YES YES YES

Health and safety YES NO 0 NO

Prevention and mitigation of

conflicts YES NO 0 NO
Local _ _ 0
Community Access to material resources YES YES YES
Respect of indigenous rights NO NO 1 NO
Safe and healthy living conditions YES YES 6 YES
Local employment YES YES 5 YES
Migration YES NO 1 NO
Consumers Health and Safety YES YES 0 YES
Transparency YES YES 0 YES
End of life responsibility YES YES 0 YES

4.4.2 System boundary

KMSD100LLBE is designed, final assembled (production) by Kosnic Lighting Ltd., which shares
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the same functional unit with-ECA. The simplified life cycle process flowchart of the product

is illustrated in Figure 4.5.

Y

LED Lighting Assembly

i i

Components

Distribution » Use

End-of-Life

packaging LED lighting board
Treatment

Housing LED driver Fasten members

e docoooosensiocenneoeeeoy

; Production of Basic
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s ; |
Raw Material !
Extraction

|
Background Process |

Figure 45 Simplified life cycle process flowchart

All the stages are taken into account in the assessment. In the production/assembly stage, 18
main components as well as packaging materials are included. The components are
categorisel into 5 parts: LED lighting board, housing, LED driver, fasten members, and
packaging. Background production related processes, such as the production of basic material
and extraction of material, are covered in the assessment as well. The transportaejol

life and EoL scenarios are also considered.

4.4.3 Social life cycle inventory data

For the social life cycle inventory, inputs are expressed in monetary terms, where 1 GBP equals

1.34 USD, 1 USD equals 6.8 CNY. The final price of the produst capkal items, overheads,
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wastes, materials, and labour cost associated with the production of one functional unit. The
time frame of data source is from 2018 to 2019. Considering the data quality, the study
reaches sufficient data for modelling the proat system. The data availability for thdSA

study is overall satisfactory to the assessment goal and scope-spasiic data were

collected, all reference costs were estimated by the final product company. However, generic
data were also applied wherthe casespecific information was unavailable. The background
process data were retrieved from the PSILCA database. The social life cycle inventory data of

the final product is presented in Table 4.4

Table 44 social life cycle inventory data of the dilnproduct

Assembly : Supply : Price per unit
component Supplier company country Material (USD)
Qike New Energy Technolot Plastic
(Changzhou) Co., Ltd.; Jian Steel
Housing Shenghui Optical and China 2.841
Technology Innovation Co. Aluminium
Ltd
Plastic
. SuZhou Kosnic Lighting . printed
LED driver Technology Co., Ltd. China circuit 10
board
LED lighting  Shanghai Oulang Electroni . LED
board Technology Co., Ltd. China Aluminium 595
Junction Box multiple companies China Plastic 0.925
Press button multiple companies China Plastic 0.22
base module multiple companies China Aluminium 5.2085
printed
. Suzhou Ritu Packaging . board box
Packaging Materials Co., Ltd. China plastic film 2.701
paper
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plastic

form
SuZhou Kosnic Lighting .
labour cost Technology Co., Ltd. China T 4,958
Shipping T T 4.69
Electricity T UK 643.2
End of life UK Generic data

in PSILCA

The final product manufacturing company (Kosnic) gains promig&aignition in the
corresponding industry sector regarding social responsibility and product quality. Kosnic joined
the elite group of Accredited Suppliers to The Carbon Trust, the ma&ding scheme for
high-quality energyefficient equipment and reneable technology suppliers worldwide. The
company works with and conforms to the management system of the British Assessment
Bureau standard IS@001. The company also associates with the Electrical Distributors
Association, the Lighting Industry Associatiend the British Assessment Bureau (KOS, 2019).

The information of the supplier companies for the main components are list as following:

I Shanghai Oolang Electronic Technology Co., Ltd. was established in 2005, mainly
engaged in technical services, teatal development, technical consulting, computer
network engineering, etc. The company is the first level distributor of Taiwan's Yiguang

Electronic (EVERLIGHT) in mainland China.

1 Qike New Energy Technology (Changzhou) Co.,hdédompanywas called Wuji
District Hutang Machinery Co., Ltd., it was focusing on manufacturing metal products.
It then changed its name to Qike New Energy Technology (Changzhou) Co., Ltd. was

established in 2017. The company's business scope includes: solar technology research

104



and development in the field of solar science and technology; machinery and
equipment, folding electric vehicles, electronic components research and
development, manufacturing; plastic products, tooling, mold, sheet metal parts
manufacturing, processing;dektric car sales, etc.The company swtich the main
production to electrical bike, 70% of the products are exported. Besides, the company

have its own website.

1 Jiangxi Shenghui Optical and Technology Innovation Co., Ltd. was jointly invested by
the leading @mestic traffic reflective materials company Jiangxi Shengfulai directional
reflective Materials Co., Ltd and Shanghai Fosun Group, the first privatécaiygh
group enterprise in Shanghai. Registered capital of 80 million, has invested 100 million
yuan.lsa professional engaged in optical thin films, LED light display backlight module
film and sheet and other products, is a collection of research and development,

production, management as one of the higgth companies.

1 SuzZhou Kosnic Lighting Technology, Ciol. The company design and produce its own

LED driver of this model, the driver is the key component of the LED lighting.

The manufacturing factory of Kosnic is based in Suzhou, China, where the lighting product
KMSD100LLBE is produced, it comprisesargch and design, production, and quality testing
departments see Figure 4.6 and 4(By courtesy of Kosnic Lighting Ltd here are 53

employees (15 males and 38 females) in the factory. The majority of female employees work

on the assembly line, whilmale employees mainly work in design or technical positions.
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Figure 47 Working condition of the office

The monthly average wage of athployees is 7153 CNY (approx. 1052 USD) which is higher
than that in Suzhou 2018, i.e. 6719CNY (NSSN, 2018). It is needed to highlight that the wage of
male employees is 1.5 times higher than that of females in the lighting company. The company
uses a 13nonth payment system with additional bonus scheme. All employees receive paid

annual leave, and national holidays are also guaranteed. The average working tir8is 40
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per week, and overtime pay is provided. In addition, there are open and transparanhels

for employees to pursue promotion and salary rise.

There are no fatal or serious accidents involved in the production process as the main activities
in production are to assemble the components of the products. The components do not
contain open haardous substances, and therefore, the assembly process does not cause a

health risk.

The energy type for assembly line is electricity. The average electricity bill is approximated

2941 USD per month.

The price of the final product is 361.2 USD and dévelir cost for one unit of the product is
4,958 USD. The product comprises of 18 components and packaging materials, which were
categorised into five modules: LED lighting board, housing, LED driver, fasten members and
packaging. The total transportatiost per unit product is approximately 4.69 USD. The
electricity cost during the expected life (40000h) is 643.2 USD, which is obtained by the UK

national statics (Statista, 2019).

4.4.4 Social life cycle impact assessment

PSILCA adopts a muidéigional init/output databasewhichO2 YLINA &8 S&a wmy o O2 dzy
and nearly 16,000 activity sectors distributed in industries and commodities per country. Eora
FTSFGdzZNBAa NI ¢ RIGEF RNIgy FTNRBY (GKS !bQa {&adSy
database and manyational agenciesHisfeldf 2017). As an Inpt®utput database, Eora uses

money flows to link processes. All process inputs are given in US dollars, while impact outputs
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are calculated in equivalent medium risk working hours. This system enables the lofkag
heterogeneous processes and the comparison of impact results. PSILCA provides 88 qualitative
and quantitative indicators in total, the indicators are measured in different units such as

single values or percentages, while some are also qualitativeintiicators/subindicators are
organised in clusters describing 25 social and secamomic subcategories (topics). The

complete stakeholders, subcategories, and indicators covered can be found in PSILA

documentation Eisfeldt 2017).

Based on the seleicin of the stakeholders and inventory development, the social life cycle
assessment of the reference products was conducted. Thesgassfic social data collected

from the company and sector were used to assess the level of risk for each selectecbmdicat

Ug2N] SNJ K2dzNBU KI @S Sy dziAftAasSR a GKS 4! O
0 K

puj

I QOGAGAGE | aa20A1 4GS 3 A SIFOK dzy Al LINROS&aaQ

as follows (Eisfeldt, 2017):

wéi QRO i vt mfi)s:ahsl 0 i

0 QW& 61 W &E i NtQRa N &€ wQQ

Subsequently, life cycle simulation models for social assessment were constructed in software
tool OpenLCA. The simulation model is made based ortaedtruct proceses supported by

the built-in industries and commodities data under the database of the country, e.g.

WSt SOUGNRPYAO SABYBY{I2ONIRt RSIBAIOSYSGK2R O0DNBSYy5

calculate the social performance.
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4.5 Results

4.5.1 Environmenteaspects

In the first part of the analysis, the endpoint assessment was conducted to identify the overall
environmental performance of the lighting product and the key life cycle stage. The key life
cycle stage was analysed separately to obtain the hatppmcesses. Then the midpoint
assessment was conducted to identify the key environmental issues and its deriving processes.
Different life cycle scenarios, i.e. EoL options, lifetime scenario, were analysed and discussed in

order to seek opportunities tanprove the environmental profile.

The production stage is identified as the key stage of the environmental impacts within the

product life cycle. On the contrary, transportation and EoL stages contribute very limited

impacts on the total environmentalrpfile, EoL shows a small number of positive effects. It

was detected that more than 50% of the impacts are generated from the production stage

(52%, 56%, 61% to ecosystem, resources and human health respectively), see Figure 4. It is due
to the productionstage is the inpubutput intensive stage where the main consumption of

materials and energy take place. A further analysis of the production stage suggests that the
manufacture of the electric devices, including the LED driver (accounts for 40%, 4328&nd

2F LINRPRdzOGA2y &adlF3SQa AYLI OO 2y SOzaeaidsSyx N
light panel (13%, 10% and 13% impact on ecosystem, resources and human health

respectively), are the key contributors to the impact of production/assembly st Figure

ndyd LG Aa tftaz O2yaz2ztARFGSR o0& GKS YARLRAYI
LINE RdzOGA2Y QS [ 95 RNAOGSNI FYyR [95 fAIKAGAYI o621

LINE RdzOG A2y Q YR Wt AIKG S Yeospedively,are Reit@ofk& LINE R dz0
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components to the overall environmental performance of the assessed product, see Figure

4.9. The analyse of the background results linked to the both flows implied that the extraction

of raw materials, especially precious masds, such as gold and silver, transportation,

fabrication, and processes during the production of the wire printed board and light emitting

diode are the major ascriptions. In addition, the emissions and processed water of those
components mostly contaiheavy metals that are hazardous and consequently cause
LRGSYdAlrf RFEYIF3ISa RANBOGEE 2N AYRANBOGte& (2
WKdzYly G2EAOAGEQ FYR WFNBaKgl G§SNI Sdzii NB LIKA OF
considering use thpost-consumer materials were assessed and analysed in later this section.
Production of other assembly members, such as housing, fastening members and packaging,

account for a very small percentage of the total impact in each category.
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Figure 48 Contribution percentages of each life cycle stage on the three endpoint impact categories
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Figure49/ 2 YL ySyGaQ O2y(iNAOdziaAzy GNBS 2F LINRBRAzOGAZY
The use stage also plays a noticeable role in the environmental burden (43%, 39% and 48% to
resources, human health and ecosystem respectively), which is due to the electricity
consWLIiA2y ® CNRY YARLRAY(G LISNBRLISOGAGSS WSt SOn!
FAONRLIGAZ2Y F2NJ GKS (2L GKNBS AYLI OG OF G§S32NR
cpr 2F WINBaAKgFGSNI SO202EAOAGR@ QS cddyhd® H ez 2 F
different ways of producing the electricity will affect the total impact of the product, which is
also stated in previous LCA studies on lighting products (Longo et al., 2014; Principi and
Fioretti, 2014). However, the goal of this LCA study se&k opportunities to derive design
recommendations that can improve the environmental performance; therefore, different
electricity production methods were not analysed. Nevertheless, another lifetime scenario
(50000h) was assessed to compare the diffieeeof the environmental performance results.
The result (Figure 4.11) shows a 22% impact reduction (from ©31& 3.38E)3) on the total
impact and three endpoint categories. This means that prolong the product serve time is an
effective opportunity inmproving environmental performance. Other opportunities in the use

stage could be achieved by increasing the luminaire efficiency.
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Figure 410 Midpoint results and the top three impact categories' key contribution flow

TheEoL results show a small number of positive effects (Figure 4.8) under the default EoL
scenario, which is assumed that the EoL LED lighting product is processed in compliance with
WEEE directive, in which, electrical devices in the LED lighting proéutisassembled from

the product and placed in a recycling waste bin, then sent for material recovery. Other parts of

the lighting product are disposed as general solid waste. Packaging waste is separated from

the general waste bin, then incinerated. In #ilth to the default EoL scenario (S1), two

alternative EoL scenarios (S2, S3) were considered and assessed to examine if: the

performance varies by disposing and treating electrical devices separately; and if the post

consumer materials used for remanufadng can affect the total performance. S2 and S3 are

described as follows:
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I Scenario 2 (S2): It assumes that the entire IE6D lighting product is directly sent to a
waste bin as solid waste and goes with the corresponding processing method, i.e.
landfill. The waste packaging materials are processed in the same way as in the base

scenario.

1 Scenario 3 (S3): It assumes thag ttED lighting product producer and distribution
company, i.e. Kosnic, operate a taack scheme, in which the EoL lighting products
will be collected by the company for further processing: the product will be
disassembled, and the electrical devices liegdand refurbished for producing new
LED lighting products. Other useful materials in housing, such as aluminium, steel, and
plastic are recycled or upcycled. The paperboard for packaging is remanufactured as
new packaging material. The remaining matlsrfaom the used lighting product are

treated as general solid waste.
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Figure 411 Environmental assessment results under different functional unit settings
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Figure 412 Relative results of théhree EoL scenarios
The analysis results of the three EoL scenarios are shown in Figure 4.12, it shows that among
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the relative impact category results, the impact of S3 drops dramatically in comparison to the
other scenarios. S2 and S1 have very smaéréifices in each corresponding subcategory per

unit process. It indicates that there is no evident change on the total environmental impact
regardless of the disposal of electronic devices are independently or not. The results only show
a dramatic improvemet on the environmental performance if the pesbnsumer
materials/components can be reused, i.e. the electronic devices can be repaired and reused as

an assembly part in new products; or the packaging materials can be recycled and reproduced.

4.5.2 Socibaspects

The social life cycle impacts were obtained and compared to electronic industry in China as the
production plant is in China as well as its components suppliers. The comparison results show

that from a whole perspective, the reference producepents a better social performance on

30 out of 49 impact categories, which are marked in green in Table 4.5. However, common key
AdadzSad INB ARSYGAFASR OYFINJ SR Ay o6fdzS Ay ¢l 0
Walt yAldlGA2yY OOZBONRZ NS O NNHdzB AR Y QS | YR WLR  dzi
O2@SNI 3SQ YR WLRifdziA2yQ | NB dzy RSNJ YI 22 NJ NR
the extraction of metal materials to produce electrical components. A high risk linked to

sanitaion and polluting problems during the extraction and manufacturing processes were
identified, which is also the ascriptions of the environmental burden in the local communities;
Austria, China, and Netherland are the main affected countries by the envinoiaburden

along the supply chain. Besides, 'Industrial water depletion' is detected as a risky social issue,
which relates to the local communitiegere producing the electricity and electric devices.

Worker right issue 'Association and bargaining sghias identified as a risk in the material
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supply country. However, this mée due to the political system rather than being a company

level problem. Comparison results suggest that attention could be paid to improve worker's

health and safety measures the production line of metal and plastic components; and to

promote fair salaries related to extraction works as well as reducing the gender wage gap to
SrasS GKS NRal 2F Wg2N] SND A f 3552 tOKIS NIy 1 ORI (2K
compared results isVLJdzo £ A O &S OG 2 NJ O2 NNBztifichltzofirgpkovelbyK A & A & &
taking actions on the company level. Nevertheless, better implementation could be achieved

by tackling the social responsibility risks along the supply chain, disicéution activities and

electricity supply chains in the UK were noticed to have relation to slightly irresponsible social

behaviours.

