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ABSTRACT

As an engineering design practitioner both as an educator as well as a practicing design consultant it
became clear that there was a need for a sustainability measurement tool for the mechanical
engineering product designer who actually designs products, that is, the engineer who drives the
Computer Aided Design (CAD) station. This need was confirmed upon consulting several publications
but in particular the codes of practice of the Institution of Mechanical Engineers, (I.Mech.E.) [Al1.1],
American Society of Mechanical Engineers (ASME) [A1.2], and The Royal Society of Engineers

(RSoC) [A1.3], who prominently advocate sustainability practices to member engineers.

This research project aims were formulated to derive a sustainability measurement system for new
products across the entire product life cycle. The process of design was used as the system driver
with ISO Standards as the system regulator. The adopted technique was to use Embodied Energy as
the measurement parameter and aggregate its application to the product throughout the entire
product life cycle. Furthermore, saved or generated energy was accrued and used to offset the
Embodied Energy input, resulting in an energy balance sheet. A computer algorithm was devised to
collect, collate and disseminate the life cycle wide generated data. A control and guidance system
was also required and evolved into a top down management system from CEO to the manual worker

and governed by ISO Standards.

Key Findings and Achievements
Key achievements relate to a cohesive design-measurement-management system and are listed
below
X Sustainability measurement across the entire product life cycle
x Complete system model integrates: management, process, measurement, data control
x Product life cycle improved with novel elements
x LCA and TBL closely linked *product influence to global influence
x Design process is the system driver
X 1SO Environmental Standards are the system regulator
x Design for Sustainability (DfS) applied to the entire life cycle
x Algorithm: records, analyses, calculates, consolidates and disseminates data
X Integrated algorithm across the entire product life cycle
x Embodied Energy metric applied across the entire product life cycle
X Energy accounting system provides a net energy balance
x Detailed data obtained at a product level
X Integrated dataflow across the entire life cycle
x Field feedback information allows real time design iteration
x Cohesive management strategy linked to ISO standards

X System adaptable to specific manufacturing plants
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6 ("
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SMaV:

Notionally the energy derived from fossil fuels used in the creation of a

product.

Triple Bottom Line

The value of carbon emissions released during the conversion of energy from

fossil fuels

Computer Aided Design

Concept Design Specification

Certified Embodied Energy Value

Individual item contributing to a total product or simply

In beam theory the depth of section is the distance between the upper
surface of the beam and the lower surface of the beam. An increase
in depth of section generally improves the load carrying capacity of
the beam.

Design for Sustainability

Embodied Energy: additive energy required to create a product.

Embodied Energy Reduction

US Environmental Protection Agency

Energy of Primary Source: Embodied Energy applied to a product to include
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Life Cycle

Life Cycle Cost

Life Cycle Inventory

Measurement Device

Notionally the energy derived from natural means such as hydro-electric,
wind, solar; used in the creation of a product.

Non-governmental Organisation

See component

Product Creation Organisation

Product Design Specification

Sustainable Life Value for Phase 1 Life-Cycle

Sustainable Life Value for Phase 2 Life-Cycle

Planned Preventative Maintenance

Proactive Maintenance

An assembly of parts e.g. vehicle, ship, printer, cycle
(the main item of interest)

Product Specification

Predictive Testing and Inspection

Photo-voltaic

Quality Management System

Research and Development

Reliability Centred Maintenance

Radio frequency identification codes

Reactive Maintenance

Sustainability Centred Maintenance

Sustainability Centred Maintenance Algorithm

Sustainable Disposal Value: Embodied Energy required to dispose of the
product

Sustainable Design Value: Embodied Energy required in the product design
process

6XVWDLQDEOH (QJLQHHULQJ 'HVLJQ

Sustainability Enhancement Program

Sustainable Giveback Value: Embodied Energy gleaned or saved

Sustainable Life Value

Sustainable Maintenance Value: Embodied Energy required during
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Smart Product:

SMV:

SSV:
SUV:

TDC:
TDCMS:

maintenance processes

A diverse meaning of a product that is equipped with, usually RFID
technology for tracking, location and interconnecting communication
between products and communication nodes

Sustainable Manufacturing Value: Embodied Energy required to manufacture
the product

Sustainable Source Value: Embodied Energy required to source the material.

Sustainable Use Value: Embodied Energy used by the product during its
useful life

Total Design Control

Total Design Control Management Strategy

NOMENCLATURE PHASE 1 LIFE CYCLE

Cel

Denerey -

(p
E1ecoert
Eractory
=
EPS
Kg

Le
LNo
m
Miman

Msourcing:

MTransport:
Ny

N,
N3

Npesien
Np
3

3
3
Plecoeff
PZecoeff

P3ecoeﬁ

Transport energy coefficient (Joules/kg.m)

Energy used during the design process (joules)
AXDQWLW\ Rl HIFDYDWHG PDVV N1J

Extraction energy coefficient (joules/kg)

Total energy used by the manufactory (joules)
Extended life (years)

Energy of Primary Source (joules)

unit of mass (kilograms)

Standard guaranteed life of product (years)
Number of life extensions

metres

Mass of Manufactured Product (kg)

Mass of Useful Sourced Material (kg)
Product mass transported to customer (kg)
Waste fraction from process 1

Waste fraction from process 2
Waste fraction from process 3

Proportion of SMV Energy used in the design process (joules)
Number of Products produced / annum
3ULPDU\ BURFHVVLQJ RSHUDWLRQ MRXOHV NJ

6HFRQGDU\ SURFHVVLQJ RSHUDWLRQ MRXOHV NJ
7THUWLDU\ SURFHVVLQJ RSHUDWLRQ MRXOHV NJ
Primary process energy coefficient (joules/kg)

Secondary process energy coefficient (joules/kg)

Tertiary process energy coefficient (joules/kg)

ODVV H[LWLQJ WKH ILUVW SURFHVV NJ

ODVV H[LWLQJ WKH VHFRQG SURFHVV NJ

THUWLDUVISQRRIBWUDWLRQ MRXOHV
Individual Product mass (kg)
Energy saved by recycling (joules)

Sustainable Design Value (joules)

Specific Embodied Energy (joules/kg)

Specific Embodied Energy (sourcing process) (joules/kg)
Sustainable Life Value Phase 1 life Cycle (joules/kg)
Sustainable Life Value Phase 2 life Cycle (joules/kg)
Sustainable Manufacturing Value (Joules/Kg)
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SsvV Sustainable Source Value (Joules/Kg)

66%Qovy 7TRWDO PDVV IORZSWURHHAM/G G QIGJ

STV Sustainable Transport Value (joules/kg)

7 7TUDQVSRUW WR SULPD(JdulsSk®)FHVVLQJ SODQW

7 7TUDQVSRUW WR VHFRQG Qdliles&k)RFHVVLQJ SODQW

7 7TUDQVSRUW WR WHUW [(jouEd/kURFHVVLQJ SODQW

7 7UDQVSRUWIDVFRWKD Q(feuleSkg)D Q W

7H (QHUJ\ QHHGHG WR WUDQVSRUW PDVV IURP SRLQW RI HJI
7 H (QHUJ\ QHHGHG WR WUDQVSRUW PDVV IURP SURFHVV W
7 H (QHUJ\ QHHGHG WR WUDQVSRUW PDVV IURPYSURFPHVY W
7 H ODVV WUDQVSRUWHG IURP WKLUG SURFHVV NJ

7p ODVV WUDQVSRUWHG IURP SRLQW RI HIFDYDWLRQ NJ

7p ODVV WUDQVSRUWHG IURP ILUVW SURFHVV NJ

7p ODVV WUDQVSRUWHG IURP VHFRQG SURFHVV NJ

7p ODVV WUDQVSRUWHG IURP WKLUG SURFHVYV NJ

Woe Primary process waste energy (joules)

Woe Secondary process waste energy (joules)

Wae Tertiary process waste energy (joules)

Wim Waste mass from Process 1 (kg)

Wom Waste mass from Process 2 (kg)

Wapn, Waste mass from Process 3 (kg)

NOMENCLATURE : PHASE 2 LIFE CYCLE

Eap energy applied during use (e.g. petrol, gasoline, diesel ) (Mj)
Ecoac Annual coal energy (M))

Eelec Annual electrical energy (M)

Ecp Annual bottled gas (Mj)

Ecp Annual piped gas (M))

Eow Annual oil energy (M))

EPSg Energy needed for recycling alternative materials per kg (j/kg)
EPSs Energy needed for recycling steel per kg (j/kg)

EE+ Total Embodied Energy applied to the product

Eul Energy generated during product use (Mj)

Foavs Factory, number of working days

Fep Factory overhead (manufacturing) (input energy proportion/product)
Fre Total annual energy (maintenance factory) (Mj)

Hrec Cumulative negative residual energy lost to recycling (Mj)
Hreu Cumulative positive energy harvested from reused parts (Mj)
LU Life Usage (Life of product between maintenance periods)
Mg Mass of steel (kg)

Mg Mass of alternative materials (kg)

Nip Cumulative number of installed parts

NpEE Installed parts total Embodied Energy (Mj)

NRrec Cumulative recycled parts

NRreu Cumulative reused parts (number of times a part has been reused)
NuLa Number of life usages accrued

REE Residual Embodied Energy (M)
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CHAPTER 1
INTRODUCTION

Since man began to trade goods there have always been two goals. The first goal was to make profit

and the second goal was to enhance the human circumstance. The two goals are interminably linked
VLQFH JRRGV KDG WR EH 3QHHGHG " cBlldWeksdld PFDrthbridake goBdswideded/ W K H\

to be affordable to create market demand and allow vendors to make a profit.