Table 45 SLCA impact result with reference @liectriconic industry of China

Electronic Referenced

Impact category industry (CN) product Unit
Active involvement of enterprises in Al med risk
corruption and bribery 0.0559152 0.08897 hours
Anti-competitive behaviour or
violation of antitrust and monopoly AC med risk
legislation 0.0964823 0.05 hours

ACB med risk
Association and bargaining rights 56.219 53.30298 hours

BM med risk
Biomass consumption 0.739048 1.06511 hours
Certified environmental managemen CMS med risk
system 20.858 14.83369 hours

CL med risk
Child Labour, female 5.10977 4.85197 hours

CL med risk
Child Labour, male 5.12282 6.05678 hours

CL med risk
Child Labour, total 5.11025 4.85192 hours
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Contribution to economic
development

Contribution to environmental load
DALYs due to indoor and outdoor ail
and water pollution

Drinking water coverage
Education

Fair Salary

Fatal accidents

Fossil fuel consumption
Frequency of forced labour
Gender wage gap
Goodsproduced by forced labour
Health expenditure

llliteracy, female

llliteracy, male

llliteracy, total

Indigenous rights

Industrial water depletion
International migrant stock
International migrant workers (ithe
sector/ site)

Life expectancy at birth

Men in the sectoral labour force

Minerals consumption

-3.35925

7.30327

0.0513837

0.0525511

5.18211

6.35658

0.065749

0.0055012

0.00555091

0.498243

0.255223

1.76866

0.511776

0.0515712

0.0517942

0.574942

1.12619

0.165058

0.109396

0.00655237

0.00523568

5.1657
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-4.10638

9.75208

0.04733

0.12178

4.83548

11.96347

0.04914

0.00726

0.0065

1.70625

0.08265

1.57533

0.47665

0.04764

0.04969

0.51225

4.03145

0.43032

1.51289

0.00506

0.01112

4.89121

CE med risk
hours

CS med risk
hours
DALY med risk
hours

DW med risk
hours

E med risk
hours

FS med risk
hours

FA med risk
hours

FF med risk
hours

FL med risk
hours

GW med risk
hours

GFL med risk
hours

HE med risk
hours

| med risk
hours

| med risk
hours

| med risk
hours

IR med risk
hours

WU med risk
hours

IMS med risk
hours

IMW med risk
hours

LE med risk
hours

M med risk
hours

MC med risk
hours



Net migration

Nonfatal accidents

Pollution

Presence of business practices
deceptive or unfair to consumers
Public sector corruption

Safety measures

Sanitation coverage

Social responsibility along the supph
chain

Social security expenditures

Trade unionism

Trafficking in persons
Unemployment

Violations of employment lawand
regulations

Weekly hours of work per employee
Women in the sectoral labour force
Workers affected by natural disaster
Youth illiteracy, female

Youth illiteracy, male

Youth illiteracy, total

0.0105308

0.0753911

51.0922

0.161019

51.5248

0.973351

51.3308

7.86053

5.45725

1.19609

5.12111

0.0518463

1.0585

0.212007

0.00766246

5.24794

0.01

0.01

0.01

0.01946

0.39495

46.5373

0.0262

48.18288

1.321858

48.07471

7.89106

4.77722

1.31958

4.85702

0.18575

1.19236

0.15446

0.19455

5.99472

0.00638

0.00711

0.00638

NM med risk
hours

NFA med risk
hours

P med risk
hours
CONS med risk
hours

C med risk
hours

SM med risk
hours

SC med risk
hours

SR med risk
hours

SS med risk
hours

TU med risk
hours

TP med risk
hours

U med risk
hours

VL med risk
hours

WH med risk
hours

W med risk
hours

ND medrisk
hours

Y1 med risk
hours

Y1 med risk
hours

Y1 med risk
hours

Further analysis of the spotted social issues from the social impact results demonstrated that

the production/assembly stage is the key contributor to the social performance among all life

cycle activities and processes of the reference product. Activiglesed to the production of
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housing, LED driver, and LED panel, as well as electricity, in particular, are identified as the key
opportunities to improve the social performance of the reference product. Figure 4.13
particularly highlights the key processto the important social issues identified. Production

for housing components contributes the most risks to the important social issues. Besides, the
production of LED driver and LED panel are the main contributors to the major social risks.
Electricitysupply chain during the use phase is identified as the main contribution of 'social
responsibility along the supply chain', 'industrial water depletion’, and 'contribution to
environmental load' risks. As the use stage is defined to be taken place iKihieit)

suggested that more attention should be paid to ease the risks generated during electricity
production processes on the local communities and value chain actors. Production of plastic
components and distribution activities present to have minopautts on the impact of social

issues.
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Social responsibility along the supply chain
Figure 413 Key processes to the important social issues

There is no outstanding social issue in stakeholder allocated in the 'society' or ‘consumers'. On

the contrary, an 18% morsuperior positive social effect (around.1 per unit) was detected

under category ‘contribution to economic development' in comparison with the results of the
NEFSNBYOSR AYRAZAGNE AY [/ KAYylF® [/ dNNByGtes AGQ
impact in PSILCA database, therefore the result presertsoadifferentiate the positive effect

between other impacts. As shown in Figure 4.14, manufacturing activities account for the most
positive effects, production of LED driver (37%), housing (38d)LED panel (22%) are the

main contributors which link to the economic contribution. China is the country that benefits

0KS Y2ald FTNRY (GKS LRaAlGAGBS STFFTFSOG aayoS AdGQa

processes were taken places in.
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Figure 414 Process contribution to positive social impact

4.5.3 Limitations

The ELCA was conducted in compliance with the 1ISO14040 whi@,Swvas conducted
according to UNEP guidelines. The overall data sources and reliability visfiedavithin the
scope, and the aims of the study have been achieved. However, there are still limitations

within the study.

In the ELCA, the sensitivity study was conducted based on the assumption of the EoL scenarios
which are rather optimistic in coparison to the real circumstances. In addition, assumptions
were also made for the calculation of the inventory data, which might cause uncertainty of the

results.
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Different from ELCA, it is difficult for-8CA to have numerical scores and consequeniy i

difficult to draw a conclusion of social performance based on a single product, thus analysis
results are more comparable when two or more similar products or product services are under
study. Secondly, the caspecific foreground-ECA data in thetber stages were difficult to

access, therefore assumptions were also made in this regard. Furthermore, the social impact is
relatively subjective in comparison to thelLEA. Despite the fact that the choice of impact
categories and/or the risk levels webased on facts and data gathered from the company

under assessment, a certain amount of uncertainty still exists regarding the result of the social

performance.

4.6 Interactions between £CA and -&CA results

The ELCA and-&CA results inform the challenges and opportunities in improving the
ddzadlAylroAftAGe LISNF2NXYIFyOS 2F GKS NBFSNByOS
Figure 4.15 outlines the importantlECA and-8CA results and their interadlons. The E£CA

related results are marked in blue while th&.SA results in yellow, the overlapped key life

OeotsS aidl3asSa FyR LINRPOSaasSa IINB YINJSR Ay 3INEB
stage revealed by both assessments which resiitm$or the major potential environmental

and social risks. In terms of the overall processes, the production of LED driver and LED panel,
and electricity are revealed as the key components/processes by both assessments which are
crucial for improving theustainability performance. Those overlapped life cycle stages and

processes are considered as the starting point to form recommendations, subsequently, can be

directly applied to constructing sustainable product and service concepts.
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Furthermore, the sesitivity analysis results from EoL and lifetime scenarios complement or
validate the opportunities that support to formulate the design recommendations. The results
from the comparison of three EoL scenarios indicate that there is no evident change in the
total environmental impact regardless of the disposal of electronic devices independently or
not; dramatic impact reduction occurs only if the pasinsumer materials/components can be
reused for reproduction. Meanwhile, the lifetime scenario analysialteshow a 22% impact
reduction on the total impact with an additional 10000h lifetime. Those results reveal that
prolong the product serve time, EoL treatment towards remanufacturing are effective
opportunities in improving environmental performance. ®tlopportunities relate to

electricity could be achieved by increasing the luminaire efficiency

124



w)
k)
>
(%]
]
—
<
< @ w
1 w W E ©
= e = g =
w (1] o
Iil] c © £
o — © = =
] °
a e s 2
= [=% (7]
> [ ) =
Q ] c ___ £ =
= 8— 5 @s
% =
) c T W
£ S g ©G
= O E ok
o a5 £ o
——
= . .
B
@ _ m
= Lol = 5
m a=
| | c @' k3]
(0] 3
@ 585
= =50
s o~ g o 2
] vy — > - 5
= I — Q9 o
o Q = QO
O 2 = e
v — e
@ © 5
< s 3
—l — © E
n 5 v >
2 g
(3]
L oM
. (]
S Pollution 3
%] B »
Q > - [0}
A o] . = Q
@ = Sanitation coverage i =
8 @ o W
bt ~ - v —
Q. o \ P N c 18}
- ' Association and bargain rights o 'g
G I
~ £ a
- . . £ v
c Public Sector Corruption 8 5
= ¥ (s}
:C:> a
Contribution to environmental load E
@ Fair Salary
b=y
]
© 0 ' .
] = Industrial water depletion
o =
: g
(]
o O
2 = o Safety measures
= % e
(%] [+
o — 0
& oo . o .
Social responsibility alongthe supply chain —

S-LCA results

Figure 415 ELCA and-&CA results and interrelations in brief

It is noticed from & CA results that, apart from LED driy@anel and electricity, which are the
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overlapped key processes, production of housing is the main ascriptions to most of the
important social issues as well, especial to the important social issues including common social

issues (between the product and theferenced sector in China).

Nevertheless, those activities (linked with yellow lines) are also detected as the main
contributors to the positive effect that links for boosting the regional economy. In this case,
finding a mitigating solution to reducéé¢ environmental impact and social impact whilst
facilitating the positive socieconomic effect (boosting the regional economy) related to the
key process is essential. However, theGA results are less direct for design integration and
being notified & social improvement via comparison assessment. This is due to the intangible
and semiguantitative nature of & CA. Nevertheless;L£A findings are more preferable on
guiding life cycle thinking for produservice design. Potential business models basethe
sustainable redesign are proposed to traolé the environmental impact with the socio

economic benefit

4.7 Recommendations and implications to product and service design

4.7.1 Recommendation for sustainable industrial LED lighting product design

Based on both assessment results and analyses, the recommendation aims at guiding
industrial lighting product with longevity and energy reduction features. In addition,
adaptability of related product service is also considered in the proposed recommendat

which is stated as follows:

1 Design of the LED driver. An LED driver is the most important and problematic part of
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an LED lighting product. It is suggested talesign the circi board, eliminate or
reduce the precious metal inputs within componebissubstituting with other
materials. A more compact and efficient driver design is suggested, preferably, the
modular design is encouraged to enable the change of the damaged module(s)
without affecting other functional modules and therefore reduce theim@nance

time and cost.

1 Improve energy efficiency. High efficiency is considered crucial for industrial LED
lighting product, improve energy efficiency means the lighting product provides more
brightness by consuming the same amount of electricity, whamhreduce energy
consumption related impact in a given area, as well as reduce energy cost. This can be
achieved by replacing the light emitting diode with a higher luminous efficiency
product, and refine the arrangement of the LED optics; improving tveep control

system and; design with a higdfficiency lampshade, e.g. change diffuser to lens, etc.

1 Prolong the lifetime. Prolong the lifetime is proven (section 5.1) to have less impact on
environment. A lighting product with longer lifetime means it de¢o have high
reliability and upgradability, especially under an industrial application circumstance. It
is suggested to implement a modular design and enable easy access to electronic
components to change/upgrade if necessary while remaining the hogsinggruction

to prolong the lifetime.

1 wSRdzOS K2dzaAy3 YIGSNAIE YR NBFAYS GKS LI

1 Use recycled packaging material (80% pmmsisumer cardboard and 50% recycled
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plastic materials).

1 Design for easy assembly and disassembly for all the coemps.

1 Use recycled plastic material, making sure chlorine content in the plastic parts is not

greater than 50%.

4.7.2 Recommendation for service based on sustainable lighting product

Based on the implementation of the proposed sustainable redesign ahthestrial LED
lighting product, possible product services for the company that follows circular economy

principles are also recommended:

9 Establish a takéack scheme. Major environmental and social risks are detected in
relation to raw material mining fomanufacturing the important components, e.g.,
LED driver and LED light Panel as well as the Housing. Nevertheless, they are also
identified with links in boosting the economy. Therefore, it is suggested altadkie
scheme could mitigate the negative erorimental and social risks in mining for new
materials by means such as using the pastsumer recycled materials to
remanufacture. The results of the EoL scenario (S3) also proved the environmental

improvement of initiating the potential scheme.

1 Leasing service. Leasing service is a kind of product services system, in which the end
users do not own the lighting product but benefit from the lighting service provided by
the company for a contracted time, including the maintenance and take bacleof th

lighting products. By providing the energjficient luminaire with longer lifetime as
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well as the takeback service, it is expected to improve the sustainability performance

along the supply chain and benefit a broader range of stakeholders.

The service proposed are based on a sustainable LED lighting product that enables a longer
lifetime and energy efficiency. With providing the service, it is more predictable in material
flow from a stewardship perspective. By creating value from waste, recyclipgnsibility in

mind, the manufacturer will need to focus more on reusability, EoL options in the product
design stage, which minimises waste disposal. The collaboration of all partners under the
proposed services aim for the best user experience so thatiketable. Meanwhile, a

broader range of stakeholders are benefited along the supply chain, new job roles are needed,

and all stakeholders benefit with a healthy recurring profit stream, which is sustainable.

129



Chapter 5- Sustainable Producbevelopment and Service Approach for
Application in Industrial Lighting Products

5.1 Introduction

This chapter is an application and demonstration of the proposed approach which emphasis on
the development sustainable product and the service as a bursitgyundustrial lighting as an
example. The product development part consists of sustainable design, environmental and
social lifecycle assessment, and sustainable manufacture, while the sustainable product service
part includes distribution, support foustainable consumption, maintenance and repair, and
services related to product end of life such as recycling, reuse anebtadte Building on the

results learned from the second step, i.e. sustainability study which presented in chapter 4.

This chapter dmonstrates the integration and implementation of the implications and
recommendations (result from sustainability assessment) in the development of the new
sustainable lighting product and service. Standard product design process is conducted while
the product service concepts are proposed coherent with the newly designed sustainable
lighting product. Environmental and socioeconomic aspects of sustainability are addressed
then evaluated. The comparative life cycle assessment results indicate that thedight

product developed with the approach shows a 46% lower environmental infgatdiled in

section 5.4.1.6)The product and service benefit multiple stakeholders, such as promoting
62Nl SNEQ 6StFINB:E OdziGAy3a 0230 edt8eNdceg lanfiadet I O d:

healthy recurring profit stream for all stakeholders.
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5.2 Sustainable product development

The aim of developing the sustainable product and service bundle is to reduce the
environmental burdens, address the social issues while achigvwingconomic and
competitive interest of providers (stakeholders in the supply chain), i.e. to achieve the holistic

sustainability of the industrial LED lighting through the innovation.

5.2.1Conceptual design

The ELCA and-&CA results indicate the kéfe cycle stage and key process of both
environmental and social performance are overlapped. Environmentally and socially,
production stage is identified as key life cycle stage; LED driver and LED panel are the key
components and, the production of eleitdity is the key process to improve the overall
sustainability performance of the assessed product. The interrelation between both results are
analysed and, finally, those overlapped €A and-ECA results were directly applied to
sustainable product angervice recommendations and conceptualisations, while individual S
LCA findings were addressed in the conceptualisation of preskreice. The detailed

assessments and analyses can be found in chapter 4.

Incorporating the recommendations based on sustaility assessment results and analysis

into practice, a sustainable PDS for new industrial LED lighting was brought out. Several key
characters were emphasised in the PDS to develop a sustainable LED lighting product with
superior functions, where the obgtives of product service were also taken into consideration
to support the superior function and operation of the potential PSS. Possible product services

recommendation for the case company are also proposed according to the assessment results
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and analges, it was recommended that the company could start a leasing service and

establish a takdack scheme, which will be elaborated in next section.

The sustainable LED lighting to be developed is suggested to incorporate the following

features:

1 Design othe LED driver. Design tlegcuitboard, eliminate or reduce the precious
metal inputs within components by substituting with other materials. A more compact

and efficient driver design is suggested.

1 Improve energy efficiency. Improve energy efficiena@ams the lighting product
provides more brightness by consuming the same amount of electricity, which can
reduce energy consumption related impact in a given area, as well as reduce energy
cost. This can be achieved by improving the power control systehdesign with a

high-efficiency lamp shade.

1 Prolong the lifetime. Prolong the lifetime is proven to have a less environmental
impact. It is suggested to implement a modular design and enable to change electronic
components if necessary while remaining ti@using construction to prolong the

lifetime.
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1 Use recycled packaging material (80% pmmsisumer cardboard and 50% recycled

132



plastic materials).

1 Design for easy assembly and disassembly foha@ltbmponents.

1 Use recycled plastic material, making sure chlorine content in the plastic parts is not

greater than 50%.

Conceptual design concepts were brought out by the case company. Since the derived PDS is
tailored specifically towards sustainabilityprovement, therefore the two design concepts
were narrowed down and proposed by the case company. The two concepts both have the

same objectives, which is to deliver modular designed industrial LED lighting product.

Figure 5.15.3 shows the design conael(DC1) which embraces the following features:

1 polygonal column shaped with extra attached emergency module.

1 Each LED engine has its own dedicated driver, each luminaire can contain up to 6

independent LED lighting units.

1 Any component failure will only affect the corresponding lighting unit and not result in

complete product failure.

f Only the faulty module (IKG Sy 3AyS 2NJ RNAGSNL Aa NBLIX I C

minimising unnecessary waste.
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Each individual piece can be assembled /disassembles to ease the manufacturing

process, assemble/disassemble and installation processes

The LED lighting panel andiit®dule can be adjusted for different angle and

application needs.

An emergency baelp energy design was added in order to implement the leasing

service with upgraded functionalities.