Modern society, though sophisticated, is still driven by these two goals, profit and human
improvement, and it is hard to find a society where these two goals are not fundamentally tattooed

into the psyche of every individual.

It is an accepted truth that commercial product creation is always cost driven and everything has a

FRVW 7KLV EHOLHI GRHV QRW FRQVL G HuhtahdsHaréddpagdet uQoPthiekQW D O 3FRV W
earth to feed our ever increasing need for products. Many commodities are diminishing, have become

scarce, or have disappeared and, therefore, the environmental impact is also an important incumbent

SFRV W' Ak affeibeen ignored but has now become necessary to consider. What can persuade

business and product creators to include environmental impact in their perspectives?

Social pressures WR WXUQ 3JUHHQ LV D PDMRU FRQVLGHUDWLRQMNRU PDQ\ FR

these enterprises merely pay lip service

Natural cost rises due to shortages. When a commodity becomes scarce, its market value rises.
When materials become expensive, the users of such materials will either look around for alternatives

or conserve what materials are available.

7KH ILUVW RLO VKRUWDJHV ZLWGS Bapvdfi Gate Q1.3 KinereHdddeIQ ArtificiafyV
imposed shortages that increased the cost of oil almost overnight. The crisis had the effect of
galvanising vehicle designers to produce more economical cars that were lighter weight, smaller,
more efficient, etc. The drive to produce alternative prime movers (engines) which did not rely so

heavily on fossil fuels was also generated.

The mind set of business, the public and governments is money orientated. It is only when shortages
of commodities become apparent and costs increase that a change in mind set will take place. A
sustainability mind set is currently only shared amongst a minority of environmental hero { but is
growing amongst many protagonists. In some areas, legislation and standards [1.26, 1.27, 1.28] have
been created to assist environmentalists and are excellent application guides. Standards often

provide the basis for legislation and effectively standardise the approach to a particular service or
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system. In later chapters ISO standards for environmental management are applied as a platform on

which to base the management strategies.

Perhaps some of the most active strategies are led by the engineering institutions such as the

Institution of Mechanical Engineers (I.Mech.E), American Society of Mechanical Engineers (ASME)

and the Royal Society of Engineers (RSE). These institutions amongst others have included new

sustainability elements in their Codes of Practice [Appendix sections Al1.1, A1.2, A1.3]. Furthermore

their accredited undergraduate engineering courses currently have an inbuilt significant sustainability

element GHULYHG DQG DSSOLHG E\ WKH (QJLQHHULQJ &RXQFLOTV 8. 6SHF :

The not-so-subtle approach is to educate undergraduate student engineers in the ways of
sustainability. This may take a generation to accomplish but the message delivery is arguably more

powerful than merely creating standards, though these also have their part to play.

Traditionally engineering designers designed and manufacturing engineers manufactured the design.
,Q WKH O D W®@&edichi T#gichi suggested that quality should be placed in the hands of the
designer. This revolutionary approach prompted a design and manufacturing revolution and was the
catalyst which drove production techniques into quality mass production although new production
techniques had been pioneered by people such as Samuel Colt [1.38] and Henry Ford [1.39], quality
of manufacture still largely remained the domain of craftsmen and artisans to produce and create
quality goods.

There are a great number of demands placed on the modern design and production environment.
Some of these are traditional demands such as that of reducing cost. Newer demands however are
becoming prominent including those which require reduced environmental impact when a new design

is created. This relatively new discipline is "Sustainable Engineering Design".

Taguchi was one of the first proponents of placing the emphasis on the designer who takes control

and specifies quality. The greater demands and expectations placed on new products effectively

requires that designers must take a greater role in specifying and controlling the new product from its

inception right through manufacture to packaging and even marketing. This is effectively Sustainable

Engineering Design. The design function can no longer be compartmentalised since it is the only

IXQFWLRQ WKDW FDQ RYHUYLHZ DQG FRQWURO WKH ZRK\WRROBUDIYRIFHVYV RI

W LV ZLWKLQ WKH GHVLJQHUYTV VNLOO DQG DELOLW\ WR DSSO\ VXVWDL
product. It is the designer and ONLY the designer who has the overview of the whole design and

manufacture process.
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This whole life process involves the following elements:
X specify sustainable materials,
x design for sustainability
x design for sustainable manufacture,
X design for sustainable use,
x design for sustainable maintenance

x design for sustainable disposal

It is within the designer's remit to overview the entire life cycle of a product from sourcing materials
through to end of life disposal. In order to perform this task properly there needs to be a sustainability

measurement system and an overview sustainability management system in place.

This research project therefore is dedicated to:
defining sustainability,
providing a suitable measurement system

enabling the design function to consider the whole life cycle of a product

o O O O

creating a credible management system which will engage all personnel from the chairman to
the lowest worker.

o providing a tool for the measurement of sustainability in the new products
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SUSTAINABILITY OVERV IEW

6XVADELOLW\ DQA MR GIZIWKLQ (QJLQHHULQJ '"HVLJIQ

"KDW LV 6XVWDLQDELOLW\"
Q WKH 8QLWHG 1DWLRQV *HQHUDO $VVHPEO\ ILUVW DGGUHVVHG WK
HQYLURQPHQW DQG WKH QDWXUDO UHVRXUFHVHW KDY\ MK 8 HUXHP]D®HU D F H
&XHOODU 6HFUHWDU\ *HQHUDO RI WKH 8QLWHG 1DWLRQV FUHDWHG D F
VXVWDLQDELOLW\ IRU WKH HQWLUH ZRUOG 7KH FRPPLVVLRQ V WDVN ZI
VXVWDLQDEOH GHYHORSPH@DW VRR IHKALK/HIUQ L7\Ko DO & W/ @ D @ GV & R VP WAK\HL R (
ZDV TXLFNO\ HVWDEWR VOW® M &% EXQGWODQG WKH IRUPHU 3ULPH OLQL

,Q *UR +DUOHP %UXQGWODQG SXEOLVKHG WKH ILUVW SDUW RI WKH ¢
2XU &RPPRQ )XWXUH > @ 7KH UHSBHWHDDF KILGH UD®R LIQWHUYLHZLQJ
LQGXVWULDOLVWV*RDFDGHPHOWDIRQUIJDQLVDWLRQV 1*2 V. WKH JHQHU
ZKR ZLVKHG WR FRQWULEXWH WR WKHH[L\QBQGMG WKH RXBRBDNGV GLYB U
RI VXVWDLQDELOLW\ DQG WKH LPSDFW RI PDQ RQ WKH HFRV\VWHP RI W
GHSOHWHG HFRVWM}EK R @ PV RlI LQWHUHVW FDQ EH VXPPDUL]JHG DV
VXVWDLQDESHHQWYH®RRQRPLF JURZWK HQYLURQPHQWDO SURWHFWLRG

ORUH LPSRUWDQWO\ WKH %UXQGWODQG &RPPLVVLRQ GHILQHG VXVWDL(

Sustainable development is development that meets the needs of the present without

compromising the ability of future generations to meet their own needs".

It contains two key concepts:

X The concept of 'needs’, in particular the essential needs of the world's poor, to which
overriding priority should be given; and

X The concept of limitations imposed by the state of technology and social organization
and the environment's ability to meet present and future needs.
Brundtland [1.5]

The concept of needs is really a geo-political requirement and is very valid. From the engineering
design discipline point of view the second concept is very relevant and should be in the back of the
mind of every designer when creating new products. The statement highlights the fact that our planet
has a limited capacity to support an ever expanding human race with all its technology and social

systems.
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,V 6 XVWDLQDELOLW\ $FKLHYDEOH"
$IWHU FRQVLGHULQJ WKH GHILQLWLRQ RI VXVWDLQDELOLW\ DQG WKHQ
limitations, the question should be asked: "Is sustainability achievable?"

In order to answer this question perhaps a slightly different definition should be considered:

7TUXH 6XVWDLQDELOLW\««

«« LV GHYHORSPHQW DQG XVH RI SURGXFWY DQG VHUYLFHV ZKt

from the earth Johnson et al [1.36]

A similar view was put forward by Pope [1.29] who submitted that physical and geo-scientific systems

were a combination of sustainable and unsustainable elements, thus suggesting that in any system

100% sustainability cannot be achieved. Traverso et al [1.32] combines several indices for "more

efficient sustainability assessment" but concluded by suggesting that even with the best models 100%

sustainability is not achievable. 7R TXRWH DQ DQRQ\PRXV LQGXVWULDOLVW 3(YHU\WK
HYHU\WKLQJ KDV DQ HQYLURQPHQWDO LPSDFW

Any product development requires resources in terms of materials and the energy to manipulate
those materials. It is certainly true that sustainability can be improved by recycling materials, reusing
appliances, and repairing components to reduce PDWHULDO XVDJH 7KHVH DUH NQRZQ DV \V
as follows:
X Recycle
X Reuse
X Repair

X Reduce

It is true that many people and institutions feel that by accommodating the 4R approach they have

done enough. Certainly adoptiRQ RI WKH 5V JUHDWO\ LPSURYHV VXVWDLQDELOLW
the end of the life of a component or product, merely enabling materials to be reused in some way.

The adoption of the 4R approach does not usually consider the environmental impact of a product

prior to its end of life. It is important to note that the extraction of raw material from the earth, its

manipulation and manufacture, and especially its usage may contribute more to environmental impact

than any strategy which may be adoptedaW WKH HQG RI WKDW SURGXFWT{V OLIH

The extraction of materials, their manipulation, usage and eventual disposal will always require
energy. No matter what sustainable strategies are in place the one single requirement that will always
be needed is energy to extract and create the product and it is energy which is required for a product

to continue through lIts Life Cycle.

Since a sustainability measurement device (metric) has to cater for almost any product, specific
metrics such as carbon dioxide are unable to cover the whole life cycle of a product. Research
revealed that one commodity was input (or eventually output) throughout the whole life cycle of a
product. That commodity was energy (Joules) or more specifically Embodied Energy as originally set
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out by Ashby [1.24]. This is the metric therefore selected for the life-cycle sustainability measurement
process. The use of Embodied energy has several benefits:

x Embodied Energy could be applied to any product or any service

x Embodied Energy is relatively easy to convert from any energy storage commodity, such as,
coal, nuclear, petrol, diesel, wind, solar, etc.

X Embodied Energy can be used to measure to all six life-cycle elements

x Embodied Energy can be used as a currency to define the value of sustainability for a product

x Embodied Energy value can be used to offset the input of Embodied Energy thereby using
the value as an accounting device

In man's ever-increasing quest for new products, there will always be a requirement for materials and
there will always be a requirement for energy. Sustainable strategies may assist in reducing the
environmental impact but the reality exists that it may NEVER be possible to achieve true
sustainability where there are no new resources extracted from the earth. Appropriate strategies may,
however, help us to come closer to attaining this "Holy Grail" in sustainability.

5LFKDUG OROHYV > @ LQ KLV SXEOLFDWLRQ VXJJHVWHG WKDW WKHUH
ZKLFK LV DQ DVSLUDWLRQDO I XWXAHYHWIORSEPWQR/QZE Q BKVIXW W B HQIDUEFOARH V
ZH PRYH IURP WKH SUHVHQW WRZDUGV D IXWXUH VLWXDWLRQ 7KH VWD
VXVWDLQDELOLW\ PD\ QRW EH DFKLHYDEOH EXW E\ HPSOR\LQJ VXVW
DQG DVSLUDWDPRDDL QOEOHHSWRGXFWY PLIKW EH XVHG DV D WDUJHW

(QJILQHHULQJ LQVWLWXWLRQV VXFK DV 7KH ,QVWLWXWLRQ RI OHFKDQLF
$PHULFDQ 6RFLHW\ Rl OHFKDQLFDO (QJLQHHUV $60( > @ DFNQRZOHG
FDQQRW EBFKLHYDEOH EXW VHHN WR LQIOXHQFH HQJLQHHUV JOREDOCG
VXVWDLQDELOLW\ LQWR WKHLU FRGHV RI SUDFWLFH
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6XVWDLQDELOLW\ 3DVW DQG 3UHVHQW

5HFHQW GHFDGHV KDYH VKRZQ DQ LQFUHDVH LQ DZEKBH@HVE RIUHQYLUF
VXVWDLQDELOLW\ 'HYHORSPHQW RI WHFKQLTXHV WR PHDVXUH LPSDFW
DZDUHQHVV

+RZHYHU XQWLO RRGHURSWEWHR/I KXPDQ LQIHVWDWLRQ RQ WKH SODQHW
ROQH XVHG HOHFWUERPBPWX\RWLR@QWHQIXQRQEHYVY 7KH XVH RI WRROV WKDW ZHL
PDWHULDO H[WUDFWHG IURP WKH HDUWK EHJDQ WKH GHJUDGDWLRQ RI
LUUHSODFHDEOH

'XULQJ 7XGRU WLPHWKH PRWLYH SRZHU ZDV IURRFEDDWXKROVUHNYV ROU BDHY
VKLSV ZLQGPLOOV DQG ZDWHUWBKNMWONLDONQPLKMWA DM QRW WUXO\ V;
FRPPRGLWLHY ZHUH WDNHQ IURP WKH HDUWK ZKLFK FRXOG QRW EH UH(¢
ZHUH FXW DW D U DME OWK DWR A/DXW W DIL Q

7KH DGYHQW RI WKH LQGXVWULDO UHYROXWLRQ LQ (XURSH DQG $PHULI
HQHUJ\ ,Q WKH EHJLQQLQJ PHFKDQLFDO SRZHU ZDV JHQHUDWHG IURP
GULYH IDUPLQJ PDFKLQHV GDFXLWH WRRIOQHHUI®HOWLUH PLOOV LQ W
PDQ\ RWKHU LQGXVWULHYV

7KHVH SRZHUKRXVH PDFKLQHV VSDZQHG RWKHU LQGXVWULHV VXFK DV
EXLOGLQJ 7KH SURVSHULW\ RI WRZQV DQG HQWLUHRERXQ$Q WVKEWFDP
SRZHU FDPH DW D SULFH SROOXWLRQ 1DWXUDO ZDWHU FRXUVHV EHFD
GHEULV 7KH DLU DURXQG LQGXVWULDO FHQWUHY EHFDPH ODGHQ ZLWK
FRQWDPLQDQWY 7KH WHUP HDBUBN 6DODL@IPF %9008KM DQVKLV SRHP 3-HUXV
FDPH WR UHSUHVHQW WKLV SROOXWLRQ WKRXJK LW VHHPV KH RULJLQD
LQGXVWULDO PLJKW DQG LWV SURSHQVLW)\ IRU PDQXIDFWXULQJ ZHDSR(

7KH SROOXWLRQ FDRYHG EDVWHIRIISEOH $LUERUQH VPRJ DQG FKHPLFD
OLIH H[SHFWDQF\ RI WKH SRSXODWLRQ $ W\SLFDO LQGXX¥YWHJLDO ODQGV

JLIXUH $ '"HSLFWLRQ RI 3BROOXWLRQ LQ ODQFKHVWHU 8. &LUFD

(OHFWW.RUNMRDQG WKH LQWHUQDO FRPEXVWLRQ HQJLQH JUDGXDOO\ UH:E
FOHDQ $LU $EW WKH 8. DQG LQ WKHFK6UHGXFHG WKH DLU SROOXWDQWYV
IRUFHG VWHDP SRZHU LQWR QHDU REOLYLRQ
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7KH JHQHUDWLRWKRURXJKUIRDO DQG RLO SRZHU VWDWLRQV DQG WKH X\
HQJLQH FUHDWHG SROOXWDQWYVY 7KHVH SROOXWDQWV VXFK DV FDUER
DQG VXOSKXU ZHUH PRUH GDQJHURXV EHFDXVH W KHKHHWOHROD RWVBW YV F
FHQWXU\ PLOOLRQV RI LQWHUQDO FRPEXVWLRQ HQJLQHV EXUQLQJ IRV\
ZRUOGZLGH 7KH HPLVVLRQV FUHDWHG HQRUPRXV KHDOWK SUREOHPV L
FRQFHUQLQJ ZDV WKH LQBPHQ@Y HODY JIWREDWWDLEXWHG WR WKH LQFUH]
WKH DWPRVSKHUH )XUWKHUPRUH SROOXWLQJ FKHPLFDOV GHULYHG IUF
WR GHSOHWH WKH SURWHFWLYH R]JRQH OD\HU LQ WKH VWUDWRVSKHUH

OHDVXUHPHQW RI WKHYWEROOXWBGEWY BQ WKH HDUWKTV HFRV\VWHP K
GHWHULRUDWLRQ $V WKH HYLGHQFH PRXQWHG VR GLG VFLHQWLILF S
SROOXWLRQ ZzDV WKH RULJLQDO IRFXV RI FRQFHUQ WKH QHHG WR PHD'
HYRYHG DQG EURDGHQHG WKH FRQFHUQ

7TKH SXEOLFDWLRQ RI 32XU &RPPRQ )XWXUH" RIWHQ FDOOHG PHUHO\ 37
> @ HVWDEOLVKHG DQG GHILQHG D QHZ DSSURD&EXVWR IHIDHOWHR QP
'"HYHORSPHQW

6XVWDLOQNHORSIBHQPWY ZLWK WKH FDXVHV RI HQYLURQPHQWDO LPSDFW
UHVXOWYV 7KH EURDG YLHZ RI VXVWDLQDELOLW\ WDNHV LQ PDQ\ GLVFL
JHRJUDSKLF VFLHQFHVY PHFKDQLFDO HQJLQHHW@GE EWR/REIQRO/R/IV SVIFKR

7KH GLVFLSOLQH RI PHFKDQLFDO HQJLQHHULQJ ZLWK DOOLHG GLVFLSO
HQJLQHHULQJ DUH DW WKH IRUHIURQW RI QHZX SRRGWK KU YGHEHPRBE HQ W
UHOLDQW RQ DSSOLDQFHV DQG W KIXU BKRGK EW VX V(Y& D\QLGVHY HQ W X D O
VRPH Z(DFSURGXFW KDV EHHQ GHVLJQHG DQG PDQXIDFWXUHG E\ DUWL\
SURGXFWLRQ XVH DQG GLVSRVDO QDWXUDOO\ LPSDFWV WKH HQYLURQ
WHUP VX\OLBM\QDWLLY WKH GHVLJQ DQG PDQXIDFWXULQJ HQJLQHHUV ZK
SURGXFWV