Lighting module

Figure 51 Overviav of design concept 1
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Figure 52 explosion figure of design concept 1 (main structure)

Figure 53 structure of the light module of Design concept 1

Figure 5.4 presents design conce2). This concept employs the traditional ceiling

mounted structure, the main functional features are the same as design concept 1 which are
mentioned above. It can be considered as an improved design DC1, the main difference is that
the structure of DC flat with reduced components, therefore reduce the joint members
(screws) and the manufacturing process. In addition, the main electrical devices are design to
be amounted in the same module which is considered easier to control when errors occur. This

concept reduces the total material required, also a reduced weight and dimension.
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Figure 4 Design concept 2
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section 3.4), 2 criteria were finalised and compared between the two design concepts (DC1

and DC2). The concept selection payed special attention on the impact throughout each life

cycle stages and the impact of the potential service, such as the environmental imphaet of t
material, ease of manufacturing, ease of installation and disassembly, ease of transportation,

cost, and recyclability, etc. Weighting factors to each comparative were applied according to

the importance, from 1 to 3, which is aiming to guarantee thg &eofriendly features in the

early design stage and the successful operation of the potential service. Finally, the total
evaluation score of DC1 was 91 whilst it of DC2 was 118, which indicates DC2 has the higher
score therefore was the selected DC @i@tailed design, see Table 5.1.
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Table 52 Concept evaluation with comparative criteria

Comparative Criteria Design _ _
_ Design concept Weight factor
No. (Low/Expensive = 1; concept _
_ (DC2) (low=1, high=3)
High/Cheap =5) (DC1)
1 Weight 3 5 3
2 Number of materials 2 4 3
3 Ease of manufacturing 3 5 2
4  Flexibility of adjustment 4 5 2
5 Ease of maintenance 5 5 2
Life-cycle environmental
4 5 2
Impact
6 Recyclability (EoL options) 4 4 2
7  Availability ofmaterials 5 5 1
8 Cost 3 4 3
9 Upgradability 3 4 2
10 Lighting efficiency 4 4 1
11 Emergency baclp 4 4 1
12 Service ability 4 5 2
Total evaluation score 91 118

5.2.2Detailed design

The final design (ARCUWUpis shown in Figure 5.5 and 5.6, it embraces an entire modular LED
low bay with emergency and sensor options. This model features an overall modular design
and an ultrahigh efficiency with high adaptabilities, including the @éfincy of 123Im/W,

optional emergency and microwave sensor version, stapdimming and daylight threshold

conduit, trunking or surface mounting. The key features of the industrial low bay luminaire and
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the implementation of sustainable design are lisi3able 5.2.

Table 53 Key Features and Implementation of sustainable design.

Implementation  of

Sustainable Design Features Benefit Life Cycle Stages Recommendations

_ Production, use and maintenanc
Modular design _ _ K
(installation), EoL treatment

Innovative design of the LE

_ Use and maintenance K
driver
High energy efficiency design Use and maintenance K
) Production,
Compact design K

distribution(transportation)

Design for long lifetime an _
_ o Use and maintenance K
high reliability

— L.
LED circuit board \\\ ’ u 7
N e ,,
4 \\ e

Optical Lens l ~ S o . > %%ﬁ%\
(2 screws release) N > - e —
N 5 -
‘\\\ - \ i
\ -
Clip on end caps ‘ N
~
N

Figure 55 Detailed design of ARCUS
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Fixing Back Plate
(One screw
Release)

Gear Tray (Two
Screw Release)

DC socket (DC bus on
mother board

Lighting Unit T Y
o>~ i AC socket (AC bus on

mother board

Figure 56 Detailed design of ARCUSexplosion graph)

Modular design. Overall modular design is the paramount novelty of this model, which gains
superior adaptability and upgradability of the model for potential activities, e.g. leasing

service. The structure dlfie low bay luminaire consists of three main parts with concise
fastening method, namely fixing backplate, Gear tray as well as lighting unit, each part can be
joined with one or two screw(s). In addition, inside the gear tray, the control module including
the driver, sensor and the emergency module are plugged individually on its motherboard. As
shown in Figure 6, the modular design of the housing and control module eases the processes
of production, assembly/disassembly, installation, maintenance, anebdfite (EoL)

treatment. There are different version options regarding the power (100W/150W/200W) and
function (if with sensor and emergency function) preferences, the structure of the luminaire
remains the same regardless of functional preference charifjes control module and LED
optical panel are the most delicate parts of a LED lighting product, the modular design enables

the change of the problematic module(s) without affecting other functional modules and
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therefore reduce the maintenance time andsto

Innovative design of the LED driver. Taking the design recommendations derived from the LCA
studies into PDS, the new design brought out a completely new design of driver with
concertation of prolonging the service time. One of the drawbacks of tivedin the old

model (ARCUSompact) is that the individual driver which provide the whole power of the

LED could be overheated during usage consequently increases the chance which can lead to an
entire breakdown of the luminaire. The new design of thiwelris more compact and efficient
since the control system consists of more than one driver (depending on the power of the
luminaire) so that the other driver(s) are not affected despite one driver operates wrong
therefore prevent complete failure. In adibn, redundant design is applied to reduce the
operational risk of the driver, thus the lifetime of the driver is expected to be prolonged.
Furthermore, the sensor version could achieve a stapdimming which also protects the

driver from risks.

High energy efficiency design. The previous model employs a diffusep{skge in Table 50

shade, also there is only one LED light panel where all the LED optics arranged onto. In order to
improve the light efficiency, the new model utilises two lenses maseparate LED panel,

the lenses are polarized that can provide different options of beam angle with reduced LED
optical arrangement, therefore reduce the cost of LED optical with improved efficiency. The

new model has a 7% efficiency improvement (frobslin/W to 123Im/W) thanks to the

optimise design of panel and shade.

Compact design. The new design reduces the housing dimensions and the usage of housing
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materials owing to the compact design. As a result of the compact design and modular design,
the marufacturing processes are simplified, the housing material is a steel sheet which is a

highly approachable and recyclable material.

Design for long lifetime and high reliabilityne of the feedbacks from service is to make the
lighting equipment easy for aintenance and more reliable for the consumer. With
consideration of the feedback, the new model provides an optical emergency version which
could detect potential driver deficiency and automatically operates a dimming to prevent
entire luminaire brealdown, which adds high reliability to the product. Furthermore, the
modular design eases the maintenance without changing functional parts (including housing)
and enhance the upgradability which is advantages for a longer lifetime as well as for the

proposedservice

5.2.3 Manufacture and test

The manufacturing procedure of ARGIUS briefly illustrated in Figure 5.7. The housing
components are made of steel sheets, which are manufactured by laser cutting and bending,
then are coated by automatic spray machine. The electrical devices arethradgh the
manufacturing line and are then assembled into the housing to form the final product. The
modularly designed units are manufactured accordingly and mounted to the product, which
significantly simplifies the assembly process and spgethe asembly, and hence the

assembly cost is reduced to about 30%. More detailed information about the manufacturing
process can be found in (CIRCA4Life, 2020). The quality of the product is ensured by following

the product quality assurance procedure includingalkity checking through the production
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line, the early failure prevention conducted at the test station, and maintenance experiment

implemented in the lab.

e Laser cut Assemble of ASTIetrEbIe
. ) : all the
Metal parts * Bending Electronic the Drivers, Aosremltlly 2TE dul
manufacturing g A\ bo g MR optic panels fasten modules
utomatic assembly lenses. etc with fasten
painting ! screws.

Figure 57 Manufacture procedures in brief
5.3 Sustainableservice

5.3.1 The sustainable product service system

Kosnic Lighting Ltd is an independent British company which incorporates design, manufacture
and bespoke lighting solutions. The company is well recognised for its good practice in
providinginnovative, robust lamps and luminaires that deliver quality, @j&ctive and
environmentally responsible lighting solutions for residential, commercial and the public
sectors alike. Research and innovation are important for the focal company in comsigu
delivering prominent product and service, it recently participates in the EU H2020 research
project CIRCA4Life as an industrial partner, the main task in the project of the company is to
develop a sustainable LED lighting product with integrated sedtée product design

methods, which dedicated to maximising the enedfficient and cossaving potential of LED
technology; and demonstrate its application in a circular economy based business context to

form the triple bottom line of sustainability itmeir product and service.
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The objective of the focal company is to develop sustainable product and circular economy
oriented business model that covers the triple bottom line of sustainability, i.e.
environmentally reduce the material and energy consumptisocially benefit the society and

stakeholders, and economically create value and profit.

Taken the recommendations from social performance study (Wang et al., 2020) into
consideration, the produeservice bundle between the sustainable product andsitus
service implementation is explored. With the knowledge of life cycle thinking and lifecycle
management, designers, researchers, value chain actors were brought togetherating

the PSS aiming at circular economy business model/models, see 5igumed 5.9.

Figure 53 Cocreation of business modgtoup discussion
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Figure 59 Example of the group discussion results

Consumer needs and the potential added value were analysed, tHeésgmeconstruct a

service that is better fulfil consumer needs while creating value for the providers with reduced
environmental and social impact. Currently, the focal company adopts a classic psadteict

business model, in which the company is the nfacturer without distribution, a wholesaler

is entitled to connect the end users and other stakeholders, e.g. the subcontractors of

installation, maintenance via a liner route of distribution. In this case, profit and margin are

added at every stage of $h & dzLJLIX @ OKIFIAYy A 0GK2dzi GKS NBaLRy.
lifecycle, which may cause inadequate products being applied. Such products require frequent
repair and replacements that creates a significant inconvenience, such as dealing with the
problems, outage period whilst waiting for the replacement, and further cost for the end user

to ensure the lighting products in good operating condition. As all suppliers currently benefit
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from simply selling the products, there is no interest in prolongingatfeeluct lifetime or
reuse/repair, consequently increasing the number of waste disposals than it should. It is
recognised the need to search for additional value related to the product longevity and energy
reduction, therefore the focus was on creating theéded value of innovative services

GKNRdzZAK2dzi [ 95 fAIKIGAYyIQa fAFTSGAYS F2N O2yad

5.3.2 The leasing services

The proposed leasing service is a-osented PSS (Cook et al.,2006; Williams, 2007), which
customer satisfaction implies enjoyg the function of products or services rather than
enjoying the ownership (Chou et al., 2015). The proposed service focuses on how the best
benefit and most effective illumination plan can be gained for the end user in a contracted
time. Figure 8 illustri@s the ecesystem of the LED lighting product leasing service, in which
the wholesaler brokers and managers leasing service to the end user, the manufacturer
supplies the lighting equipment and parts, the contract is responsible for installation and
maintenance company looks after the equipment. The manufacturer uses WEEE service to

recycle and dispose the faulty and EoL products.
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Figure 510 The ecesystem of the PSS

The PSS includes design, providing the ligrgmgpment, installation, maintenance and end
of-life take back services. The case company will work with technical-koexmto come up

with a bespoke plan, such as define the lighting equipment required, which will best suit the
application and conform tall necessary standards and regulations. The wholesaler leads the
commercial activities in finding local business opportunities. Once the leasing contract is
agreed, the electrical wholesaler works with other partners to deliver the equipment and

servicesaccordingly.

The payment (instalments) is collected by the wholesaler, who in turn pays the other business
partners. Figure 5.11 and 5.12 show two types of payments plans: stepped payment plan and
flat payment plan, respectively, which are proposed t@pfb our leasing customers. A full
leasing cost of £240 for typical industrial lighting and 5 years leasing contract term with

payment over 20 quarters is used as an example for illustration purpose.
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Figure5.11 Stepped pgment plan
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Figure5.12 Flat payment plan

As an example, a leasing cost of £240 consists of £120 product cost, £20 parts, £40 installation
fees and £60 maintenance charge, in which financial cost of leasing such as interpsoft

for each party of lessor side have already taken into consideration. For stepped payment plan,
£40 cost of installation fees are paid in full at the start of the leasing contract, the remaining
cost is spread over 5 years term with quarter payma&n£10, whilst a fixed £12 quarter

payment is applied for whole leasing term for a flat payment plan. The customer only needs to

pay a small number of quarterly instalments instead of a much big payment in one go for both
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payment schemes with a small partion of installation cost at the beginning for the stepped
payment plan, which provides a very flexible financial plan and a peace of mind for lighting
maintenance for the customers, and extra financial cost for leasing service is supposed to be
coveredby energy bill saving due to high energy efficiency design, leading to more potential
business opportunities and extra revenues as the customer is willing to initiate those lighting
projects which are thought to be expensive in term of financial planmog become

affordable because of leasing service.

For leasing service, the owner of the lighting equipment belongs to Kosnic, at the end of the
leasing contract, Kosnic will take back the lighting equipment, due to its novel modular design,
more componets can and will be recycled, reused orargineered to extract the maximum
residual value of the used lighting equipment, and a cost cut of WEEE charge is expected due

to much fewer parts of the light equipment for disposal.

A multiparty leasing contrads proposed to ensure that every stakeholder in-sgstem of

the PSS shown in Figure 5.10 fulfils its role. The flow chart of the leasing contract is shown in
Figure 5.13, in which an update is permitted during the term enabling the customer to take
advantage of continual improvement of LED efficiency and update to the latest lighting
technology with incentive discount whilst an extra charge as a penalty is applied to cover the
remaining financial cost if the leasing contract is terminated before the termd the

customer is strongly recommended to take new leasing contract with a latest and most
efficient products at the end of the leasing agreement with an option for the customer to

continue to use the leasing equipment with a flat maintenance charge.
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Figure5.13 Leasing contract flow chart
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In summary, leasing service shall provide the following benefits:

1 Reduces capital requirement for business, especially small and medium enterprises

with limited cash flow.

1 Results irmore business opportunities and revenue growth due to a flexible financial

plan for the end user.

1 Affordable leasing service as its financial cost will be covered by the energy bill saving

by using the latest LED technology.

T Increasing the user experiencesgarding the maintenance and upgrading of the

lighting equipment.

1 Increases the recycling rate and lift cycle of lighting equipment.
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1 Reduces the energy consumption due to the high efficienglgefighting product

using the latest LED technology

1 The contract is flexible for adjusting and terminating regarding different business

needs.

A range of leasing service activities is planned to finalise and implement this new business

model, including:

Business partner identification. The case company will attend the largest lighting equipment
FILAN OW[ AdKGb 06dzZAf RAYI HnunQ0 KSEfR AY CNIylT¥
product (Arcus Il) and promote the leasing and get initial feedbmaékalise the business plan

(Rescheduled due to Covi®).

Business to Business (B2B) customer identification. The focal company will also attend
Facilities Show (Rescheduled ta;28 May 2021 due to CowtR) aiming to market the leasing

service and idetify the potential customers.

5.4 Sustainability Evaluation
5.4.1Life Cycle Assessment

5.4.1.1 Goal

The goal is to compare the overall environmental performance between the previous and
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newly designed LED lighting products (ARCbi@pact and ARCUI$and obtain an

understanding of how the environmental profile affected by adopting a sustainable design.

5.4.1.2 Functional unit

¢KS FdzyOlA2y Il f dzyAlG dzy RSNJ O2YLI NRazy Aa Sygda
lifetime (40000h). The luminaires under study including two industrial LED low bays from

Kosnic Lighting LTD (UK), one is an existinguptad the market (ARCWSompact), the other

one is newly developed product (ARCUS II) with sustainable design methods. Both of the
luminaires can be applied in general industrial areas, such as manufacturing workshops,

warehouses, leisure facilities, anetail environments. The technical specifications are listed in

Table 5.3.
Table 54 Technical specifications of comparative LCA
‘ »

\\\
Product Name ARCUS I ARCU&OmpaCt
Power 100W 100W
Voltage 200-240V50-60Hz 200-240V 5660Hz
Beam Angle polarized 120
CCT (K) 6500 6500
Luminous Flux (Lm 12000Im 11500Im
Detentions (Mm) 681*87*74 600*327*84
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CRI >83 >80

Lifetime (H) 40000 40000
Power Factor 0.96 0.95
Ambient Temp (°C) -20to 40 -20to 40

5.4.1.3 System boundary

All life cycle stages are considered in the system boundary, including raw material extraction,
production of basic materials, production of the components, LED lighting assembly,
packaging, distribution (transportation) and Eolatraent. In the manufacturing stage,
components and sulystems production and assembly are considered, including raw material
acquisition, the product assembly, energy consumption, waste/emissions generation and
disposal during manufacturing. The packagingd transportation activities during production

are within the boundary as well. The LED lighting product is manufactured in China (Hangzhou)
and then shipped to the UK for wholesaling. Energy consumed during the use stage was also
taken into account, itvas assumed that the LED lighting product would serve until the end of

its useful life (40000 hours).

5.4.1.4 Inventory data

The data of material use, manufacture processes, and energy consumption were acquired
from the manufacturer. The background datach as raw material extraction and production
of the basic materials were derived from the Ecoinvent 3.5 database (Ecoinvent, 2018). The

input data are listed in Table 5.4. The electricity usage scenario is referred to the UK context as
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well as the EoL tement, which is considered in compliance with the WEEE directive. The

shipping distance, Hangzhou to London (UK), is obtained using Google Map information.

Table 55 Inventory data of compared industrial LED products

Product Assembly Component Material Amount Unit
LED optics 0.25 kg
Aluminium 0.035 kg
Plastic (junction board) 0.013 kg
Electronic control unit
Steel (base module) 0.545 kg
Wire board 0.42 kg
Plastic (LED driver) 0.033 kg
Fastermember Nickel coated iron 0.0734 kg
Steel sheet (housing) 1.525 kg
Housing z:::ll:ers) sheets - (plest 02212 <9
ARCUS Plastic (lens) 0.4 kg
Paper printed board box 0.96 kg
Plastic film 0.0003 kg
Packaging
Paper 0.0004 kg
Plastic form 0.054 kg
Electricity 4000 kW*h
Shipping 52896 kg*km
Steel 2.07 kg
Recycle
Plastic 0.6212 kg
Electric devices 1.1 kg
General waste 0.099 kg
Housing Plastic 0.29 kg
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Steel 2.199 kg

ARCUS Aluminum 1.1 kg
t
compac Plastic 0.172 kg
LED driver
Printed circuit board 0.688 kg
Led 0.32 kg
LED lighting board
Aluminum 0.012 m2
Junction Box Plastic 0.02 kg
Press button Plastic 0.007 kg
Steel 0.07838 kg
Fasten members
Plastic 0.0016 kg
Printed board box 1.17 kg
Plastic film 0.0003 kg
Packaging
Paper 0.0004 kg
Plastic form 0.066 kg
Electricity 4000 kW*h
Shipping 56451.96  kg*km
Solid waste 5.3207 kg
Waste paperboard 1.8537 kg

5.4.1.5 Life cycle impaassessment

The assessment models of are developed with openLCA in line with the Ecoinvent 3.5 database
(Ecoinvent, 2018). ReCiPe Hierarchist (Goedkoop et al., 2009) is selected for the comparative
[/! albtdzRé aAyOS AGQa 2y S LelAapprdathesvdifatie NB OSy i
(Huijbregts et al., 2016), also, it can combine LCA results as a single score via weighting, which
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allows user to easily compare the environmental impact of different products or scenarios

(Kalbar et al., 2017). In addition, udikther methods (such as Etudicator 99, EPS Method,

LIME, and Impact 2002+), ReCiPe does not include potential impacts from future extractions in

the impact assessment but assumes such impacts have been included in the inventory analysis
(Huijbregts etal., 2016). Endpoint assessments were conducted which is based on the three
endpoint impact categories, namely ecosystems, resources and human health. Normalisation
YR ¢6SAIKIGAYT YSGK2Ra |NB | LW ASRE Ad&d Y2 2N
the three categories are gained and aggregated as the overall environmental impact score of

each assessed unit.