,QGLYLGXDOV DQG FRPSDQLHV RIWHQ WDON DERXW VXVWDLQDELOLW\ Z
ZLWKLQ WKHLU RUJDQLVDWLRQ 7KHDGVDDW ZKRZIHD M LR UWIPDRH V. QW L R R X\
HPEUDFHG VXVWDLQDELOLW)\ IRU PDQ\ \HDUV 7KH UHDO NH\ WR DFKLHY
HPSRZHU PRUH SHRSOH DQG RUJDQLVDWLRQV LQWR DGRSWLQJ D SUDF\
RI PHFKDQLEBABWH@ILGHVLIQ

$UFKLWHFWY DQG EXLOGHUYVY KDYH ORQJ VLQFH EXLOW VXVWDLQDEOH V
WKDW ZHWAVWHDQARLQJ 7KHUH DUH PDQ\ PRGHUQ H[DPSOHV RI VXVWDLQI
BHUKDSV VRPH RI WKH EBYWHUR{QDBSOHWKH UHF\FOLQRJIJRWHEXLOGLQJ F
DQG EHORZ VKRZ WKH UHXNEBVRD EXQOBGEQVRPQWAHHUW EXLOGLQJV
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JLIXUH $QFLHQW 6WRQHZRUN 8VHG LQ 31HZ %XLOG™ :DOOV >

JLIXUH ([DPSOH $QFLHQW 6WRQHZRRGHBVAEGDOO > @

7KH JHRSK\WLFDO HQYLURQPHQW KDV DOVR EHHQ DFWLYHO\ HQKDQFHG
SURMHFWYV $Q H[FHOOHQW H[DPSOH RI JHR S KNVIDADHY K/ IXFMMKN DK RDE LO L W\
EHDFK JUR\QHV RQ D 8. EHDF K WUKHPMXZRR/GBIUH EXLOW OLNH ILQJHUV R
SHUSHQGLFXODU WR WKH VKRUH WKXV SUHYHQWLQJ ORQJ VKRUH GULI

JLIXUH %HDFK *UR\QHV > @

7KHUH DUH VRPH H[FHOOHQW H[DPSOHV RI VXY QDLORZEH OH W L WQFR XKD |
DUJXHG WKDW QRW HQRXJK LV EHLQJ GRQH VLQFH PXFK RI WKH VXVWD!|
HOHPHQWY RI VXVWDLQDELOLW\ VXFK DV UHF\FOLQJ

5HF\FOLQJ Rl VWHHO DQG RWKHU PHWDOV LV ZHOXDSWRFWLEWGE H LV W
UHF\FOLQJ UDWKHU WKDQ QHZO\ KHZQ LURGQAWKRKHKS® KM DXRDQ JH 2D
EHWZHHQ DQG LQ D GL]]\LQJ KHLJKW RI ZDV UHDFKHG
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JLIXUH 2YHUDOO 6WHHO 5HF&OLQJ 5DWH >

9HKLFOH PDQXRFRDOJHAUD/LER IRU UHF\FOLQJ RI PDWHULDOV LQ YHKLF
7KLV LQFOXGHYVY SODVWLFVY DQG RWKHU FRPSRQHQWYV ,Q WKH 86 VWHHC
RI WKH VWHHO XVHG LQ QHZ YHKLFOH RXWRXW>L@ ZLWK DYHUDJI

9HKLFOH PDQXIDFWXUHUY KDYH DOVR EHHQ DWWHPSWLQJ WR GHVLJQ C
YHKLFOHYVY E\ RSWLPLVLQJ UHGXFWLRQ RI PDVV LQ QHZ GHVLJQV 'HVLJ(
WKH VXVWDLQDEOH GHVLJQ D WHRRXUF\H GRRDVYVWHKQFI®OH UHTXLUHY D VPO
VPDOOHU EUDNHV W\UHV DQG VR RQ OHUHO\ E\ UHGXFLQJ WKH RYHUD (
XVH LV UHGXFHG OHDGLQJ WR IHZHU HPLVVLRQV DQG ORZHU HQYLURQPF

3RZHU SODQWYV KDWKHDWBRIHNMH®! 'HVLIQ (QJLQHHUVY FUHDWLYLW\ LQ !
EXUQLQJ LQWHUQDO FRPEXVWLRQ HQJLQHY DQG PRUH VSHFLILFDOO\ W
HOHFWULF YHKLFOH GULYHV

7TKRXJK WKHUH KDV EHHQ PXFK IRUHWXKRXIWWWELARIQMGIWNRLGKY 80 DI & XLV W
HQIJLQHHUHG SURGXFWYV WKH TXHVWLRQ KDV WR EH DVNHG 3,V WKLV H!

5HVRXUFHV DUH VWLOO EHLQJ VWULSSHG IURP WKH HDUWK DW DQ DOD!
DURXQG PLOOLRQ WRQQH®\LMU R XPHGO @L R QWWKRRXM HVY EHLQJ UHF\FOH
WKRXJK VWHHO LV WKH ZRUOGYTV PRVW UHF\FOHG FRPPRGLW\ ,| GHVLJ
GHPRQVWUDWH DQ HQYLURQPHQWDO FRQVFLHQFH WKH UHVSRQVH PXVYV

SHF\FOLQJ LV RQ \KR@H DHAS HEQOR| VXVWDLQDELOLW\ DQG JHQHUDOO\ S
D SURGRFAKDSWBXYUHVUKRZY WKH GHVLJQ DQG PDQXIDFWXULQJ VXVWDLQ
FRQVLGHUV WKH ZKROH OLIH RI D SURGXFW UDWRWQVWXIOB MXVW WKH I
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ODQ\ JOREDO FRPSDQLHY KDYH VXVWDLQDEOH SROLFLHV LQ SODFH EXW
DIJHQGD 7KLV LV HDV\ WR XQGHUVWDQG ZKHQ WKHUH LV VXFK D GLYHU
D JUHDW QHHG IRU D FRKB¥BYR DEXG VAR WKDMQWOO GHVLIQHUYV FDQ ZRU
JRDOV DQG FUHDWH D VLIJQLILFDQW HIIHFW

&ODVVLF '"HVLIJQ DQG ODQXIDFWXUH ORGHO
7KH FODVVLF GHVLJIQ BQ& AMMXRAQ AWXIUKRRVMHEHHQ XVHG IRU FHQWXULHYV
GHVLJQHU UHRHULHIHVWKHVEHY WKH FRQFHSW GHVLIJQ DQG FRQYHUWYV W
PDQXIDFWXULQJ GUDZLQJV ZKLFK DUH WKHQ XVHG E\ WKH PDQXIDFWXU

7KLY SDUWLFXODU PRGHO LV XVHG E\ PDQ\ FRPSDQLHWVKAL WKWHUWNWOH \
WKH HQHUJ\ XVHG LQ PDQXIDFWXUH DQG HQHUJ\ XVHG GXULQJ WKH SU
FRQVLGHUDWLRQ LV JLYHQ WR WKH GLVSRVDO RI WKH SURGXFW 2IWHQ
VLPSO\ WKURZQ LQWR D JDUEDJH ELQ

,Q RUGHBONR DVWWDLQDEOH WHFKQLTXHV WKH HQWLUH OLIH RI WKH SUR
ZLWKLQ WKH VSKHUH RI WKH GHVLJQHU ,W LV WKH GHVLIJQHU ZKR FDQ
X specify the source of the raw material
x specify the method of manufacture,
X create a product system that is environmentally friendly in use
X design into the product a set of components which can be disposed of in a sustainable

manner
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JLIXUH &ODVVLF '"HVLJQ DQG ODQXI@BFWXUH ORGHO >

W LVGWKHIQWKWHUHIRUH ZKR LV WMKWDNIQDWA H XSWRGBEKKPAXY DQG WR DFKLH
WKHUHIRUH HVVHQWLDO WR FKDQJH WKH PHQWDO DWWLWXGH RI WKH G
ZLWK KLY DSSURDFK WR TXDOLW\ PDQXIDFWXULQJ

7KH 7DJXFKL $SSURDFK WR 4XDOLW\ ODQ@DFWXULQJ 5DR HW DO >

*HQLFKL 7DJXFKL D PDQXIDFWXULQJ DQG VWDWLVWLFDO HQJLQHHU SU
HDUO\ TV FRQFHUQLQJ WKH TXDOLW\ RI PDQXIDFWXUHG JRRGV +H Q
PDQXIDFWXUHG JRRGV ZDV XVXDOO\ OWPW QVRKWHKK] FPHDINQWD WK X WL 1Y HRUAD
FUDIWVPDQ ZDV HVVHQWLDOO\ EXLOGLQJ HYHU\ SURGXFW DV D VLQJOH
7DIXFKL VXJIJHVWHG WKDW TXDOLW\ FRXOG EH VSHFLILHG DW WKH GHV]
PDQXIDFWXUHG +H D®DRV UWME DFXIL\HY® \B KD OL@H\EH WHRP WVQIGH GHVLJIQHU\
KDG WR EH FKDQJHG 7KH DSSURDFK WDVNHG GHVLJQHUV WR EHFRPH P
WHFKQLFDO (RUD@H®IMQJ GHVLIJQHUV FUHDWHG EHWWHU FRPSRQHQWYV
WOHUDQFHV VXUIDFH ILQLVK SUHFLVLRQ PDFKLQH WRROV HWF ZKLF}
PHWKRE@W 7DJXFKL DSSURDFK UHYROXWLRQLVHG EDWFK SURGXFWLRQ V
GXULQJ PDQXIDFWXUH