5.4.1.6 Results and discussions

The Environmental Impact Assessment results indicate the environmental performance of the
newly designed prduct (ARCUS) improved by 46% compares to the existing product
(ARCU€ompact), from 169 Pt to 91 Pt (by aggregating the endpoint single scores, e.g.
55.46+34+1.87=91.33). The environmental impact on the three categories of the new model is
55.46, 34 and..87 for Resources, Human Health and Ecosystems impact category respectively,
which improved 43%, 50% and 35% on the impact categories accordingly in comparison to

those of ARCUGompact. Figure 5.14 presents the single score results of the three impact

c 6SI2NASa 2F (GKS (g2 OFNAFYyG LINRPRAZOGEAD ! Y2+
affected (key impact category), which contribute 60% and 57% of the total impacts of ARCUS

and ARCUS2 YLIJ OG NBaLISOGAQStes T26v20SRaoeSWEAzYT

revealed from the assessment results.
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ARCUS-II

ARCUS-compact
I

0 20 40 60 80 100 120
ARCUS-compact ARCUS-II
M Ecosystems 2.89 1.87
Human Health 68.32 34
W Resources 97.93 55.46

Figure5.14 Endpoint single score results
Il CdNIKSN) Fylftegara AyaAaARS GKS O2ydNARodziAzy i
diagram with 10%ut-off (Figure 5.15), the allocation of impact contribution varies within the
two products. The key impact category is dominated by production/assembly and use stage for
both products since the two stages are high energy and material consumption staige. In
existing product ARCUE ompac}, production/assembly stage has a higher contribution to its
total impact in comparison of use stage, i.e. about 58% to 42%, which mainly due to the
production of electronic devices. In contrast, the main contribut&j to the impact on
resources within the newly designed produsiRCU4) is electricity production during usage,
only about 25% of the impact is contributed form production/assembly stage. A similar pattern
is also laid in other endpoint impact categ®i Given the use scenario and the production
method of the electricity is the same for both variants yet accounted for different percentage

2F (K238 LINPRAzOG Q& écanipact andi75%Jbr@RCGUBthusthe T2 NJ | w/
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impact of ARCUB has a sigificant drop from the production stage (58% to 25%) compared to
ARCUSompact, that is, the LED lighting product developétisingsustainable method has
an outstanding overall environmental improvement owing to the impact reduction during the

production stage.
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Figure5.16 Sankey diagram under impact category ‘resource’ of the compared products (1:0%)-cARCUSH
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The standard version of ARCU$ selected in this comparison LCA. It is expected that in a real
application context the newly designed product will perfoarbetter environmental profile in

a longer given time, because it might merely need to change few components whilst the
former product has no changing option butreplace the entire luminaire if failure accrues. In
addition, some qualitative ecfieatures are unable to convert to a numeric value, and,
consequently, cannot be assessed in an LCA process, such as easy to transport, easy to
disassemble and repair, reduction of delivering space and packaging material, etc. These eco
features have enhanced thmverall sustainability on a great scale. However, these features are
unable to be taken into account in the assessment due to the quantitative nature of LCA

methodology.

5.4.2 Socieeconomic sustainability

There are studies that attempted to put forwarkle frameworks and methods for the

evaluation of sustainable PSS, yet the application of those methods remained limited (Maxwell
and van der Vorst, 2003; Chou et al., 2015; Omann, 2003). The leasing service was initially
proposed based on the results andadysis of the environmental and social life cycle
assessment to address the risks identified, therefore, theoretically, the product and service are
expected to be environmentally friendly and socioeconomically beneficial by implementing the
proposed servie. Indeed, the proposed sustainable product and service achieve the 3BL of

sustainability which supported by the following reasons.

The leasing service is based on a sustainable industrial LED lighting product that enables a

longer lifetime and higher emgy efficiency. With providing the service, it is more predictable
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in material flow from a stewardship perspective, subsequently maximize material and energy
efficiency from a lifetime perspective, which also consented in several environmental

evaluation sudies of PSS (Mont, 2003; Roy, 2000). In addition, leasing of LED lighting product
a021L)S 2F WINBSy St

Aa O2yaARSNBR 6AGKAY (GKS

been constructed and managed with sustainable technologies (CMS, 2011).

Indeed, the new sustainable product and service achieve the TBL of sustainability, an example
is presentedvhere a site was looking to change the existing illumination plan for the new
sustainable LED lighting products (Artiisnd its servicelable 5.5 lis the environmental

and economic benefits for the new product and service system.

Table 5.5 Environmental and economic benefits for the new product and service system

[llumination Plan with

Savings Per
Existing lllumination Plan Proposed Sustainable v
ear
Product andService

Cost of Electricity Per Kit £0.15 £0.15
Hours Per Year 3,000 3,000
Area Warehouse 1 Warehouse 1
Quantity 50 50
Replacement LED Fitting 4 x 54w Fluorescent T5 150w Arcus H
Type Low Bays KLBA150L1
Replacement LED Fitting

236 150 4300
Wattage
LED Fitting Life Hours 12,000 40,000

£5,310.00 £3,375.00 £1,935.00

LED Electricity Per Year £
LED Fitting Costs Per Year £402.50 £277.50
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LED Fitting + Electricity Cost

£5,712.50 £3,652.50 £2,060.00

Per Year
LED Kilowatts Per Year 35,400 22,500 12,900
Environmental impact in C® 18,833 11,970 6,863

Year 1 Year 2 Year 3
Existing Costs (Lamps &

o £5,712.50 £5,712.50 £5,712.50

Electricity)
LED Costs (Purchase in Yea

£6,825.00 £3,375.00 £3,375.00
1 +Elec Costs)
Payback Period Months 18
Saving Per Year £2,337.50
Saving over life of the LED £31,166.67

For the same illumination effect, changing the existing fitting to the proposed lighting leasing
service can havmultiple direct benefits, for instance, it can save the warehouse 12900 KW
energy consumption which accounts for £1935 electricity bill and 6863 CO2 emissions; up to
£2337.5 per year and £31166.67 over the life of the LED can be saved when adopjieg a 3

payment plan.

Furthermore, social dedication and so@oonomic aspects have been addressed by the
company and the product and service. The company gains prominent recognition in the
corresponding industry sector regarding social responsibility and itagluality. Kosnic joined
the elite group of Accredited Suppliers to The Carbon Trust, the ma&ding scheme for
high-quality energyefficient equipment and renewable technology suppliers worldwide. The
welfare of the employees in the case companyailugd as satisfactory. Thanks to the modular
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design, the assembly process has been significantly simplified and spepdadd hence the
assembly cost is reduced to about 30% while the workload of the workers is relieved. The
cradleto-cradle life cycle evelopment approach enhances the seeimnomic benefits along

with the value chain actors within the sustainable innovation. New jobs are created due to the
new roles required by the PSS, and all stakeholders benefit with a healthy recurring profit
stream By creating value from waste, recycling responsibility in mind, the company has been
enhancing the reusability of materials, tools and facilities, which minimises waste disposal. It
encourages its subontract manufacturer to dedicates sustainable prodservice innovation

and provide the best possible solutions with reliable products. The collaboration of all partners
under this leasing model aims for the best user experience of the client, with the bespoke

illumination plan, the interactions betweendmanufacturer and end user are much closer.

For the end user, a significant amount of cost saving is achieved by adopting the proposed
product service thanks to the cost reduction of energy, maintenance and EoL disposal. The end
user could also entitleotdeclare a certificate regarding the sustainability of the property

results from the energy reduction during the contracted period. In addition, it removes all the
hassles, financial uncertainties, technical knowledge gaps and out of service risksérom th
Finally, the sustainable product and service facilitate the end user adopting a responsible and
sustainable consumption, which is a key bridge between sustainable product/service and the

implementation of sustainability.

5.5Concluding remark

A case study is conducted and presented utilising the proposed approach, a sustainable
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industrial LED lighting product and its product service are developed. The main contents and

findings in this chapter are summarised as follows:

1 Applying the approach tthe development of the sustainable product and the service
as a bundle in the same stage. The case study demonstrated how to link between
LINE RdzOG RS@St2LIYSyid FyR LINRPRdzOG aSNWAOSS
sustainable product can be integratén the sustainable service are brought out and

demonstrated.

1 A sustainable industrial LED lighting product and service are developed by utilising the
proposed approach. The sustainable lighting product has an innovative modular
design and ultranigh effciency and longevity, which is designed for its service. There

is no such product in the market, which is unique.

1 The sustainability performances of the sustainable LED lighting product and service
are assessed. The environmental assessment results iedfeat the sustainable LED
lighting product developed with the proposed approach (ARTUSesents a 46%
lower environmental impact. The sustainable service based on the sustainable LED
lighting product is evaluated as environmentally friendly and smmaomically
beneficial. The proposed product and service has the capacity of benefit multiple
a0 1SK2f RSNAZ a4dzOK a LINRY2GAY3 62N] SNAQ
customers (end users) with prominent services and, all stakeholders berittfiaw

healthy recurring profit stream.
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Chapter 6- Sustainable product Development and Service Approach for
Application inDomestic LEDighting Products

6.1 Introduction

This chapter is a case study of developing an environmentally sustait@hlestic LED

lighting product by utilising the proposed sustainable product and service development
approach. This case study aims to demonstrate the approach with an alternative sustainable
goal, i.e. environmental aspect of sustainability, including@esign and ec@roduction, is

the paramount goal for the case company. In the chapter, the sustainable product conceptual
construction approach is applied and demonstrated particularly, of which, LCA of five domestic
lighting products that currently avaltée in service of the case company are conducted. Based
on the LCA results, the sustainability requests for lighting products are derived and then
embedded in the product design specification to ensure the@esign features of the product

to be developedA new sustainable lamp is designed according to the PDS and manufactured;
the environmental performance of the new product is evaluated. Comparing the LCA results of
the new product with those of the existing ones, the newly designed lamp presentsex bett

environmental performance, i.e. from 27% to 58% lower impact than the existing ones.

6.2 Application of Sustainable product conceptual construction approach into

environmentally sustainable domestic LED lighting product

6.2.1 Innovation goal of the casempany

ONA PRODUCT SL (ONA), is a Spanish SME manufacturer of lighting products, specialising in
domestic and contract lighting for hotels, premises of leisure, office, and public places

(https://ona.es/). The goal of ONA is to develop domestic LEDrgptoducts that have
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superior ecefriendly features than their existing products, achieve sustainable production and

eco-shopping of domestic LED lighting products on their comgamyed website.

6.2.2 Application of sustainable product conceptual candion approach

After defining the sustainable innovation goal, the operation processes and methods are
adapted according to the goal, which is outlined in Figure 6.1. First, evaluation of the
environmental profile of five existing LED lighting productslatsle in the online shop (by the
time of the research conducted, there are five products available on their website), including
Embolic, Panau, Marble, Ele and Cobalt, were conducted by utilidiG@\Enethodology and
technique. According to the resulénd interpretation, design reflections aiming at
environmentally sustainable LED lighting product design are brought out and integrated in the
PDS in conceptual design. Subsequently, thedesign of LED lighting product is carried out in
accordance witlproduct design procedure. Finally, the design can be confirmed if the
environmental performance of the new product is prior to the previous products via LCA

techniques and tools.

Interpretation of

Existing products LCA| Environmental impact | LCAresults
(ONA product: Cobalt, Marble, — " . "
Embolic, Ele and Panau) evaluation

Design Reflections

i
Eco-design ‘

}
Comparative LCA ‘

l

PR
.f/Conflrmatmn \
\_ ofdesign )

Figure 61 The research process and method applied in developing envintaligesustainable domestic LED
lighting product
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6.2.3 Data collection

The data of material use, information of ppeoduct, manufacture process, technical

parameters that are related to the environmental assessment and energy consumption of the
five LEDi¢hting product were collected. The data collection method and forms (detailed in
chapter 3) were utilised, the data collected formation including the answers to the questions in
the data collection form and technical drawings and descriptions for eaafuptoExamples of

the returned (completed) data collection information are shown in Figu?eafd 63, the

detailed inventory data for assessment is presented in Table 6.2.

Product Data Collection Form (ONA)

L1 Product Mume Madel Name  COBALT

1.2 Prachuet Plata
ication phatail 2 please put all the pictures in the separate pichure folder. Flease name the picture with the product name por Evor panga todas las imagenes en la carpeta de

1. Product Creneral Data

Traducir del: espanol Vnin

24/500K0 dela

1, Datos generales del products |3 Sz Sorvice Time 1.3
sugerir tiempa de servicio

1.4 Tontal Woeight (k)14 Pso tatal

ikal )

2.1 Trescribe Product

. nstcral  Tamp balders -
Mamufzeuring Proceduse - P
" . this piece iz done with
Dieseribm ]
s i s sdome witl i

finally it is paimted by hand,

pcto (incloida la foto indgencs separada Por favee, noobe L unagen con ol sambree del producto.
ncidn)

FIEMPO DL FABRICACION MES | SEESTA LN STOCK SEGUN DESTING UNGS 3 1IA% LLABILLS

¢ Twenty wiwtes. - The mannfachring process of|
sting process will a plister et 115 beked m e aven el

2l - -
e s, 4 v tula - Thi
de fabricacibe del
producta (nchuido el usa del cessses srousi iy Louss.
tenpo)

2.2 Product Assembly imventory
data 2.2 Dares de inventanio de
ensmublaje del producto

1. Product Manutactaring Lata

1= Cul i eleetmical cabile & 2.-Comect the clectic cable o e Tong hokler &3 - The calde is passed between te waoiban ball and the cenomic pece. 0 4.2 The|

cable is passed through the wood embellisher.

29/5000
7. Datos de fabuicacton det 23 Winsle Cremerativn During

praducin e e ‘.‘?:‘I |- waed chi sz . f 2. Ceramic remains / wastes when pouring the materia] imto the mold ¢ is litle material that is wasted.
thp)
2.4 Erissions Generntivas (kegl2 4
Gencragiones de cmisicacs (ky)
2.5 Is fhere T
cnissio? IF v .
production stags, substances and
e desechos o

» .. PAMNAU3Z DOTTE3.Z MARBLE3.2 | EMBOUC 3.2 | EMBOUC | MARBLE DOTNE PANAU | COBALT | EXE.. (%)

Figure 62 Example of data collection form
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L1 - Wood embellisher.

- Black textile cable: 2x75.

SK - Ceramic tulip that is placed on top
A to the wood.
E’: ; LN

I - Black textile cable: 2x75.

-Wooden tulip height 20cm approx.
and @ 23cm aPprox ..

- Black textile cable: 2x75.

-Lamp holder E14.

-Bulb E14.

» .. COBALT3.2 | PANAU32 DOTTIE3.2 | MARBLE 3.2 | EMBOLIC 3.2 | EMBOLIC | MARBLE | DOTTIE | PANAU | .. (&

Figure 63 Example of data collecth formtechnical drawings
6.2.4 Environmental life cycle assessment
LCA is an effective tool that facilitates the evaluation of environmental impact through a
LINE RdzOG Qa fAFSOeO0fS yR LXlea | aix3ayAiAFaoryld
innovation. In this study, five current LED lighting products from ONA were assessed by
utilising screening LCA techniques in order to identify issues and opportunities to implement

into domestic LED lighting ectesign.

6.2.4.1 Goal

The goalis to evaluate the&S NI £ £ Sy @ANBYYSy Gl f AYLI OGa 27F
products through their product lifecycles, identify key processes and key varieties behind the
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results.

6.2.4.2 Functional Unit

The functional unit under assessment are one unit of each of tked 8D lighting products,
namely Embolic, Panau, Marble, Ele and Cobalt. The five LED lighting product are all domestic

lighting product including ceiling lights and table lamps, the product information is shown in

Table 6.1.
Table 66 Product information of the LED lighting product under assessment
Name Product Figure Description Specification
Cobalt is a Pendant
lamp in which wood
and ceramics are
combined. The
w [ AIKID
combination gives this
height: 20cm.
Cobalt lamp a seal of

w 5AFYS{

distinction. With the

23cm.
floral drawing in blue of
the ceramic is inspired

by the Valencian

ceramics.
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Marble

Panau

Table lamp of large

dimensions joined with

w ¢20aGl f
a cylindrical foot of

54cm.
black marble veined in

w 5AFYS
white and aarge glass

of marble:
tulip, both elements

13.5cm.
make this piece

w 5AFYS
sculpture with great

diffuser: 21cm.
strength and

personality.