$V GHVLIQHUYV ZHUH HYHRQMWXDODOWHP RGWKH 2QHZ” GHVLIJQ PHWKRG PDQ
ZHUH SURGXFHG LQ KXJH TXDQWLWLHY DQG EHFDPH PRUH DYDLODEOH |

7KH 7DIJXFKL $QDORJ\ $SSOLHG WR 6XVWDLQDEOH (QJLQHHULQJ "HVL.
7TDIXFKL VXJJHVWHGRXIOBW WXODUWNWZLWK WKH GHVLIJQHU ZKR VKRXOG VS
SURGXFW VKRXOG EH PDGH DQG VHW TXDOLW\ VSHFLILFDWLRQV 7KH P
VSHFLILFDWLRQV VR WKDW D SURGXFW RI WKH UHTXLUHG TXDOLW\ ZRX

7TKH 7TDIJXFKL DQDORY\FRPIREH DSSOLHG WR 6XVWDLQDEOH (QJLQHHULQJ
6XVWDLQDELOLW\ FDQQRW EH FRQILQHG WR LQGLYLGXDO HOHPHQWYV R
FRQVLGHUHG DW WKH YHU\ EHJLQQLQJ RI WKH GHVLJQ VWOBNID@QG LW L
IXQFWLRQ WR DSSO\ WKH 3ULQFLSOHYVY RI 6XVWDLQDELOLW\ WR WKH ZKI
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W LV WKH GHVLIJQHU ZKR LV WKH NH\ DQG ZKR PXVW HQYLVDJH DQG GH
WHFKQLTXHV HTXLSPHQW DQG PHWKRGV

W PXVW EH DFNQRZDMIGR KIK WRPW HQJLOQHHULQJ GHVLIJQHUYV KDYH VXV
IRUHIURQW RI WKHLU GHVLJQ SUDFWLFH WKH PDMRULW\ RI HQJLQHHUL
6(" ,.Q RUGHU WR DFKLHYH WUXH 6(" WKH GHVLJQHUYfV PLQG VHW KDV W

7TKH GHDRQI®R PDQXIDFWXUH SURFHVYV RXDOWMHM S URG XRW UWHKKIL ¥ R FH.@IKOD Q F
EHQHILWY WR PDQNLQG ,W DOVR FUHDWHY YDOXH DQG WKHUHIRUH SUF
GRXEOH ERWWRP OLQH

7KH (QJLQHHULQJ 'HVLJQ 3URMHVM FDWHBRSOKRBGDHUVR FRVW DQG VRFLD
(QJLQHHULQJ '"HVLJQ DQG PDQXIDFWXUH SURFHVV PXVW QRZ DFFRPPRG
EHQHILWV 7KLV KDV EHFRPLE OB RZRWIWRW K HQ H

$ QHZ GHVLJQ DQG PDQXIDFWXUH FOR\GH® WRRQWQ RE PEEH. QRIWPWRH RULJLQD
PDQXIDFWXUH PRGHO ZLWK VXVWDLQDEOH HOHPHQWY DQG LV VKRZQ L

JLIXUH 6XVWDLQDEOH (QJLQHHULQJ 'HVLIJ@:KROH /LIH ORGHO

,W ZDV RQO\ D IHZ \HDUV DJR WKDW UHGXFWLRW®) HQYSR B QRWQR@® & DWWV
ZDV D FUXGH \DUGVWLEN IRU ZKDW KDV QRZ GHYHORSHG LQWR DQG KD
6XVWDLQDELOLW\ HQFRPSDVVHV PDQ\ GLVFLSOLQHV IURP IDUPLQJ WR
SURWHFWLRQ RI WKH Q@QDWRUDROZHQ YIIHJRQPHVLRQ LWKLQ WKH HQJLQHFE
WKH PHWKRGRORJ\ VXUURXQGLQJ VXVW D LIDPHEW & GWD SKSIAR Bl F R OWVKIHG QAN
VKRZQ LQ ILQRZHHQFRPSDVVHV WKH ZKROH HQJLQHHULQJ SWRFHVV IURF
GLVSRVDO RI WKH SURGXFW DW WKHLHRBG GH LWYSUIRIBIF KWRUW M H D KR
&\FOH $QDO\VLV" /&$
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6XVWDLQDEOH (FRX&FXQBLQJ
6RXUFLQJ PDWHULDO VSDQV D YDVW DUHD ,W QRMWRQOD @ [BRWQIHI¥VWR K F
WUDQVSRUW RI WKRVH PDWHULDOV 6XVWDLQDEOH VRXUFLQJ FRXOG Et
VRPH WLPEHUV EXW PD\ LQFOXGH VRXUFLQJ UHF\FOHG PDWHULDOV

7TUDQVSRUWDWLRQ
5DZ PDWHULDOV ZLOO DOZD\V EHKWZXK®M QU\R B DR/ R U RKIGGWIRQWKH SURF|
XVLQJ IRVVLO IXHOV WR SURYLGH WKH HQHUJ\ WR SURSHO WKH WUDQV
GLVWDQFHYV

7KH FXUUHQW FRPPRQ SUDFWLFH LV IRU ZHVWHUQ RUJDQLMDWLRQV WR
5LP &KLQD -DSDQ .RUHD 7KLV LV ODUJHO\ GRQH RQ WKH EDVLV RI UH
UHODWLYHO\ ORZHU LQ WKH 3DFLILF 5LP FRXQWULHYV WKDQ LQ WKH :HV
DQG IUHLJKW FRQWDLQH KW FPHU EW R VOWDMHBEY SRUWVRFY HU ORQJ GLVWDQF|
JHRJUDSKLFDOO\ FORVHU UHVRXUFHV

W VKRXOG EH UHPHPEHUHG WKDW WKH HQYLURQPHQWDO LPSDFW RI W/
5LP DV LW ZRXOG EH LQ WKH :HVW TKKHGLOIHQHWFWH URVIRPADHHY RY LQ V
IRVVLO IXHOV WR JHQHUDWH HQHUJ\ IRU WUDQVSRUWDWLRQ 5HVSRQVLI
ZRXOG VSHFLI\ ORFDO VXSSOLHUV WKXV UHGXFLQJ WKH HQYLURQPHQW
GLVWDQFHG/HGEBGHILW LV WKDW ORFDO LQGXVWULHV ZRXOG WKULYH
HQHUJ\ UHGXFWLRQ ,W LV FKHDSHU WR LPSRUW LQWR WKH :HVW IURP ¢
&RPSDQLHY DUH DOPRVW BHOYZHDHE GURLPBDN HHSWKEQY WQ E\ULPSRUWLQJ
JRRGV IURP $VLD LV OLNHO\ WR EH WKH FKHDSHVW RSWLRQ +HUH WKH
FRVW VDYLQJV

6RPH FRPPRGLWLHYVY KDYH WR EH WUDQVSRUWHG VLQFH WKH\ DUH DYDL
,Q VXFK MDKMHVYXHVWLRQ ZRXOG EH 3:KRZ FDQ WKHVH JRRGV EH WUDQVS
PHWKRGV" %9HIRUH WKH DGYHQW RI VWHDP SURSXOVLRQ IRU VKLSV RC
XVHG 7KLV QDWXUDO SRZHU LV VXVWDLQDEOH SWQPRKID ® EGHHUQ HUI
UHVXUUHFWHG DQG HPSOR\HG RU SHUKDSV PRGHUQ VDLOLQJ YHUVLRQ)\
SURSXOVLRQ 7KLV LV QRW ZLVKIXO WKLQOQINXQUHEXW UHDOLW\ DV FDQ EI

(I[IDPSOHV VXFK DV WKH 019]%bid KDY HVHKR KH VEKQ® MDQ EH KDUQHVVHG V
SURYLGH SDUW RI WKH QHFHVVDU\ SURSXOVLYH SRZHU IRU ODUJH PRGI|
‘HVVHOV RI :HVVHOV 5HHGHUHL VD\V 37 KHHQHUUV SRR RXD O URP! ¥ KO GK L
"LWEN\VD+O\® ZH FDQ QHGXFE\RQ D JRRG GD\ JLY L QUQIM ODH DX/WO
VDYLQJV ~
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JLIXUH 6N\VDLOV 09 "%H®XJD" >

6LPLOORROODULQH 3RZHU > @ KDYH GHVLJQHG VRODU SRZHUHG FUDIW
ILIXUWKRZV (FR ODULQH 3 RAHWVBOMHRGODNDI &ULWLFV PD\ VFRII DW XVLQJ
IRU IUHLIJKWHUV EXW WKH IXWXBNW.D IKHTOX HQH XINAHVRIXQRKYY 9HVVHOV
OHGDND VKIRZRQUIHRD\ EH SRZHUHG SXUHO\ IURP VRODU JHIIHUDWHG HO
I[UHLIJKWHUV FXUUHQWO\ XVH K\EULG VRODU SRZHU GLHVHO WRKH VROD

RI WKH WRWDO HQHUJ\ UHTXL@HG WR GULYH WKH VKLS >

Copyright Eco Marine Powes Ltd.