Pendant lamp made
with natural fibres.

With anoriginal design,

w | SAIK
this lamp is suitable for

w CAYyAakK

any corner of a house,

w {8&aGsSY

- providing a great

personality to the room

and pleasant light.
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Embolic

Ele

Good craftsmanship

with offering a warm

and magical product

that skims the

sculptural object. The

point of light w | SAIKIG
illuminates the tangle  led otlight:
creating unique 8cm.
environments amongitt w 5 Al YS
shadows. The tangle is wooden tangle:
solved by randomly 40-45cm.
interlaced wooden slats

suspended from a steel

wire illuminated from

the ceiling.

The aesthetics of this @ | SA I K
table lamp is w 2ARGKY
characterized by its w { ONBSy
simplicity. Designed 22cm.

with straightlinesand w CA Y A aK
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with a shape that structure: matt
reminds us of the metal.

consonant L, itmakesil w CA Y A aKk
a great looking screen: white

luminaire in an parchment.

apartment where it is

placed.

6.2.4.3System Boundary

All life cycle stages were taken into consideration in the assessment, including raw material
extraction, production obasic materials, production of the components, assembly,

distribution (transportation) use stage and epfitlife (EoL) treatment.

6.2.4.4 Inventory Data

¢KS fAIKGAY3T LINPRdAzOGA 6SNB Yl ydzFl OGdzNBR I yR
material usejnformation of preproduct, and energy consumption were acquired through the

data collection form and interviews with the company engineers and managers. The

background data, such as raw material extraction and production of the basic materials were
derived from the Ecoinvent 3.1 database, the inventory data are listed in Table 6.2. Itis

assumed that the LED lighting products will serve until the end of their useful lives (i.e. 40000

hours).
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Table 67 Inventory data of the ¥ie LED lighting products

Marble Embolic Panau Cobalt Ele

marble 2.13 wood 1.136 wood 1.136 wood 0.025 Alumin 3.755

base kg kg kg piece kg um kg
glass 2.2kg <cable 0.7kg cable 0.7kg cable 0.058 Cable 0.094
tulip kg kg
cables 0.15kg road 674.5 plastic 0.025 ceramic 0.542 Plastic 0.316
transpo kgkm kg part kg kg
rtation

metal 0.155 Electrici 280k metal 0.05k wood 0.291 Ilamp 0.028
parts(st kg ty, low  Wr/h piece g part kg frame kg
eel) voltage

road 1547. endof- 1836 Road 6745 Ilamp 0.013 steel 0.014
transpo 8kgkm life kg transpo kgkm holder kg parts kg

rtation (multipl rtation

e waste

treatm

ent)
Electrici 400k Electrici 400k road 1355 Electrici 400k
ty,low  Wh ty,low W/h transpo kgkm ty,low  Wh
voltage voltage rtation voltage
endof- 4.36kg endof- 1.836 Electrici 400k Road 1493.
life life kg ty,low  Wh transpo 5kgkm
(multipl (multipl voltage rtation
e waste e waste
treatm treatm
ent) ent)

endof- 0.95k endof- 4.307
life g life kg
(multipl
e waste
treatm
ent)
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6.2.4.5Life cycle Assessment

The Online LCA Platforintip://h2020.circ4life.net)) is an online software tool that utilised to

develop the assessment models, see Figure 6.4. The Platform is developed by CIRCA4Life
(CIR@Life,2018) research project to provide simplified and tfdendly LCA calculations,
which especially to support industrial practices including electrical and food industries. The
platform is developed in line with international LCA code of conduct #8@01(1ISO 2006) with
the incorporation of the Ecoinvent database 3.1 (Ecoinvent 2007). Mainstream life cycle
impact assessment (LCIA) methods, such as ReCiPe and CML are build in for the impact

calculation.
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http://h2020.circ4life.net/

gl S .
iy Online LCA Platform
S () /- for the EU H2020 project:

‘:J.-\—" CIRCA4Life — A circular economy approach of product and services

Demonstrator: lighting products

k

Demanstrator: meat supply chain

uUser name

Password

The CIRCALife project has received funding from the European Union's Horizon 2020 research and innovation programme under grant agreement No 776503

{9 LCA of PANAU

@20
) o oo b "t , SR

@ Transport of Product

Transport of Product

Items Description Quantity
Road:Transport, freight, lomry 3.5-7.9 metnc ton, EURO4
{GLO} | market for | Alloc Def. S Transport, road 428kghm ‘8

¥ Transport of Product

iterme”

description*

quantity” v

Figure 64 The online LCA platform

Casespecific data were adapted to the database to develop the assessment models. LCIA
were conducted by using ReCiPe (midpoint and Endpoint) method (Goedkoop et al. 2009). The
endpoint method characterizes 17 midpoint environmental categories into three endpoint

impacts, namely Ecosystem, Human Health, and Resources via weighting and normalisation.
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Then the single score results were adopted for easy comparison, in which scores of the three
impact categories were added up to obtain one single score to represenbihie

environmental impact of a product.

6.2.5 Results interpretation and reflection

6.2.5.1 Results

Table 6.3 and Table 6.4 show the midpoint results and the single score results respectively. The
results show that Ele has the highest negative score (39 Pt) amongst the five LED lighting
products, followed by Panau and Marble (37.7Pt and 37.6 Pt respBgtiCobalt and Embolic

have relatively fewer impacts, which are 22.5 Pt and 27.4 Pt respectively. It is considered the
results have interrelations to weight and the number of materials used, see the later section

for interpretation.

Table 68 Midpoint results of the five LED lighting product

Explanation Unit Panau cobalt marble embolic Ele

Climate change kg CO2
3.26E+02 1.96E+02 1.98E+02 4.04E+02 7.38E+01

Human Health eq
kg CFC
Ozone depletion 6.03E+01 1.83E+01 3.99E+01 2.20E+02 4.57E+02
11 eq
kg SO2
Human toxicity 5.64E+00 2.18E+00 4.44E+00 1.72E+01 4.28E+01
eq
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Photochemical
oxidant
formation
Particulate
matter
formation
lonising
radiation
Climate change
Ecosystems
Terrestrial
acidification
Freshwater
eutrophication
Terrestrial
ecotoxicity
Freshwater
ecotoxicity
Marine
ecotoxicity
Agricultural land

occupation

kg P eq

kg N eq

kg 1,4
DB eq
kg
NMVOC
kg PM10
€q
kg 1,4
DB eq
kg 1,4
DB eq
kg 1,4
DB eq
kBqg

U235 eq

m2a

1.83E01

1.15E+01

1.35E+02

1.93E+04

1.13E+00

2.01E02

1.03E+01

9.13E+00

5.56E+01

1.48E+01

1.10E01

5.20E+00

8.01E+01

7.75E+03

6.58E01

1.17E02

6.24E+00

5.53E+00

3.22E+01

8.90E+00
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1.18E01

5.70E+00

8.67E+01

9.78E+03

6.81E01

1.45E02

6.50E+00

5.64E+00

3.45E+01

8.92E+00

5.54E02 1.08E01

2.55E+01 1.39E+02

7.16E+01 2.35E+02

4.35E+04 4.61E+05

8.95E01 4.27E01

2.06E02 5.88E02

3.07E+00 7.78E+00

2.82E+00 6.82E+00

3.01E+01 5.19E+01

5.68E+00 4.89E+00



Urban land

m2a 1.99E+00 1.21E+00 1.27E+00 3.48E+00 1.48E+00
occupation
Natural land

m2 4.06E02 2.35E02  2.35E02 2.98E02 8.24E02
transformation
Water depletion m3 2.40E+00 1.44E+00 1.45E+00 7.23E01 9.60E01
Metal depletion kg Feeq 2.09E+01 1.01E+01 1.13E+01 3.66E+01 1.67E+02

Fossil depletion kg oileq 8.01E+01 4.83E+01 4.85E+01 7.81E+01 1.87E+01

Table 69 Endpoint single score result of each product

Product Name  Single score result Pt Product mass kg Number of
materials used

Cobalt Lamp 22.5 0.95 4
Marble Lamp 37.6 4.36 4
Panau Lamp 37.7 1.1 4
Embolic Lamp 274 1.84 2

Ele 39 4.39 4

The total environmental impacts were predominated by the use stage in comparison to other
life cycle stages, which result from the production and consumption of electricity during the
use stage. As shown in Figure-6.9, the widest strips in each stilgures represent the

impact percentage that the electricity production contributed to the corresponding products,
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total impact respectively.
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Table 610 Key processes contribution of each LED product (exclude electricity)

Ele

Process Contribution %

Aluminium alloy 66.46
Base(Aluminium) 20.44
Cable (includingocket) 11.61
plug 1.11
Lamp frame 0.38

Embolic

Process Contribution %

tangle wood part 57.49
Cable 40.35
Municipal solid waste 1.31
Transport 0.85

Marble

Process Contribution %

Cable 31.45
glass lampshade 30.22
multiple waste treatment 25.71
Transport 10.28
metal parts 2.15

Panau
Process Contribution %
Cable 90.27
Municipal solid waste 4.15
Transport, road 24
plastic lamp holder 1.36
Steel, unalloyed 1.24

Cobalt
Process Contribution %
Cable 49.72
Ceramic part 26.53
Transport, road 15.73
Municipal solid waste 6.25
Wood part 1.65
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Sankey-Total(sTotal)

— Product Stage:1.76% — AL1.76% Cable:1.12%
Installation S...:0.35% A3:0% ceramic part:0.6%
A4:0.35% Wood part:0.04%
Use Stage:97.75% :‘:‘[’}d/ peice:0%
B1:97.75% o

Transport, road:0.35%
End of Life Stage:0.14%

C4:0.14% N
Electricity, 1..:97.75%

Municipal soli...0.14%

0 W 20
0 2

Figure 65 Sankey diagram of Cobalt

Sankey-Total(sTotal)

== Product Stage:5.6% e A1:5.6% === Aluminium allo...:3.72%
Installation Stage:0% A2:0% — base:1.14%
A3:0% —— Cable (includi....0.65%
A4:0% plug:0.06%
-G "
Use Stage:94.05% AS5:0% Lamp frame:0.02%
AZ2:0%
A3:0%
A4:0%
. " B1:94.05%
~End of Life Stage:0.36% AS5:0%

B2:0% o

B3:0% Electricity, ...94.05%

C1:0%

C2:0%

C3:0% B2:0%

C4:0.36% B3:0%
C1:0%
C2:0%
C3:0%

0w ¥ 20 Municipal soli....0.36%
0 I 40

Figure 66 Sankey diagram of Ele
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Sankey-Total(sTotal)

== Product Stage:11.32% w A1:11.32% === tangle wood part :6.65%
Installation S...:0.1% A3:0% — Cable:4.67%
A4:0.1% A3:0%
I Use Stage:88.43% Transport:0.1%
I B1:88.43%
End of Life Stage:0.15% I Electricity, |...88.43%
C4:0.15%
0N ¥ 20 Municipal soli....0.15%
0 I 40

Figure 67 Sankey diagram of Embolic

Sankey-Total(sTotal)

— Product Stage:2.59% — A1:2.59% —— Cable:2.5%

Installation S....0.07% A4:0.07% plastic lamp h..:0.04%
Steel, unalloyed :0.03%

Use Stage:97.23% B1:97.23% Wood chips:0.02%
Transport, road:0.07%

End of Life Stage:0.11% C4:0.11%
Electricity, 1...97.23%

0N ¥ 20 Municipal soli...0.11%
0 I 40

Figure 638 Sankey diagram Panau

Sankey-Total(sTotal)

—— Product Stage:2.59% — A1:2.59% Cable:1.27%
Installation S....0.42% A2:0% glass lampshade:1.22%
A4:0.42% metal parts:0.09%
marble case:0.01%

Use Stage:95.95%

A2:0%
B1:95.95%
Transport :0.42%
End of Life Stage:1.04%
— C4:1.04%
Electricity, 1...95.95%
ipl 1,049
0% ¥ 20 multiple waste...;1.04%
0 I 40

Figure 69 Sankey diagram Marble

However, the allocation of impact within the life cycle stages is considered reasonable for LED
lighting products and has been proved as the key environmental stage among LED specialised

studies (Paolo and Roberto 2014; Jose et al. 2017). Moreover, ifCtAgelectricity
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consumption is calculated by multiplying the service time and the power, therefore the longer
the product serves, the more electricity consumption the product requires, and vice versa. In
addition, this study aims to identify opportunitiés improve product sustainability via product
design. Therefore, it is important to set preferences to identify the key processes apart from

the use stage.

Table 6.5 lists the key process contribution of LED products excluding the electricity usage. For
Ele, the aluminium production including the manufacture of the base parts accounts for the
majority of the total impact (80.9% together), followed by cable (11.61%) and other

components including plug and lamp frame (1.49%).

In Panau, production of commigation cable accounts for significant impact (90.27%), while
disposal of the lighting product also plays a role (4.15%) in contributing the total impact due to
the light usage of plastic, steel and wood, the impact generated from those materials are

minor (2.18% in total).
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which is 57.49% and 40.35% of the total impact. It is noticed that, apart from the cable which
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well as transportation and disposal of the p@stnsumer product also contribute to more than

half of its total impact (50.28%).

Similarly, for Marble, the production of the glass lampshade (30.22%) andfdifid

treatment of the products (25.71%) are the key processes as well as cable production
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(31.45%). Transportation of the product is another noticeable process that accounts for

10.28 % of the whole impact due to the product weight and packaging method.

6.2.52 Interpretation and Reflection

The LCA results indicate the issues/potential risks behind current products of ONA:

Use a diversity of materials. As seen in Tébeeach lamp under assessment consists of 4
kinds of main materials except for Embolik{@ds of materials). Although diversity material
contrast could help in achieving the aesthetic goals from a design perspective. However, as
seen in the results, Embolic has relatively fewer impacts thanks to the simplicity of the
material usage (made @ kinds of materials) compares to other lamp products in the study. In
addition, potential issues may link to the diverse usage of materials which can affect the total
environmental sustainability. For example, it might affect choosing the joint method of
different assembly parts; increasing the complexity of manufacturing; and the ability of

assembly and disassembly.

Complex to manufacture. According to the assessment results, Marble and Panau have almost
the same impact (37.6 and 37.7 respectively) whaihboth consist of 4 kinds of materials.
However, due to the complexity of production, Panau shows slightly higher impacts despite

the weight is nearly four times less than Marble (1.1 kg and 4.36 kg separately). The energy
consumption during productioprocedures is the main ascription to the high environmental

impact.
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Product weight. Total lamp weight is another variable that confluences total environmental
performance. The results show Marble and Ele have relatively higher impacts (39 and 37.6
respectvely) due to heavy in comparison to other lamp products. In contrast, cobalt presents
to have the best environmental performance (22.5) amongst the five lamps owing to the

lightweight.

Hard to assemble or disassemble. According to ONA, all the lampseasissembled and
transported as a whole. In addition, it might increase the complexity of production and
hampered the possibility of recycling/ reuse, for instance, it is unable to recycle/reuse if the
assembly parts are undetachable despite the matetsalf is recyclable/ reusable.

Furthermore, hard to assemble/disassemble indicates there is a low possibility to repair thus
may shorten the service time. It also decreases the efficiency of transportation, which

increases transportation costs.

Lacking ed-of-life consideration. Lack of eruf-life consideration reflects on choosing the
material, joint method, as well as the finishing. Currently, the EoL method for all the lamp
products (housing materials) is to dispose at the-esdr side. Better EoL smions of the
post-consumer housing materials can be achieved in the design stage which can increase the

possibility of recycling/reuse.

6.3 Ecedesign of LED Lighting Product

6.3.1 Concept design

Taking the assessment results and reflections into account, product design specifications of the
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ecolighting to be designed was brought out in accordance with standard PDS requirement

(Pugh 1999) the key characters are listed below in the PDS:

1 Low energyconsumption during the manufacturing stage (easy to manufacture).

1 Prolong the lifespan by enabling repairability, it is expected to haveyeadlifespan.

1 Modular design.

1 Easy to assemble/disassemble (consumer can assemble the lamp by themselves).

1 Made fom low impact materials. Postonsumer/recycled materials are preferred.

1 Refine the dimension of the product to reduce weight.

1 Fully recyclable at end of life.

1 Flat packaging.

Based on the PDS, the new design concepts (DC1, DC2 and DC3) are deVwqpedpsed
ecofeatures were embodied in the new product with moduliesign housing, as shown in

Figure 6.166.12. The concepts are expected to reduce the environmental impact through

design and manufacture; for the materials consideration, the jpostimer or remnants of
YFGSNAFE GKFG 3ISYSNIGSR FNBY hb! Qa &adzlJLX A SN&

to be used as the source of the manufacturing material, the housings are mainly based on the
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idea of taking as many advantages of the manufangipost-customer wastes as possible. In
addition, from easy to manufacture and cesffective as well as eeiendly points of view,

the structure of the lamp housing should be as simple as possible to avoid energy/material
input as well as the manufaatimg time. The modular design of the poles is the solution to
enhance the availability of material options so that more advantage can be taken of the
remnants. For those reasons, the housings of three DCs consist of modular strips to avoided

complex shapewhile achieving a certain aesthetic standard.

Figure 610DC1 of domestic LED lighting
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Figure 611 DC2 of domestic LED lighting
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Figure 612 DC3 of domestic LED lighting

The three DCs have similar shapes but varies in the length of the modular components which
are the main module of the lamp housing. The consideration behind the three versions is from
the aesthetic perspective, as the lighting product under developmertrisumer lighting

product that fits in domestic application, therefore the aesthetic factor is as the same
importance as the eco features to achieve the marketing target subsequently facilitating the

sustainable consumption.