JLIXUH 6RODU 3RZHU )HUU\ 3 @HGDND" >
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THFKQLTXHV
THFKQLTXHV FRXPG WR PKBFRPPRGDWH SURFHVVHV WKDW JDYH D VXVWL
FXUUHQW WHFKQLTXHYV $ UHFHQW HPHUJHQW WHFKQRORJ\ LV UDSLG S|
GHYHORSPHGWPEBIXWHU PRGHOV DQG KDV XVXDOO-\' SHHQVIIVEARRDDWHG Z
VLIHG SODVWLF PRGHOV

1HZ WHFKQLTXHV LQ WXKER FDSRHIH BWHDXYWH. QJ ODVHU IXVHG PHWDO SRZG
HITHFWLYHO\ UHGXFHV WLPH WR PDQXIDFWXUH E\ SULQWLQJ D FRPSRQF
UHGXFLQJ WUDQVSRURQPRNOMWM DQ® HIPW. VLQFH WKH FRPSRQHQW FDQ ¢
DW WKH DVVHPEO\ SODQW

ODQDJHG 6RXUFH
$00 UDZ PDWHULDOV VKRXOG EH ODEHOOHG ZLWK D 6XVWDLQDEOH 6R.
ZRXOG EH WR LQIRUP WKH GRIYRBHQMDILWERBFWRI WKH UDZ PDWHULDO
DSSHDU WR EH H[SHQVLYH DQG FRPSOLFDWHG EXW WKH V\VWHP DOUHD
ZKLFK FDUULHV D FHUWLILFDWH RI DXWKHQWLFLW\ RI VXVWDLQDEOH VF
HIWHUQDO VHDWLQJ ORFDO 8. JRYHUQLQJ DXWKRULWLHYV JHQHUDOO\ |
IRU WKH VHDWLQJ HOHPHQW XVXDOO\ ,URNR LV VRXUFHG VXVWDLQDE
ZDV JURZQ DQG KRZ LW ZLOO EHIWRXRAKDDL YDEWH P HFRXDKHEBEH XVHG IRU R
VXFK DV VWHHO GHVLJQHUV FRXOG VHOHFW D PDWHULDO DFFRUGLQJ V

ODWHULDO )ORZ BIWWHPYG &0ORVHG /RRS
7KLV FRQFHSW LQWURGXFHG LQ WKH PPQ\LNRRIVEHHYILOFDYBERG W
WKH (XURSHDQ 8QLRQ (8 -RNH 6FKDXYOLNH > @ 3UHVLGHQW RI WKI
3:H PXVW GHDO ZLWK RXU PDWHULDOV DQG ZLWK RXU HQHUJ\ PRUH HI|
EH DEOH WPRD WHXVBOV DV QHZ UDZ PDWHULDOV 7KLV LV FDOOHG FRPSC
ZDV GLVFXVVHG LQ HFRQRPLF DQG HQHUJ\ WHUPV E\ &0LIW DQG $00ZR
(FRQRP\" @

W FDQ EH VHHQ WKDW WK HP 5 QK VBHOMXON IDP\D B FEGHH/Q YRRV W X VWD LQ D E (
RYHU WKH ORQJHU WHUP DV PDQXIDFWXUHUV GR QRW FRQVLGHU WKH L
WUDQVSRUW DV GLVFXVVHREODBERYWVARY WR&HAHHWEH SURGXFW LV QR ORC
REVROHWH
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,/QVKH FOORRMRHSGPDWHULDO IORZ V\VWHDWRGOGHDOYLDQWHFRPSRQHQWYV Z
UHFRYHUHG DQG UHXVHG UHGXFLQJ PDWHULDO LQSXWYVY DQG RXWSXYV
SURGXHAH\HODDRIFKXVWDLORIEOHHGGYSRVDOFKHAK GRPPRVY AKWHUPHG
DV W K HRebydle, Reuse, Repair and Reduce

7KH 59V ZLOO EH FRGRHOD &EHDMHO LSODIHY KRZHYHU WKH XVH RI UHF\FOH (
SURGXFW FDQ EH FRQVLGHUHG DV SUXGHQW VXVWDLQDEOH VRXUFLQJ I

( —

DISPOSAL
RECOVER

J)LIXUH &ORVHG /RRS ODWHULDO )ORZ@\VWHPV ORGHO >

EXTRACT

5HF\FOH

5HF\FOLQJ RI HQG RI OLIH FRPSRQHQWY DQG PDWHULDOV KDV LQ VRPH
WKRXVDQGV RI \HDUV 7KURXJKRXW WKH ZRUOG SHDVDQMWM KOVYH EXLO\
DSSURSULDWHG IURP UXLQHG FDVWOH ZDOOV ,Q WKH PRGHUQ HUD PDC
LQGXVWULHY DUH EHLQJ EXLOW RQ WKH UHF\FOLQJ RI PDQ\ SURGXFWYV
VWULSSHG RI WKHLU XVHIXQ@ @R P8R QKQBPH@E/IREB HOPHLRXV FRPSRQHQW
RII WKRVH YHKLFOHY DUH WKHQ UH VR OEX VIIKHMY LR D BAKADNH QU XDAHGEV ¢
PRUH UHFHQWO\ LQWHUQHW VDOHV RI DSSURSULDWH SDUWYV

7KH XVH RI UHF\FOHG W\UHV L\7 KOHJW MDY \DXJFH W VWHRYUH G ITURP GLVFD !
DQG SURFHVVHG E\ VWULSSLQJ DQG JUDQXODWLQJ WKH UHPDLQLQJ UXI
LQ D GLYHUVH UDQJH RI LWHPV LQEOXGH Q F RISHGIGH XV SO DVHBWR X QG 10F
DUWLOLWIDUPDF IRU GULYHZD\V EXOOHW DEVRUELQJ ZDOOV IRU ILULQJ
LWHPV
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J)LIXUH $ 7\SLFDO 6SHHG +XPS ODQXIDFWXUHG IURP 5HF\FOHG 5XEE
2WKHU FRPPRGLWLHYVY ZKLFK FDQ EH UHF\FIOZNGS DQ HO X G H QIM\DW VF  ERWGNEC
ZRRG UDLQZDWHU KRUVH PDQXUH HWF 7KLV OLVW LV QRW H[KDXVWL
UHF\FOHG SURGXFWYVY DQG PDWHULDOV

'"HVLIQHUV "XW\
W LV WKH GXW\ DQG UHVSRQVLELOLW\ RURKNXHWVLIQBPOMRVRRXEHN R
IURP VRXUFHV ZKLFK KDYH D UHGXFHG LPSDFW RQ WKH SODQHWIV UHV
UHVSRQVLELOLW\ ZRXOG UHGXFH WKH 6XVWDLQDEOH 6RXUFH 9DOXH 6¢

'"HVLJQ IRU 6XVWDLQDEOH ODQXIDFWXUH 9XVX\HD LEPBEOH 0DQXIDFW X L
7KH GHVLJQHU RU GHVLJQ WHDP VHOHFWV WKH PDQXIDFWXULQJ SURFH
PDWHULDOV ,QGXVWULHV GLIIHU LQ WKHLU PDQXIDFWXULQJ WHFKQLTX
IDEULFDWLRQ LQGXVWU\ QR BRILVOE XIVFHY IR QWWHKH.® OKRWL. UROOHG PLOG
VHFWLRQV $WWDFKPHQW PHWKRGY DUH QRUPDOO\ HOHFWULF DUF ZHO
PDFKLQH WRRO LQGXVWU\ RQ WKH RWKIRQ IORZGF R WERQ MRRE P®IG\ XD ¥ I
VWHHWK KLIJK SUHFLVLRQ PDFKLQLQJ PHWKRGV 'HVLJQHUV LQ HDFK RI
ZLWK LQWLPDWH NQRZOHGJH RI ZKDW FRXOG EH DFKLHYHG DQG KRZ WF
WKURXJK WKH DYDLODEOH PDQXIDFWXULQJ PHWKRGV

JRU PDQ\ FHQ WDRWIFHDW MRKHRI FRPSRQHQWY KDV PRVWO\ UHOLHG XSRQ \
FUHDWH D VKDSH 7KLV SURFHVV UHVXOWY LQ D JUHDW GHDO RI ZDVWH
UHPRYH WKH PDWHULDO &DVWLQJ FRPSRQHQWYV FEBKMWHWVLWRHUWK B E HH
JUHDW GHDO RI HQHUJ\ WR SURGXFH PROWHQ PDWHULDO DQG WKHQ PD
HQHWHISHQVLYH SURFHVYVY FDQQRW EH DYRLGHG EXW WKH GHVLJQHU VKI
HQHUJ\ DQG PDWHULDO ZDVWHH SSLMWHRWHRB QVWRKPDXGE IMKHRVEHOHFWLRQ
FDQ EH SURFHVVHG HDVLO\ DQG VHOHFW PDQXIDFWXULQJ PHWKRGV WK
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7KH 6PDUW )DFWRU\
6XVWDLQDEOH PDQXIDFWXULQJ PD\ EH H[SDQGHG EH\RQGAQFEBBROHQW I
WKHLU H Q H UadrgeKdfdadishtions are beginning to realise that the old methods of manufacture
in large factories can be costly in many ways. High energy use increases product cost and is also
environmentally expensive in both in obtaining the energy and in dealing with the factory waste in an

eco-friendly way.

It is difficult to change the practices of older factories and often this is not done because the task is so
daunting; however, use of an appropriate program can produce small changes which make a large

difference over time. New build factories, however, offer the opportunity of creating "smart factories".

1.8.1.1 Marks and Spencer

Marks and Spencer commissioned a clothing manufacturer in Sri Lanka to build and renovate a £7
million factory along environmentally friendly guidelines. [1.13]. Brandex, the largest Sri Lankan
apparel exporter in 2007, converted a 30-year-old factory into an eco-friendly plant. The plant has
reduced the company's carbon footprint by 77% from 2076 metric tons to 494 metric tons. The plant

has achieved its green credentials by applying the following techniques and systems:

F Skylights in the roof reduced the need for overhead lighting.

¥ LED light systems (low-energy lights at each workstation) further reduced the need for overhead

lighting.

T Water recycling made water available for toilet flushing and for external irrigation. Sewage

treatment on-site using anaerobic digestion helped recycle water.
1t Rainwater harvesting made up 15% of the recycled water.

1t Harvesting of biogas from anaerobic digestion of sewage created enough gas to power the

kitchen.
1 Waste recycling. (Waste fabric, plastics, paper)
¥ New build used bricks made from stabilised Earth (better insulation)

1 Low energy evaporative cooling system replaced air-conditioning reducing energy required.

It is estimated that the plant will be 40% more energy efficient than other factories and uses 50% less

water through water recycling.
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1.8.1.2 Renault Tangier Smart Factory [1.14]
Renault has built a factory at Tangiers in Morocco which will reduce its carbon dioxide emissions by
98%. Operational from 2012, this reduction has been achieved by all the electrical power being

generated by renewable energy sources such as wind, solar power and hydroelectricity.

Figure 1.8: Renault Smart Factory [1.14]

The main consideration thus far has been conservation of energy by preventing energy escape from

buildings but smart factories do more than just reduce energy escape or use.

The term "smart factory" is a global term referring to many of the smart practices which contribute to
sustainability in manufacturing. A smart factory actually encompasses three basic areas of the

sustainable manufacturing.

X Virtual factory
x Digital factory

X Smart factory

The advent of computing technology has brought about more efficient and almost instantaneous
communication. It was inevitable that computer technology would become the basis of management
processes from inception of a design to the final distribution of a product. Computer technology
provides the means to achieve high-level goals of high production, more efficient overall

management, and improved energy efficiency which reduces the environmental impact.

Designs now conclude with near complete prototypes on-screen as a 3-D image. This eliminates
building of prototypes thereby saving all the effort, cost and material that this process would normally
require. More precise distribution control reduces fuel consumption and therefore reduces carbon
emissions. Finally control of the factory environment reduces environmental impact with enhanced
factory efficiency and improved manufacturing efficiency. The outline of the "Smart Factory" can be

seen in figure 1.13.
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* high-level automation
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Use of 3D software and
analytical packages to ensure
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before manufacture takes place.

* specialist software
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* software control
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Figure 1. 13: Smart Factory Based on Information Process Technology [1.25]

1.8.1.3 Smart Factories
It can be seen from figure 1.13 that smart factories aim for reduced waste, reduced energy, faster
time to market, and better quality. This can be achieved through automation, and control and

optimisation of factory processes.

1.8.1.4 Virtual Factory

Factory efficiency can also be improved by good planning and good management. The main essence
of the Virtual Factory is to manage supply chains and create value by integrating products and
services. When this is achieved, much of the trial and error of logistics and planning will be removed.

Efficiencies will be gained by precise application of energy for transport, combining products, etc.

1.8.1.5 Digital Factory

The advent of 2-D CAD, 3-D CAD and digital control has transformed manufacturing. It is now
possible for a designer to create a 2-D image on specialist software, transform it into a 3-D model,
perform stress and other analysis, and send it via wireless technology to a machine tool which will

manufacture the component.

This is a far cry from the days before computers when draughtsman drew out the image on paper
which was then sent through all the factory systems such as planning, purchasing and production
before it even reached the machine tool where the operator would then use his personal skills to

manufacture the component.

In real terms the advent of the digital factory has improved quality, improved usage of components,
improved life of components, reduced cost, and made the time from conception to production very
quick.
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Before computers were utilised, the concept-to-product time for a normal family car was perhaps five
or six years. In the digital factory using these specialised engineering software tools it is now possible
for a car to be complete only 12 to 18 months after its conception. The dramatic reduction in time is a
consequence of sharing digital information across a company or even between companies so that the
design of, for example, an engine can be instantaneously shared with the designers of the vehicle
body, thus keeping everyone informed and design work on the complicated engineering projects

being completed in parallel. Computer Weekly [1.41]

Using the techniques described above for smart factories, engineers can now create new products

with energy efficient manufactories, but it is also necessary for engineers to focus on not only creating

energy from renewable sources but also conserving energy and storing energy. 7KH XVH RI QDWXUDO
OLJKW LQWHOOLJHQW EXLOGLQJ PDQDJHPBQW ' WV WHIWPLM JU HM E Q HBWZAHDU
KDUYHVWLQJ-Z2DWWRIIRURWKH JHQHUDWLRQ RI ELRJDVY DUH DOO zZD\V LQ
FDQ EHWWHU WKHLU 6XVWDLQDEOH ODQXIDFWXUH 9DOXH 609

S3DFNDJLQJ UHGXFWLRQ DQG WKH XVH Rl UHFKREGCHRB| LPWHRYDQY WY H 6 ¥¢
ODWWHO WKH WR\ FRPSDQ\ KDV IRU VRPH WLPH EHHQ LQVWUXPHQWDO
SDFNDJLQJ DQG KDV UHGXFHG WKH DPRXQW RI SDFNDJLQJ WKXV QRW R
609 > @

'"HVLJQ IRU ®E\OMDE)H 6XVWDLQDEOH 8VH 9DOXH 689

)RU FHUWDLQ FODVVHV RI PDFKLQHU\ DQG HTXLSPHQW ORQJHYLW\ DV
WKDW KDV WKH PRVW LPSDFW RQ WKH HQYLURQPHQW ,W LV WKHUHIRU
HTXLSPHQW WRHQGB® GI[IH DYRLGY WKH SURFXUHPHQW RI QHZ SURGXFV
LQFXPEHQW HQYLURQPHQWDO LPSDFW

7KHUH LV KRZHYHU D FRQXQGUXP WKDW LV KLIKOLJKWHG LQ WKH ILHOC
WUDQVSRUW 7KH HQHUJ\ FRQVXPHIGQE\LDVY DOAK HQMH RIQ DODWHRGOMZHLIKV W
FRQVXPHG LQ LWV SURGXFWLRQ 7KLV LV D FDVH ZKHUH VXVWDLQDE
EH UHGXFHG E\ DSSURSULDWH GHVLJQ DSSOLFDWLRXDPWJIH SODQW PD
RSWLPLVHG WKW IKGH ML PO RKLQHY RYHU WVEKKH QHG UNV\W R VX VAL QHML/ L QJ H Q
VL]H DQG HPLVVLRQV E\ XVLQJ IO\ZKHHOV WR UHGXFH SHDN GHPDQG 7
&DWHUSLOODU ,QGXVWULDO 3RZHU 6\WWHPV XQGHUU*&DQA\HU SH Q O DEN V
(XURSH $W WKH &($ FRQIHUHQFH LQ 0 VWARH Q& BIL BW®& DNMBHDHU O\ LQGL
GHVLJQLQJ IRU VXVWDLQDEOH XVDJH DQG H[WHQGHG SURGXFW OLIH F\
LQGXVWU\ LQ WKH GHYHORSPHQW RI QHZ SURGXFWV

6LPLODBWPHUILQ) WHFKQRORJLHVY KDYH DOORZHG UDGLFDO LPSURYHPH
UHGXFLQJ WKH-GHHGELHRQUFORQWHUQDO FRPEXVWLRQ HQJLQHYVY DW OHDV)
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GHYHORSPHQWYVY VKRZ JUHDW SURPLVHORYV BEOWEKWRIPFDDQD G R/AMW W& Y1
WKDW WKH\ ZLOO UHSODFH WKH LQWHUQDO FRPEXVWLRQ HQJLQH LQ D

'"HVLIQHUV KDYH WR WDNH UHVSRQVLELOLW\ IRU WKH HQYLURQPHQWDO
RQ IRVVLO IXHO IRU SRZHU PDN QWWPEHHEHKLBYPDEGBD WO\ UHGXFHG 7K
VHYHUD\® ZKLFK DUH GLVFXVVHG EHORZ

'"HVLJQ 2SWLPLVDWLRQ
'"HVLIQHUV RIWHQ FKRRVH MXVW D IHZ DVSHFWV WR RSWLPLVH 9HKLFO
ZHLIJKW PHFKDQLFDO WOWARPUXMHBVED YWHHQIWK EXLRRGE MWW RSWLPL!
HDUWKTXDNH RMALODWRBLIVRGYVIRU VSHHGDWEUWRX RQ ZDWHU