Considering the similarity difie structure and the functionality of the three DCs, the decisive
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comparative criteria to select the concept for detailed design is between aesthetic and
environmental impact, including material usage and ease of manufacture and assembly &
disassembly athe potential products. For the above reasons, DC3 is selected for detailed
design owing to the concept requires least material and manufacturing complexity compares

to the DC2 and DCL1.

6.3.2 Detailed design

DC3 then has been further designed, the degitirawing of DC2 is illustrated in Figure 6.13.
The modulaidesign housing is entirely made of extruded poshsumer recycled materials.
There are three additional material options i.e. wood, glass metal, and different size options to
YSSi 02y adz26SHeEnin Fig8e6.14. The electric devices are designed to be
compliant with RoHS inclusive of the LEDs and the driver: 2 Correlated Colour Temperature
(CCT), including 3000 K° (warm light) and 5000K° (cold light) are applied alternately, while a
dimmable feature is also embraced with driver circuit control. The prominenfeatures are

explained as follows:

189



[

&
§ F
< 30.50
v st e = T —
o =
DETALLE =
ESCALAIfl i M e | -
vae | T | 1 1

_‘ 94,00
| |5.50

85

Figure 613 Detailed design drawings of the environmentally sustainable domestic LED lamp
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Figure 614 material and size alternatives of tlemvironmentally sustainable lamp

High availability material. The default material is poshsumer plastic, as descripted above,
the source of material will be mainly source from manufacture or fgosisumer wastes.
There are three additional material dphs to meet wider customer needs such as wood,

metal and glass. The chosen materials are all common materials which have high availabilities.
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Modular designed structure. The goal of the ateEsign is to achieve a simple structure with

less variety of mateals usage yet visually appealing to consumers. The structure is configured
by chips of the same size to form the housing of the lamp. The pieces are joined by two inner
ring-shaped parts in a circular shape. The two ending edges of the pieces are darigneve
shape for safety and aesthetic reasons. The modular structure also enables: 1) Easy to
assemble/disassemble (consumer can assemble the lamp by themselves). 2) Easy access for

repair and maintenance.

Easy to manufacture. The main pieces are@tessed with the laser cut technique. No joint
members (screws) are required thus reduce the complexity of manufacturing procedure such
as assembly time. In addition, the energy consumption from the manufacturing since the
materials requires no other trément such as coating; the waste during manufacturing is
minimised owing to the precise laser cut technique. Alternatively, a special adhesive is used to
join the pieces. It is also novel to find the solution to the adhesives by applying a special

dissoluton so that potential problem regarding disassemble and recycle is avoided.

High recyclability/ reusability. The whole lamp made from one unite material without an
additional joint member (applicable to the three material options). Therefore, it can be
recycled as a whole so that additional disassemble pressure is reduced when it comes to EoL

treatment. Figure 6.15 illustrates the easy steps for end of life recycle.
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Step 1 - Remove the bulb Step 2 - Remove the washer f"’"‘ Step 3 - Separate completly the
the electrical system that joins electrical components from the
the electrical systemm to the body/structure of the product.

lamp structure.

In just three simple movements we can separate
all the elements and put them in the containers
that correspond to each one to be recycled
correctly. —

Figure 615 The disassembly steps for recycle

6.3.3 prototyping and manufacture

The housig of the lamp consists of three parts which is shown in the detailed design section,
namely Poles, upper rim and inner rim. The manufacturing processes for ONA domestic
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Material selection. As explain in previous section, this design is based on thegmsstmer or
remnants of material that the suppliers of the company generated in their manufacturing
processes. For this reason, the mea@re selected from the containers or the area segment
destined for this type of piece. Since the housing of the concept is mainly consists of material
strips, the material selection process is easier since the eligible remnants are increased due to

the gze restriction.

Cutting. The selected material will be taken to the laser machine of numerical control to
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perform the cutting process. The laser cut is able to execute accurately and effectively so that
the waste of the material is reduced. The processimg of a whole set of the product is of 15

to 25 minutes depending on the material and is applicable to all material options.

Mechanize. The only material that requires this step after the cutting process is the metal
(aluminium) components due to the technique reasons. The CNC laser machine which used for
cutting pieces cannot process the slots at the same time, since diffetnantthe plastic

pieces, marks on aluminium with the CNC laser machine is not possible, etc.

Assemble. At last the housing pieces and the electrical components can be assembled. The
electrical components such as the LED, driver, switches and electriealase pre

manufactured and purchased from ONA's suppliers.

6.4 Validation of the environmental performance

One unit of the ecalesigned LED lighting with default material (plastic) was assessed using the
same life cycle impact assessment (LCIA) mettoehs assumed taht the new product has
the same transportation distance, and the service time is as same as the current products,

which is 40000h; the whole lamp housing will be recycled after service life.

Table 6.6 shows the endpoint results from thdine LCA platform. The total impact of the
eco-design lamp is 16.4 (Pt), human health is the most affected impact category (10.9 Pt),

followed by resources (4.98 Pt). The impact on the ecosystem is minimum which is 0.528 Pt.

Table 611 Endpoint single score results of the newly designed lamp product

194



Characterization Explanation Value Pt
sTotal Total 16.4
sHH Human Health 10.9
SES Ecosystems 0.528
SRS Resources 4.98

Figure 6.16 illustrates the comparative results regarding environmental impact score from

endpoint assessment, product weights and variety of material usage of the five products. The

newly designed lamp presents the lowest impact scores (16.4 Pt) whi@dv#sdess than
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weight and made from only one kind of material) amongst the five products.
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Figure 616 Comparative LCA results with reference of material and weight

However, LCA is a quantitative method in evaluating the numeric process data. Some
gualitative ecefeatures are unable to convert to a numeric value, and, consequently, cannot
be assessed in drCA process. For instance, the-glesign lamp product embraces other eco
features such as easy to transport, easy to disassemble and repair, reduction of delivering
space and packaging material. These-Bsaiures have enhanced the egerformance of the
proposed product on a great scale, also have a meaningful act on saving energy or provide
userfriendly usability in applications. However, these features are unable to be taken into

account in the assessment due to the nature of LCA which mentioned above

6.5 Concluding remarks

This study presented the approach when the alternative sustainable goal is identified, i.e.
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environmentally sustainability is the paramount goal for the case company. The sustainable
product conceptual construction approach is atie@ly applied, and LCA of five lighting
products that currently available in the market has been conducted. Issues and opportunities
in improving environmental performance have been identified. Eviddrased reflections

have been brought out and integed into the ecedesign of domestic LED lighting products. It
is indicated that the newly designed lamp has a better environmental performance as well as

other ecofeatures in comparison to existing products.

The environmental assessment results showed tlathas the highest negative score (39 Pt)
amongst the five LED lighting products, followed by Panau and Marble (37.7Pt and 37.6 Pt
respectively), while Cobalt (22.5 Pt) and Embolic (27.4 Pt) have relatively lower impacts.
Consumption of electricity durgnthe use stage was the predominant process which averagely

accounted for more than 90% of the total impacts of the five products.

The analyses were also conducted to identify the key variables behind the corresponding

impacts regarding the current produgtlit is identified that: 1) Use a diversity of materials

2)Complex to manufacture 3) Product weight 4) Hard to assemble or disassemble and 5) Lack
ofendofft ATS O2yaARSNIGAZ2Y INB GKS YIAYy LRGISYGAl

environmentalprofiles that required to be addressed in the edesign innovation.

Ecadesign of an LED lamp product was conducted with the integration of the design
reflections into PDS. Several éeatures of the lamp were demonstrated, especially on
reducing the usef materials and manufacturing complexity. Comparative LCA results

indicated that the ecadesigned Lamp presented a better environmental performance by
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0 K I ys. MiditiSrally, the new lamp has the smallest quantities of material usage (0.8 kg in

weight and made from only one kind of material) amongst the five products.
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performance by integrating LCA results as a reference into product design, in developing PDS

and decisiormaking processes particularly.
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Chapter7 - Sustainable Product Development and Service Approach for
Application in Eo-friendly and Cost-effective Fboring product

7.1 Introduction

7.1.10verviewof the chapter

This chapter is a case study of the proposed approach with emphasis on static product
(product thatnormally requires no energy inpute. flooring produdt The flooring product
underdevelopment is a raised flooring product (detailed in later this section) which is
expected to be ecdriendly and coseffective. A number of sustainable features that reduce
environmental impact, cost, as well as achieve the designed function will hemsl. The

chapter includes the following contents:
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environmental impact evaluation is conducted with two kinds of most popular types of

flooring product in service (pragtt in the market) to identify environmental issues
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of key improvement factors. Reflections and recommendations are applied to the
product conceptualisation stage. &ifiture review and a market survey were
conducted and presented, as well as the collection of technical information including
product standards, quality assessment standards, patents related to the floor

products.

1 Possible concepts combining the materiaith the manufacturing process for flooring
products are proposed. The materials selected have environmentally friendly features

199



w»

FYR Slhag G2 YIydFrFOidNBe ¢KS O2yO0SLIia | NE

<,

aSt SOlA2y YSGK2RQ 06aSS aSouAaz2y o F2NI RSGl

1 Detailed design, together with the material parameters, fire resistance classification,

material cost and propose manufacturing method are covered in the chapter.

f .FaSR 2y (KS 2dzi02YS 2 Texpéricént cordirtnaién G al = |
Y S K2 RQd t simulatelth# tdchical test of the detail designed prodéatite
Element Analysid=EA method and simulation technology are applied and compared

with the physical experimental test results.

9 Sustainability assessment. The product's sustainabili#ggessed through the product
lifecycle, including material attraction, manufacture, eoidife, reuse/recycle, and
disposal. The product supply chain, resource efficiency and waste reduction through
the product lifecycle are particularly addressed. A eldd assess the sustainability of

the flooring product is developed with LCA software tools

7.1.2 Raised flooring produsct

Raised floor systems, also known as access floor systems, were initially developed to offer a
way of installing andccessing the massive power and communication cables required in
computer installations(MARVIN, JACK et al. 1984)(Marvin et al., 1984); also to provide airflow
in a computer room in order to keep its systems in a safe operating temperature (Catalfu,
2006).The system now has been widely applied not only in computer rooms, but also in office

buildings, commercial buildings, courts, institutions (schools) and, telecommunication rooms
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or likewise. Installing a raised access floor system provides various ageantnlike similar
ceiling products, it enables wires routing and equipment (ventilation, fireproof, etc.) installing
by elevating floors while providing easy accessibility and reconfigurability with less material
required. Moreover, studies have showmat raised floor system has a positive influence on
minimizing the impact vibration performance as well as environmental impact performance
(by increasing the energysing effectiveness) of a building (Reynolds at al., 1998; Srinarayana
et al., 2012). Rectly, increasing attention has been paid to raised access floor (integrated
with underfloor air distribution) to meet the related criteria of gaining a green/sustainable

building certificate in its assessment processes.

A traditional raised floor system neists of panel, stringer, pedestals, and fastening members.

The pedestals(4 for a module) are rigid adjustable columns made of metal located beneath the
O2NYSNJ 2F LI ySta (2 LINPOARS &adzLILR2 NI X GNI RAGA
rangingfrom 51mm to 1200mm according to application requirements; low profile raised floor
could be about 30mm to 150mm in height (some low profile raised floor do not have pedestals
as they are directly on the subfloor) with only cable and electricity wirengement

underneath (NETFLOORUSA, 2014). To decentralize the pressure on the panel corner, stringers
are often provided on top of pedestals connected between edges, however, the stringer is an
optional member as it will not be needed in low profile raiskeadi systems. Floor panels are

mostly manufactured 600mmx600mm in size, rectangular in shape. These panels are supposed
to fix onto the stringers and pedestals with fastening members in order to support loadings

and activities on the surface, which makésin an essential element of a raised floor system.
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A raised floor panel often consists of several materials with various fabrication technologies
accordingly, choosing materials becomes vital as it is directly related to the formation of the

structure,function, cost and so forth of the raised floor system.

There is fruitful literature regarding raised floor panel and materials thereof. Literature of early
invention and application indicate that wood composition sheets, hamely chipboard,
blackboardorp @ 422 R | NB T @2dzNF 6t S YIFGSNRAIFIfaxX (GKAa
inexpensiveness, lightweight and easily manufacture features. However, wood panels were

soon have showed defects such as inferior in fire resistance, strength issues, hence, efforts
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materials, multilayers or reasonable precautions; and on identifying other appropriate

fabrication materials. Nowadays, Aluminium, steel, cement/concrete, and syninetierials

are widely used raised floor panel materials in order to fit certain situations and functions.

Metal materials like aluminium and steel are of good characteristics in forming an access floor
panel, their panel relatively lighweighted than cacrete-core steel panels or barely concrete
panels yet with high strength. With these characteristics, metal panels are able to be shaped
into various structures. Planar metal sheets were used initially as reinforcements on the upper
side and over the loweside of another material panel (often with wood)(Robert, 1990). HALE.
J. disclosed a type of floor panel with sandwich anticlastic cellular core structure, which
provides a structural decoupling and noise attenuation between such outer face sheets,
improving the rigidness of the panel unit at the same time. The merits of the structure had

been referenced by several scholars including T. KOBAYASHI, sandwich floor panel structure
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with solid core infilled had been invented. Similar examples are patent NlA.O&2 with
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panel, which consists of a metal tray, metal lid and core material, has been the most widely

used panel materiaand-structure worldwide. The panel core@uald be infilled with various

materials, namely wood, vegetable fibre, cement and so forth (Table 7.1). ALTENBERG M. J.

even came up with a sandwich panel structure with polyurethane foam and/or glass fibre core

and assumed such kind of combination wagdrand costeffective

Table 71 Core materials in sandwich raised floor structure (steel panel)
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There are also perforated or grated panels, which use metadtéadl or all aluminium) as

fabrication material, those kinds of panels permit a large amount of airflow between the

subfloor and room. It can be used in combination with other traditional raised floor panels or
independently. Examples could be seenin FARY Ay @3Sy A2y oCl Keé Si I fc
studies have indicated that perorated tile, especially those with underfloor air distribution

(UFAD) systems, have proved to have a positive impact on ventilation effectiveness and

controlling the thermal perforrance of computer room, data centre or airflow required places

(Schiavon et al., 2010).

Other panel material could be wood, concrete, plastic and polymeric material. Despite the
defects of wood panels which mentioned above, the wood panel are popular digedther
advantages. However, such a panel often has been improved with several measurements:
glazed metal clad covering, rigid material padded underside, metal stringer supported, anti
crunching edge trim protection, etc.; as a similar measure as fitsrete counterparts (Butch,
2015). Plastic and/or polymeric material panel can be found in low profile raised floor system.
Low profile raised floor were designed to fit automated office buildings and display places

where have needed to locate cabling tiuighout open areas; it is also an objective to reduce
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the floor and ceiling heights while maximizing ducting capacity. Plastic and high strength
polypropylene are commonly used in such panels and considered motkiecdly because of
their versatile featwes: high strength, fireproof, extremely lightweight, recyclable; easy to
install and transport and, incorrigible (MicMesh, 2015; ShowDeck, 2015). These panels are
usually constructed in hollowed structures and modular duct setting space and integviated
junction box; details and examples are shown in U.S. Pat. No. 5057647, 5263289 (Bogden et

al., 1991; Boyd, 1993).

Panel finishes and covering are universally applied for aesthetic, functional and comfortable
purposes. Myriad materials have been udedfloor coverings, including stone, cement, High
Pressure Laminate, vinyl sheets, paint, carpets, to name just a few. On the one hand, there are
similarities in finishing/covering methods between conventional flooring decks and raised floor
panels; on tle other hand, raised floor panel has distinguishing features (depending on specific
environmental and functional need) that influence its choice on finishing and covering method.
Acoustic problems (unpleasant sound generated when walked on) has been theerodst
intractable issues thereof. Recent studies conducted by Chiang, C.M. et al. (2001) and Asdubali
and Alessandro (2008) have concluded that panel material, surface finish, damping materials
could be the key elements in optimizing acoustic perforoerAsdubali et al. (2008) also

OF NNASR 2dzi [/ ! 2y &adzadl AyloM)Sturned autSHdd | £ 3 Q | O
material like coco fibre, cork, expanded polystyrene, etc.; sandwich panel made of coconut
fibres, foam and fabric have good propegien acoustic insulation. Also, panels with soft

rubber, fibre pads, and carpet coverings are considered effective in reducing the impact

vibration performance or zone peak cooling load in an office building
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Figure 71 Perforated floor LFAF, 2015

Figure 72 Wood panel
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Figure 73 Concrete panel (Butch, 2015)

Figure 74 Plastic low profile raed floor panel (EFS, 20153,
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The production of manufacturing the existing raised access floor panels involves three stages,
these are galvanised steel coil cutting, forming press and assembly process of the raised access

floor panels, where preut chifboard is encapsulated in the steel.

The fabrication of thgjalvanised steel with 0.4 mm thicknéasludestwo types of processes

these are galvanised steel coil cutting folkmhby the forming press to form the lids and trays

of galvanised steel for theaised access floor panel. The galvanised steel coil isttercthe
galvanised steel coil machine to cut into thin galvanised steel sheet with the length and width
required for the fabrication of lids and trays of galvanised steel. Then, the forming pik&e

taking place after thin galvanised steel sheet has been cut into the length and width required

for the raised access floor panel. The mechanism of forming press can be hydraulic, mechanical
or pneumatic and forming press machine required to perfahe forming of lids and trays of

galvanised steel is between 1 to 30 tons.

7.2 Environmental impact evaluation of typical raised flooring product in service

7.2.1 Goal and scope

The goal is to evaluate the environmental impact of the chdkmaring products throughout
0KS LINPRdAzOGQa ¢K2tS tAFSOO0tS (2 ARSYGATeE (K
evaluation results can be used to identify opportunities for improving the environmental

performance, ecalesign and guide innovain of raised flooring products.

7.2.2 Function unit

The products under evaluation are cement injected steel sandwich raised floor (FP1) and
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wood-based raised floor (FP2), see Figure 7.5. The raised flooring products have the same
panel dimension, thus fution provided in given area is equal. 100 items of flooring products
are defined as the function unite under assessment, 1 item includes a panel, and stringer and

pedestals.

FP1

Figure 75 Flooring products under evaluation

As shown in Figure 7.5, FP1 consists of a sanebtiiobtured panel, a stringer, fastening

members and pedestals. The panel is made of cement core wrapped with steel sheets and PVC
finishing. The stringer is made fronest tube in a squared shape to support the panel as well

to enhance the strength. Three pedestal height options are available which determined by

consumer preference. Similarly, structure configuration of FP2 is as same as its counterpart
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FP1. The flooringanel is mainly made from chipboard with special thickness (40mm), the
steel sheet is placed (glued) on the top and bottom of the chipboard to ensure the fire
resistance and strength performance. Four edges are sealed with conductive rubber, and
printed P/C sheet is placed on the top of the panel as finishing, the technical parameters are

summarized in Table 7.2.

Table 72 Technical Parameter of flooring products under comparison

FP1 FP2
Weight (panel &
_ 24.9 kg 24.5 kg
stringer)
Component panel,stringer, pedestals panel, stringer, pedestals
Dimension (mm) 60060035 600%600+40

cement(core), steel sheet, wood (fiberboard), steel sheet,

Material PVC, rubber, steel tube PVC, rubber, steel tube
Concentrated load Xonnnb Xonnnb
Ultimate loads Xy nnnb Xy nnnb
Fire resistance Vi V1

The two sample products have been seledbegause of their ability to reflect common
environmental problems of raised flooring products so that the evaluation results could be

widely applied. The products both contain: (1) welnased panel and sandwigtructured
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panel, especially panel with cemiecore, are most commonly used raised flooring panel type.
(2) The two products both consist of a panel, a stringer and four pedestals, this structure
configuration is in accord with most existing raised flooring products. (3) The flooring products
both manufactured in the same region of China (Changzhou) where most Chinese raised floor

producers are sited in.

7.2.3 System boundary

As illustrated in Figure 7.6, stages throughout flooring product's life cycle including raw
material acquisition, manufactur@ackaging, distribution (transportation) and enétlife
treatment are included in the system boundary of the LCA study. Use phase including
maintenance during the useful time is excluded from the assessment boundary since

information about such activitis out of reach.
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Figure 76 System boundary of LCA of typical raised flooring products

Consumption and emission during fabrication, such as raw material acquisition, usage of
materials, electricity, waste, transportation during manufacturing and emissions are

considered within the boundary.

Packaging stage plays a vital role in contribgifanoduct's environmental impact through
flooring products' life cycle thus is included in the system boundary. It also helps in identifying
the opportunity towards improvement alternatives. Packaging data of FP1 and FP2 were

acquired by measuring the fihproducts' packaging which is offered by the producer.

In transportation stage, transport activity through product distribution is taken into

consideration. In this study, the flooring products were assumed to be exported from China to
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the UK, FP1 @&hFP2 are both produced in Changzhou (China) thus assumed to have the same
transport rout: freight road transport from Changzhou to Yi Wu (3541 Km) then to the UK via

freight train (12451 Km).

Endof-life activities are considered in system boundary. fibering products are assumed to
have following EoL scenario: for the panel of two products will be landfilled after their use life.
The other parts of the floor system such steel stringer is considered sending to recycle/reuse

rout of steel waste.

7.2.4Inventory data

Bill of materials for assessment is listed in Table 7.3. Bill of materials and related mass of FP1
and FP2 are acquired by measuring the final products and inquiring the producer. Method of
obtaining transportation and EoL information igpéained in System boundary, background

data such as process inventory data was selected in Ecoinvent 3.3 database.

Table 73 Inventory data of FP1 and FP2

FP1 FP2
Inputs Inputs
Materials Materials
Steel (Pressed Steel Sheet) 3.49kg High Density Fiberboarc 9.85kg
Steel (stringer) 12.3kg Steel Sheet 1.51kg
Cement 8.52kg Steel (stringer) 12.3kg
PVC 0.66kg PVC 0.05kg
Adhesive 0.04kg Adhesive 0.002kg
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Medium Density particleboard 6.77kg Rubber 0.79kg

Plastic 0.11kg Plastic 0.01kg
Transport Wood 0.03M¢
Freight Road Transportation 3541km Paperboard 0.87kg

Freight Railway Transportatio 12451km Transport

Freight Road

Transportation 3541km
Freight Rallyvay 12451Km
Transportation

Output Output

Product Product

Sandwmh Steel Panel (Cemel 12.60kg Wood Based Raised 12.20kg

Injected) Floor Panel

Stringer 12.3kg Stringer 12.3kg
EndOf-Life Treatment

EndOf-Life Treatment

Landfill 12.60kg Incineration 12.20kg

7.2.5 LCA results andterpretation

100 items per each of the two flooring products (FP1, FP2) are assessed using ReCiPe Endpoint
H method. The LCA results of three endpoint impact categories as well the total impacts are
shown in Table 7.4. As shown, FP1 presents a high@oemental impact than FP2 which is

1941.98 points and 1882.93 points respectively. Among the three endpoint environmental
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impact categories, Resources (773.8 and 721.2 points) is identified as the most-impact

sensitive category for both of two productslibwed by Human Health and Ecosystem. Key
SYGANRYYSY (It AYLI OdRfixT IINBROGAS ANBEAIA (lay R NBK
undoubtedly, production stage is the key lifecycle stage to the total impact contribution of

both products since produitin stage is the inpubutput intensive stage where the majority
consumption of materials and energy have taken place. Production of stringer is identified as

the hotspot process for both products.

Table 74 Endpoint single score of FP1 and FP2

Impact category A1 FP2 Unit

Ecosystem Quality 498.59 573.16 Points
Human Health 669.59 588.55 Points
Resources 773.8 721.22 Points
Total 1941.98 1882.93 Points
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Figure 77 Key environmental issue stage (pie chart of LCA results)

Production is the Key environmental life cycle phase of FP1. Production of the stringer is the
highest environmental impact process of FP1 which contributes 45.66% of the total impact.
The second lghest impact phase is Packaging (29.64%) stage. According to the producer, each
panel is going to be packaged with wooden (particleboard) materials to ensure product safety
during transportation, nevertheless, material usage and mass related factorscaeased on
impacts of various categories, consequently increased the total impact. Transportation phase
of FP1 produced 12.62% of its total impact. In FP2, Production of stringer also is the hotspot
process (48%), followed by Fiberboard production (37%nhsportation contributes 9.15% of
CtuHQa Gz2alrf AYLIOhao
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Figure 78 Key environmental issue stage (pie chart of LCA results)

Figure 7.8 illustrates the relative impacts in percentage which includes 17 midpoint and 3
endpointimpact categories of FP1, FP2. From an endpoint impact category perspective,
Resources is identified as the most impaensitive category for both of two products, heavy

in mass and the complexity of manufacturing technique (process) have led to magsite i

such as raw material and energy, consequently increase the consumption of resources. In this
impact category, FP1 presents a higher score (percentage) mainly attributes to the fabrication
of stringer and packaging phase. FP2 presents fewer impamtsRR1 which is 90%. In Human
Health category, impact is mainly affected by the complexity of material used in product or
product systems, particularly by amount of chemicals consumed. Again, FP1 scores higher than
FP2 which is 100% and 90% respectivayirfpact on Ecosystem Quality, FP1 is about 90%

whilst FP2 is almost 100%. The wdmzabed material is naturally grown material which effects
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greatly on Ecosystem Quality category, the two products have used massivebased

materials in their whole lifeycle which attribute more impact on this category. In which,
wood-based material is majorly used as packaging material in FP1 and panel material in FP2,
consequently led to large amount of potential impact on ecosystem quality such as on Climate

change ad Terrestrial acidification as shown in the figure.

7.2.6 Environmental performance improvement opportunities and verification

The LCA results above have revealed that the production stage is the key environmental

impact stage throughout life cycle stagafsraised flooring products, material fabrication of
FE22NAY3I YSYOSNARIZ SaLISOALFffe LINPRAOGAZ2Y 2F &
influenced the environmental performance of both product. For FP1, the packaging is the

other high envirmmental impact stage through its lifecycle. According to the result mentioned
above, recommendations towards improving the environmental performances of the flooring
products should focus on addressing the environmental impact of key environmental stages

and hotspot processes:

1 For FP1, alternatives are focusing on changing or/and reducing the packaging material
and reducing the weight of the stringer. as explained above, the inappropriate usage
of packaging material contributes a massive negative impa€Ptbs total impact by
changing/reducing the packaging material is expected to have a great improvement to
FP1's environmental performance. For instance, the total impact of FP1 could be
reduced by 45% by merely changing the packaging material as sarsecasriterpart
CtHQAd LY FTRRAGAZ2YZI GKS LINPRdAZOGAZ2Y 2F (GKS
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environmental profile, especially affects the impacts related to resources and
transportation. Therefore, reducing the weight of stringer while meeting the produc
AU0NBYy3aGK aidlyRIFINR Aa GKS Y2ad STF¥FSOGABS

performance.

For FP2, the improvement opportunities lie in reducing the thickness of the panel as
well as reducing the weight of the stringer. Webdsed material is an impact

intensive material such as chipboard used by FP2, as mentioned in the previous
section, reducing the usage of this kind of material by reducing the thickness of the
floor panel is considered the solution to lower the total impact of FP2. Reducing the

weight of the stringer is another alternative for the same reason as FP1
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Figure 79 LCA results before and after implementing alternatives

To verif the effectiveness of the improvement solutions, alternative scenarios areeappl

assumed and assessed, including:

f ! p2 NBRAzOGAZ2Y 2F aGNRAYy3ISNDa ¢SAIKGEG G2 032
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1 An alternative packaging material to FP2 (as the same as FP1).

The alternative scenario results are shown in Figure 7.9. As shown in the figure, the LCA impact
score of both flooring products after implementing improvement alternatives have a dramatic

drop compares to it was beforehand. FP1 has a 62% impact reduction (728.68 points) while
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FP2 reduced 39% (1145.37) after optimisation which proved the effectiveness of the

opportunities.

7.2.7 Reflections on development of eft@endly raised flooring prduct

Reducing total weight is vital for eéoendly raised flooring product innovation. As shown
from the LCA results after optimisation in Figure 7.9, the total environmental impact score and
its sub impact categories are much lower when the total usg#geaterial has been reduced.

Thus, it is necessary to use as few materials as possible.

For raised flooring product, reduction of weight includes reducing the weight of both panel
and stringer. To implement the reduction of material usage while meetiagproduct

standard requirements, simulation software tool (such as Ansys or SolidWorks) are essential,
since the reduction of materials and total product weight are effective alternatives only in the
condition of meeting the related product quality steard. Product weight goal can be set in
PDS at the beginning of the product development process and reinsure in the concept
selection or Refinement stage. By utilising Error Testing Method and strength simulation tool
mentioned above, the thickness of pamehterial, as well as the stringer, can be minimized
thus reduced the total weight of the product. Besides, weight reduction also reduces the
impact on transportation, and improve the product usability thus improves the sustainability

of the product more gtensively.

WSRdzOAY 3 YIydzZFl OGdzNAy 3 LINRPOSaasSa o0& aAYLX ATFe

production requires energy, water, resources and generate emissions which are the main
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contributor to the environmental impact. Optimising product struie to reduce unnecessary
member or material in detail design or refinement stage could be effective to achieve this
objective, including simplifying the assembly and disassembly process; reducing of the

manufacture related cost, thus improves the sustdiity.

The optimising of raised flooring product including reduce panel layer; apply structure jointing
method instead of using adhesive or additional joint member; reduce the number/type of
material usage. Furthermore, design evaluation is particularportant, ecofriendly design
concept is achievable by setting a strict environmental goal during PDS construction and

increasing the weighting score of environmental aspects in the design evaluation process.

Modular design. Modular design contributesdeveral eceeatures, for instance, easy to
transport, easy to install and disassemble, it also helps with easy maintenance during the use

phase.

Recyclability. Choosing recyclable material not only improves the total environmental
performance of raiseddbring products but also reduce the cost. However, to meet the
threshold standard of raised flooring product such as-aatrosion, fireproof and strength

class, there are difficulties to choose completely recyclable panel material. Also, since the
layeted design is preferred for the production of this type such as FP2, recyclability is not the
only concern of choosing panel material: join method, adhesives and core material are also

vital since these factors related to the detachability consequentlycatfee recyclability.

Life cycle thinking is crucial in epooduct innovation, other life cycle stages also need to be
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taken into consideration in the product development stage. Other life cycle stages play the
important role in contributing negative ipact to the total environmental profile, take FP1 as

an example, the total impact score reduced by 45% after implementing the packaging
alternative. By taking environmental aspect seriously in early design stages, such as Product
Specification and Concefelection is effective implementation of life cycle thinking in a

design process

7.3 Concept design and selection of effooring product

7.3.1 Product design specification and design concepts

Taken the design reflections anecommendations that are derived from the environmental
evaluation, which focuses on 6 aspects aiming to improve environmental performance and
overall environmental sustainability in new raised flooring product innovation: Reducing total
weight is the forenost need for ecdriendly raised flooring product innovation. Secondly,
NBRdAzZOAY3 Yl ydzFl OGdzNAy3d LINPOS&aasSa o6& aAYLX ATe
considered not only effective in achieving the impact reduction goal but also lower the
manufcturing cost, and enhance the manufacture or assemble effectiveness. Similarly, the
modular design improves raised flooring products' sustainability more extensively, such as
enhance the effectiveness of transportation, installation, disassembly as swelhmtenance.
Additionally, life cycle thinking is essential in goduct innovation, recyclability, end of life
treatment and consideration of other life cycle phases as a whole system. The key PDS
(excluding the quality performance standards) for #w-flooring product are listed as

follows:
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1 Lightweight design, the total weight is no greater than 8KG

1 Easy to manufactimg

1 Simplified structure

1 Reduce adhesive usage

1 Harmful chemicafree

1 Modular design

1 Easy to recycle

Based on the PDS and literatusyiew result addressed in the previous sections, a range of
materials have been investigated, such as polymer materials, glass fibre, thermosetting
materials, thermoplastics, etc. The manufacturing methods considered include compression
moulding, extrusiorand injection. Combining materials withe manufacturing process for

raised access flooring products, the six design concepts of raised access flooring panels were

proposed, see Table 7.5.

Table 75 DCs of ecflooring product

Design concepts Graphic Description
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Chipboard core
encapsulated by
steel (DC1)

Recycled paper
core encapsulated
by composite
material (DC2)

Balsa chipboard
encapsulated by
composite material
(DC3)

Foam core
encapsulated by
composite material
(DC4)

N

225

Made of the conventional
materials and structure of
raised flooring product

Consists of core material,
covering surface, bottom
surface, and edge protections
In DC2, the core material is
proposed to be a highensity
paperboard which is an
engineered paper product
manufactured by papers
recycled. The core
encapsulated by composite
sheet to substitute the
conventional metal sheets
such as steel and aluminium
In this design concept, the
raised access flooring panel it
proposed to utilise a light and
dense wood chipboard, which
is called Balsa, as the core
material. Balsa is much lighte
and denser than regular wooc
such as plywood and has goc
toughness due tdts fibre. The
covering surfaces and edge
protection is made by
composite material, which
provides a barrier for the
humidity and has the
mechanical resistance and
fireproof.

The alternative of the core
material is foam core, which i
light and has good
compression. The covering is
also made of composite
materials.



The whole raised access
flooring panel is made of a
light-weight composite
material composed of glass
fibre and polymer material. Tc
further reduce the weight, the
flooring panel is to be molded
to a ribbed structure, which is
processed by compression
molding.

The panel is completely made
of glass fibecomposite
material so the covering and
the core material is reduced.
To enhance the strength, a
steel stringer is proposed
under the panel

Sheet moulding
composite panel
reinforced by rib
(DC5)

Composite material
panel supported by
steel stringers
(DC6)

7.3.2 concept selection of edtooring product

/| 2y O0S LI aStSOGAz2y ¢l a O2yRAAOUBR2 o eY JHRE RAR YT
are evaluated with two types of evaluation criteria, threshold criteria and comparative criteria.

With the comparative criteria, the concepts are evaluated using numerical values, and a higher
value represents a betteesult. The threshold criteria represent the requirements that the

concepts must meet; if a concept cannot meet any of the threshold criteria, the concept is

then ruled out without further consideration for evaluation. The concept evaluation results

with comparative criteria are shown in Table77To rate the criteria, the weight factors are

applied and stated on the right side of Tabl@. 7 he values of the weight factors are ranged

from 1 to 3, a higher value indicates more importance of the criteriahich the higher value

I 88A3YySRO Ly (KA& SOHtdad GA2ys ONRGSNAL WwWgSA3
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criteria with numerical values, ranging frorrblof which a higher value represents a better
evaluation result. Each evaluation value is then multiplied with its corresponding weigh factor,

for example,thescor8 ¥ 5/ H dzy RSNJ WSI &S 2F YI ydzZFIl Ol dzNBQ
concept is obtained by adding its weighted (individual values of a comparative criterion

multiplies the weight factor) values together. Finally, DC6 obtained the highest score (124) and

selected as the detailed design concept, the explanations are detailed as followed

Table 76 The threshold criteria evaluation

No. Threshold Criteria  pcC1 DC2 DC3 DC4 DC5 DC6
1 Fire resistance Yes Yes Yes Yes Yes Yes
No harmful
emission
2 (formaldehyde, Yes Yes Yes Yes Yes Yes
chlorine)
Meet the bending
3 strength Yes Yes Yes Yes Yes Yes

requirement

Table 77 comparative criteria evaluation

Compatrative Criteria

No.  (Low/Expensive=1; DC1 DC2 DC3 DC4 DC5 DC6 (Yg’ve\flht;?c;?;)
High/Cheap =5) =+ igh=

1 Weight 1 4 4 4 4 5 3

2  Surface strength 4 5 5 5 5 5 3

3 Deformation resistance 4 4 4 3 5 5 2



4  Ease of manufacturing 3 3 3 3 5 5 2
5 Erosion resistance 2 4 4 4 4 4 2
6 Flexibility of adjustment 3 3 3 3 4 5 2
7 Ease of maintenance 3 4 4 4 4 3 1
8 Life-cycle environmental 3 4 4 3 5 5 3
Impact
9 Recyclability 3 3 3 2 2 4 2
10 Availability of materials 5 3 2 4 5 5 1
11 ::]iggt?;ince of sound 3 4 4 4 4 4 5
12 Surface finishing 2 5 5 5 5 5 1
13 Cost 5 2 2 2 3 4 3

Total evaluationscore 85 99 98 93 113 124

The comparative criteria considered include:

Weight. The weight of a floor panel affects not only the load on the floor and hence the
building, but also the cost of transportation. Concept DC1 (the chipboard core encapsulated by
steel) is the heaviest one amongst all the concepts, which is of 1Ii&tgnelard panel

(600mm X 600mm). In comparison, Concept DC6 (the composite material panel with steel
stringers) is the lightest one where the composite material panel is very thin and light. The rest
of the four concepts (recycled paper/Balsa/foam coreapsulated by composite materials,

YR &aKSS{i Y2dzZ RAy3a O02YLIRaAdS NBAYF2NOSR o0&
lighter than concept DC1. The recycled paper/Balsa/foam core encapsulated by composite
materials are light due to the nature dfi¢ir cores, but the availability and feasibility of

manufacture should be further investigated. Concept DC5 (the sheet moulding composite
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panel reinforced by rib) features a ribbed structure, which reduces the weight of the floor

panel.

Surface strengthThe surface strength of the floor panel reflects the capacity of resistance to

the load applied on the surface of the floor panel. For instance, the surface of the floor panel

must have adequate resistance when suffering from sharp or tough substanckgshigh

heels. The composite material has a higher surface strength than the metal sheet used to
encapsulate the chipboard of DC1. Because concept DC2, DC3, DC4, DC5 and DC6 are either
encapsulated with or made of composite materials, and, hence, thegy$a I KA 3K & 02 NB

gKAfTS 5/ MQ KIa | £26SN) a02NB8 ¥YnQo

Deformation resistance. The capacity of deformation resistance is also a vital criterion for
evaluating floor panels. Amongst all the concepts, DC6 (the composite material panel with
steel stringershas the strongest resistance to the deformation of the floor panel, since one of
the steel stringers is used to support the floor panel in the centre and hence relieve the
deformation. Concept DC5 (the sheet moulding composite panel reinforced by riths) is
ranked as the highest level of deformation resistance due to the strong ribbed structure with
good deformation resistance. DC4 (the foam core encapsulated by composite materials) is
subjected to a large deformation when applying the load, for exanipline middle of the
surface of the floor panel, so it has the lowest resistance to deformation among all of the

concepts.

Ease of manufacturing. There are two types of structure of floor panel to be manufactured in

all of the concepts: sandwich strucgyrand composite. Apart from DC5 (Sheet moulding
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composite panel reinforced by rib) and DC6 (Composite material panel with steel stringers),
the rest of the four concepts (chipboard/recycled paper/Balsa/foam core encapsulated by
composite materials) adophe sandwich structure, which contains core material, surface

finish, bottom finish and edge protection; with such a structure, the core materials have to be
encapsulated with steel or composite material via compression moulding, which increases the
cost d manufacture. Therefore, the four concepts with the sandwich structure are more
difficult to manufacture than DC5 and DC6 which do not need the encapsulation of finishes,

YRS KSyOSs 5/p FyR 5/c¢c KIE@S (KS KadKSad ao2

Erosion resistance. Among all of the concepts, concept DC1, the chipboard core encapsulated
by steel, has the lowest erosion resistance. That is because the surface finish of the floor panel
has to be painted to resist the erosion of steel. The pafrgteel finish will be worn off and

eroded over time. However, the rest of the concepts (recycled paper/Balsa/foam core
encapsulated by composite materials, sheet moulding composite panel, and composite
material panel with steel stringers) have the stroageesistance to erosion, which utilise the

composite materials as surface finish materials.

The flexibility of adjustment. In some cases, a part of the floor panel has to be cut off in order
to fit into a special place, such as a corner, where a stargiaedpanel is too big to fit. The

core materials of concepts DC1, DC2 and DC3 are noefirgtant, which makes it difficult to
ensure the cufpanel to meet the firaesistant requirement. Although the core material of

DC4, foam, is firgesistant, thecut-edge of the panel is weakened. Therefore, concepts DC1,

5/HX 5/0 YR 5/n it KIFE@GS I t2¢6 &a02NB WYoQod /
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materials, which are fireesistant. However, both DC5 and DC6 are supported by ribs, and it is
a challenge tensure that the outer edge of the floor panel, when it is cut off between two

ribs, meets the standard of strength. In comparison, DC6, the composite material panel with
steel stringers, is the most flexible to make the adjustmehte length of ribbed singers for
supporting the floor panel can be adjusted to different size of the floor panel. Therefore, DC5

YR 5/c¢c NB NIXYy{1SR 6A0GK a02NBa 2F¥Y nQ YR Wp

Ease of maintenance. The maintenance work considered includes replacement/remthal of
floor panel and as well as those which are placed under the floor panel, such as cables, meters,
etc. Concept DC6, the composite material panel with steel stringers, may create difficulties for
replacing the materials and equipment under the floor platecause the stringers probably

have to be removed first. Concept DC1, the chipboard core encapsulated by steel is also
difficult to maintain, as it is the heaviest one among all the concepts (see the discussion in
Weight part) and hence is hard to lift Concepts DC2, DC3 and DC4, the recycled
paper/Balsa/foam cores encapsulated by composite materials and DC5, the sheet moulding

composite panel reinforced by rib are easier to operate and maintain than DC1 and DCB6.

Life cycle environmental impact is meeasure the negative environmental performance

through the whole life cycle (material extraction, manufacture, transport, use phase and
disposal) of the six design concepts. This criterion is also considered important (weight factor is
3) for a sustainakel floor product from the life cycle assessment point of view. Among the

design concepts, sheet moulding composite panel reinforced by ribs (DC5 and DC6) has the

highest score due to its uniformed material, fewer manufacturing processes, ease of transport
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and maintenance. Although DC2 and DC3 consist of lightweight and/or recyclable
materials(paper, Balsa, steel), for the extraction phase, different encapsulating and core
materials are involved, and manufacture processes are needed hence may cause more
negaive influence on the environmental impact of the panels. Chipboard core encapsulated by
steel (DC1) and Foam core encapsulated by composite material (DC4) have the lowest score
(3). Chipboard and foam are not environmentally sound materials; they aredutbibsive
consuming to keep combined and thus increase material using, emissions and waste. There is

also a weight problem in DC1, which influences its transport, use phase parameters.

wSOeOflroAtAlEDd ! fK2dzAK GKSARBINBANB YR #SNX &t &
recyclable, concepts DC1, DC2 and DC3 are still difficult to recycle because the core materials

are encapsulated by steel and composite materials, and it is difficult to separate the

encapsulating materials from the core material$hnaffordable cost, and, hence, all the three
O2yOSLJia 65/ m3X 5/H FYR 5/00 INB Nryl1SR gAGK
dzy NBOe Of  6f S | yRZ KSYyOS:z 5/n Aada NIY{SR 6A0K
which concepts DC5 and DG& anade of, but DC6 is thinner than DC5, and DC6 is supported

by steel stringers which are separate from the panel and is recyclable; therefore, DC5 is ranked

gAUK | a02NB WHQX o6dzi 5/c Aa NYyi1SR gAGK | a

Availability of materials. Although recydl@apers are available in China, making recycled

papers into a board needs special technologies, which is uncertain in China for this evaluation,

I yYRY KSYyOSs 5/H Ad NIY{SR 6A0GK I &a02NB WYoQo
northern Bolivia, Bazil, and southern Mexico which makes the material more uncertain in
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technique to make it into a panel encapsulated by composite sheet is unknown for this project

Fd GKA&a Y2YSyidz FyRT KSyOSzZ 5/n Aa&a NIY1SR 64
materials are available in China, and, hence, DC1, DC5 and DC6 are ranked with the same score

Wp Qo

Performance of sound insulation. Sound performance (sound regpahen steps on) differs

between materials. There are mainly two factors, which may influence the sound performance

2F I LI yStyY &adzaNFFEOS YIFGSNARFE FyR LI ySt aidNHzO0
because metal surface material like steéten have a poor sound performance than

composite materials (carpet covering is not considered in this context) due to its physical

property. In addition, hollow structure, such as douldger structure with no core material,

are easily generateaholo 42 dzy R g KSy aiSLla 2yT 5/c¢c |faz2z K
due to the metal stringer structure underneath may generate unpleasant squeezing sound

between the surface material and stringer when presses on.

Surface finishing. The surface of DC1ésaip which has to be painted or coated for aesthetics

and rust/erosionresistance purposes, and, hence, increases the cost, as well as has a durability
problem; while the surfaces of all the other concepts are of composite materials, which do not

need panting or coating, but have a quality surface finishing and have long durability.
CKSNBEF2NBEZ 5/m KFa GKS t2¢gSai a02NB WYHQI | YR
Cost. The cost considered in this evaluation includes material cost and manufacture cost.

Because chipboards and metal sheets are the cheapest materials, and the manufacturing cost
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is relatively cheaper, concept DC1 is the cheapest amongst all the concepts, and hence has the
KAIKSad a02NBE WpQd ¢KS O2YLRmaprdsessvid G SNAF £ A a
encapsulate the core materials with the composite material sheet increases the manufacturing
cost, so concepts DC2, DC3 and DC4 are the most expensive and hence have the lowest score
WHQd . SOIdzasS 620K O2y 0S LdledcapSulatng profe’s, thefrc R2 Y 2
manufacture cost is lower than DC2, DC3 and DC4; in addition, DC6 is thinner than DC5, and
KSyOS dzaSa FS6SNI O2YLIR2aAGS YIFIOGSNALIfAaAaX GKSNBTF

NIy1SR gAGK a02NB wnQ

7.4 Detailed design

According to the concept evaluation result, the composite material panel supported by steel
stringers (concept DC6) was selected as the best concept, this concept was further developed
in the detail design stage. A composites floor with ribs reinforcedtaadtringer combination

was proposed as the detailed design concept, see Figure 7.10 and 7.11. To reduce the weight
of the flooring product, this design adopts the rib structure, which replaces the solid panel

design.
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Panel Pedestal Upper panel Lower panel stringer
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Figure 710 Detailed design of eefbooring product
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upper panel

Lower panel

= .,

Single stringer

Figure 711 modular components of the raised flooring product

The panel is consisting of six 200*600mm panel, the six panels (three top panels and three
bottom panels) are stacked, where the ribs are scattered in equal spacing. The lower piece is
processed from the upper piece by cuttioff some parts of the flat sfet with the rest

remaining with the ribs to reduce the weight of the panel. The stringer is to enhance the
strength of the panel along the longitudinal direction, as shown in Figure 7.11, it made of steel
sheet which is cross shaped with steel sheetstanfour edges. The panel is made of glass

fibre enforced PU composite material (25%~30% glass fibre). For the material of stringer,
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carbon steel is considered as it performs high strength properties anectiestive as well as

high recyclability. Table.§ presents the properties of materials of the panel and associated

stringer for supporting the panel

Table 78 Properties of materials for panel and stringer of the-faoring

Property

PU 250012.3 composites

AlSI| 1045 steel

Description

Mass Density
t2AaazyQa
Yielding Strength
Tensile Strength
Elastic Modulus

Water Absorption

Glasdibre enforced PU composites,

with the features of superior

fabrication efficiency, high strength,
and low water absorption, and fire
resistance. PU material has differen

properties in the two different

directions. In this research, PU

material with 220MR yielding

strength in the direction of 90 degres

is considered.

2070g/cm3

0.3

HHnatl & mncTtatl
Tnatl oo mmypatl
Hn®pDt | py ®mDt |
< 0.09%

Chosen as stringer
material, most applied
metal material with

high strength properties
and costeffective as
well as high recyclability

7850g9/cm3
0.29
530MPa
625MPa
205GPa

Paint required for
corrosion resistance

The fire resistance factor is important for the new development of raised floors panel because

composite materials are becoming the alternative material replacement for traditional
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chipboard core and steel platinghe relevant standard of fire resistarnest for composite
YFEGSNRAFEfa Aa [ onX a¢Said F2NICEFYYFoAtAGeR
I LILIE AlyOSaegd ¢KS '[ dn {dGFYyRFNR LINRPZARSE |
plastic materials. The UL 94 rating that code offigal®monly run across is V, such a8,

1, and V2. According to the above finesistant standards, the fire test has been conducted by
the material provider, the results of PU 2500.3 composites classes as V1, which indicates

the material meets a gabfire resistance standard.

In addition, the cost of the flooring material is taken into consideration since one of the
development objectives is to achieve cestective goals. The price per unit for each material

is presented as follows:

1 PU material2.22 GBP/kg (=20 Chinese Yuan/kg based on the rate 1 GBP= 9 Chinese

Yuan)

1 Carbon steel: 0.22 GBP/kg (=2 Chinese Yuan/kg)

The total weight of the design with PU material is 7.9kg (about 36% less than the average
raised floor panel) which is approximatelyy3 GBP, and the cost of carbon steel is about
1.07GBP. Altogether, the design reduces 45% of the material cost compares to other
composite material option (with sheet moulding compound costs 16.1 GBP, which is almost

twice of the cost compares to it of Ridaterial).

The manufacturing of floor panel utilises the pultrusion method, which is faster than
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traditional processing methods of floor panels, such as compression modelling. Moreover,
because the panel surface is formed during the pultrusion processegianel material
without additional treatment required, the outer layers are not needed for manufacture,

which simplifies the processes, and, hence, accelerates manufacturing and decreases the cost.

7.5 Integrating finite element analysis in developmeaf the ecaflooring product
7.5.1 Simulation of the flooring product test

7.5.1.1 Standards and technical requirements of raised flooring product

According to the British Standard for raised flooring product BSEN 12825:2001 (BS EN 12825,
2001) and PSA MBPF2 PS (PSA, 1992), the floor panel is required to apply working loads of
3000N on a 25mm square of the surface of the panel. The working load is multiplied by the
Safety Factor and then obtain the ultimate load. Therefore, a raised access flooring syste

complied with BSEN standard is defined as follows:

T Working load of 3000N

9 Ultimate load of 9000N

1 Safety factor goal is 3 (Class 3), which shows the strong possible panel under BSEN

Certification with a high Safety Factor.

1 Deflection under the Working&d is within 2.5mm (Class A).

According to the standards and testing method in both documents, for a standard 600mm x
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600mm raised access floor, the load is required to be applied on the area of 25mm of the
surface of the panel, of which the capacity should be tested at the positions of the centre and

outer edge othe panel, see Figure 7.12.

Figure 712 Standard testing point of raised flooring product
7.5.1.2 The finite element analysis (FEA)
The FEA was conducted to simulate the experiment before the experiment to have a
preliminary evaluation of the strength performance, in this case, if the FEA results meet the
technical requirements, then the physical text can be conducted, otherwiselaberfg
product will be refined till the results meeting the requirements. Subsequently, the FEA test
will be compared to confirm the experimental results. Based on the parameters of material
property, the finite element model has been developed for thedimgcapacity analysis of the
panel. The main material parameters involved in the modelling process include elastic modulus
0903 @AStRAY3I a0GNBYy3aGKI RSyaAades FyR t2Aaazy

was utilised to simulate the techrattests.
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Figure 713 Finite element analysis model

TheFEA model is shown in Figure 7.13, which is developed based on the CAD model modified
from previous work in (Faulkne2017) As shown in the FEA modéigtcomponentsof the
experimental systensonsidered in the FEA inclutdeo panel pieces (an upper piece and a

lower piece), three parallel stringers, six pedestals, beams that support the stringers for
testing, and two base supports. The assessment settings are madeda to the real

physical test, which is shown in the next section. The two panel pieces (an upper part and a
lower base) were assembled (in the software) and placed upon the stringers, which are fixed
with the experimental beams via the pedestals. Sonulation of the deflection (deformation)

and yielding stress, at each test points, 3000N working load were applied with a 90° vertical
angle in a 25mrhsquare area in the form of distributed forces. Figure 77188 show the

results of deflection and yiding stress at the five testing locatians
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Figure 714 FEA results of position(4) Deflection (b) Yielding stress
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Figure 715 FEA results of position(2) Deflection (b) Yieldingtress
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Figure 716 FEA results of position(8)Deflection (b) Yielding stress
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