6LQFH WKH ILUVW IXHY FHKVEOH ®@DMWIHDFWXUHUV KDYH EHHQ RSWLPLV
LQ WKHLUHSDYMKRQREOHY 7KH UHGXFWLRQ RI PDVV LQ D SDVVHQJHU YHK
EH VPDOO WKH EUDNHV FDQ DOVR EH VPDOOHU W\UHV FDQ EH UHGXFH
PRYH WKH PDVV FDQ DOVR EH GLPLQLVKHG HKHXEOLPRQY PRSWVLYFOW E R Q
JUHDWHU FRQVHTXHQFH LV UHGXFLQJ WKH HQYLURQPHQWDO LPSDFW L:
YHKLFOHYTV XVHIXO OLIH

7KHUH DUH PDQ\ PRGHV Rl RE&\WNRQUDWSRQVHODHY YHKWRAK® BV W\WQ H[DF
DUH RSWLFDWHG SSRVVHQJHUV DW ORZ VSHHGV DQG KDYH ORZ SRZHU HQ
VR WKDW WKH\ FDQ HDVLO\ QHJRWLDWH DQ XUEDQ HQYLURQPHQW &RQ
VSHHG ZLWK D SRZHUIXO HQJLQH ORZ SURILOH ZK BHDWD\QWEL B VVW K BIRR
WKH DLU %RWK YHKLFOHV FDUU\ SDVVHQJHUV EXW DUH RSWLPLVHG LQ

7KH PDLQ WKUXVW KHUH LV WR XVH RQO\ PDWHULDOV DQG VHUYLFHV W
D UHFHQW EXVLQHVQY WMHG IWRIFGRKH88 WR WKH 86% WKH DXWKRUYV DW
WKH GLITHUHQFH EHWZHHQ WKH VL]H RI HQJLQHV LQ WKH DLUSRUW VKX
WKH VKXWWOH EXV KHOG SDVVHQJHUV 7KH HQJLQH FKISDWWWXKRH WK
HQJLQH FDSDFLW\ RI WKH JORUL®D H KXMWDBHWEXY HQYLQH FRQVLGHUHG
DGHTXDWH LQ WKH 8. EXW QRW FRQVLGHUHG DGHTXDWH LQ WKH 86%"

6RPHWLPHV WKLY RYHU GHVLJQ FDQ EH DWWULEXWHGY /VE&XPWHG D/ HW Z
QRUPDO SUDFWLFH DV SRVVLEOH RYHU GHVLJQ 2YHU GHVLJQ FRXOG Df
Rl LI LW ORRNNMVULUDKKW 7KLV LV D YHU\ VXEMHPWEHHWKXSSURBRROW QG

&DUHIXO RSWLPLVDWLRQHG XWH QU HI) R D B \GVM.AMKH VPR RV MCROVHQHHGHG |
SURGXFW 7KH JUHDW EHQHILW RI XVLQJ WKHVH DQDO\WLFDO WRROV L)\
WKURXJK UHGXFHG PDWHULDO XVDJH DQG UHGXFHG HQHUJ\ QHHGHG IR

$ UHGK@WDR HQJLQH VL]H OHDGV WR D OLJKWHU YHKLFOH ZLWK VPDOOH
UHGXFHG IXHO FRQVXPSWLRQ DQG HPLVVLRQV $ JUHDW H[DPSOH RI RS
+HUH WKH HPSKDVLV LV RQ DFFHOHUDWERDRDHYQGNKRWVHGIRRWVLQ BHG KB\
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ZHLIJKW LV UHTXLUHG 6RPH RI WKH EHVW HQJLQHHUV VWULYH WR VKDY
UDFLQJ YHKLFOH

2SWLPLVDWLRQ FDQ DOVR BEXVMESIIMHED WR WHKWHYE DSSURSULDWH SRZ
DQG PRIGVKORJ\ VR WKDW GXULQJ XVH WKHXNWD DYD ERSHUGRMHBEXQWHLQ W
WKLYV FDVH D ODUJH LWHP RI FRQVWUXFWLRQ SODQW ZRXOG SHUKDSYV )
EHHQ FRQGLWLRQHG WR UHGXFH HPLVVLRWHOANKHAKHEKLOHHQPD\DIDYOH QVHX)
IXUWKHU UHGXFH HPL¥VHRMRHRIXHDAWIORPWKH VXVWDLQDEOH VRXUFH 9
RSWLPLVDWLRQ PHWKRGYV WKH HQYLURQPHQWDO LPSDFW IURP XVDJH F

,QFRUSRUDWH (TXLSPHQW WKDW *LYHV %DFN

(PHUJIDQG \RXQJ WHFKQRORJLHV VXFK DV VRODU SRZHU DQG ZLQG SRZ
LQWR PDQ\ SURGXFWY 1HZ EXLOG KRXVHV IRU LQVWDQFH FRXOG LQFRI
SDQHOV RQ WKH URRI 9HKLFOHV FRXOG DYRRHPMUDLDMWWHG HUWK LBRPSW R
WKH\ GLVWXUE LQ WUDYHOOLQJ E\ LQFRUSRUDWLQJ PLFUR ZLQG JHQHU
SDVVLYHO\ FROOHFWHG E\ VXFK GHYLFHVY FDQ EH FRPELQHG WR RIIVHW
VWUDWHJ\ PHDQVJQY WDMD W KR FBGO-X\AHY HOHPHQWY LQWR HTXLSPHQW WKL
FUHDWIUIQYIHDFN" YDOXH

5HGXFH (QHUJ\ 8VDJH
7KHUH DUH PDQ\ RSWLRQV WR UHGXFH HQHUJ\ XVH GHVLJQ HTXLSPHQV
DOORZLQJ WKH DSSOHFBWEZRQ RDVWEGYVHFQWHILHID® FRPEXVWLRQ SRZ
HOHFWULF GULYHV ZKHQ SRVVLEOH VR WKDW QDWXUDO HQHUJ\ FDQ EH
UHQHZDEOH SRZHU DYDLODELOLW\ JURZV LW LV XAV GGIOAHD WK X I H.G) RUKHDDA
SRSXODU SRZHU VRXUFH RI WKH IXWXUH

6R IDU WKH DERYH H[DPSOHV FRQVLGHUHG LQVWDOOLQJ SRZHU SODQW
EH IRUJRWWHQ WKDW FRQVHUYLQJ HQHUJ\ LV MXVW RQVRERGWQRQ ,Q
RI ZDWKWBW XWLOLVLQJ WHMHWH{ARRDOITHWWHWKRGY RI LPSURYLQJ HIILFL

8VH RI 1DWXUDO (QHUJ\
(QHUJ\ LV DSSOLHG WR GULYH D SURGXFW WKURXJK LWV XVDJH SKDVH
RU GLHVHOXIREWILWR QVRW PDNHVY VHQVH WR XVH QDWXUDOO\ JHQHUDWHG
ZKHUH SRVVLEOH ,W LV WKH GHVLJQHUYV UHVSRQVLELOLW\ WR VHOHEF'
RSWLRQ LQ QHZ SURGXFWV WKHUHE\ LPSURYB8®Y WX3H6KIVW B iH QPIDED HZ BW
WKLV FRXOG EH GRQH LV E\ DSSO\LQJ HOHFWULFDO GULYH XQLWV VXFK
DQG RWKHU WUDQVSRUW YHVVHOV +\GURJHQ HQJLQHV ZKLOVW VWLOC
RQ WKH HQYRQRBQFRIXIDW DOVR EHFRPH DQ DOWHUQDWLYH SRZHU VRXUF!
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(QHUJ\ 6WRUDJH
1R PDWWHU KRZ FOHYHU WKH DSSOLFDWLRQ LW LV LQHYLWDEOH WKDW
WKH HQYLURQPHQW 'HYLFHV KDYH WR FN E RO W QKIWUKWKID M @ HUK H IIRJSY
SURFHVVHV WKDW GHPDQG LW 6RPH RI WKHVH GHYLFHV ZKLFK DFWXDO
HOVHZKHUH KRZHYHU HQHUJ\ VWRUDJH PXVW EH FRQVLGHUHG /DUJH
HITLFLHQW WR XVHP DOQWBRRWXKMWBRBRRIGUHYHQWXDO GLVSRVDO FDQ WDNH
UHVRXUFHYV

$Q DOWHUQDWLYH WR FKHPLFDO VWRUDJH LV WKH XVH RI .LQHWLF (QH!
GHYLFHY DUH HVVHQWLDOO\ IO\ZKHHOV ZKLFK HBDAKHFIXW B QJW K/IS® HEG
FRQYHUWHG EDFN WKURXJK JHQHUDWRUV LQWR XVDEOH HOHFWULFLW\
VI\VWHPV UHTXLULQJ D VLJQLILFDQW DPRXQW RI PDQXIDFWXULQJ UHVR>
DQG PDGH WR QRUPDO HRUHYHHKUWE®JIGHPIDQFG IHZHU UHVRXUFHV IURP W
PDQXIDFWXUH

KLFKHYHU PHWKRGVKWH NGRKRWHBHY XVHG LQ LWV PDQXIDFWXUH DUH JL
WKH GHYLFH 7KHVH FWRHOFKDE@HMNWERHVHDUQJKARWIKWMORZ GHPDQG

DQG WKHAKHRQHUIAYDLODE®® WKHUH LV KLJK GHPDQG ZLWBOIWDWKH HO'I
HYHQMQXIH UROH RI WKH IO\ZKHHO FDQ EH UHYHUVHG VR WKDW HQHUJ\ F
QDWLRQDO HOHFWULFLWOHRVGU 7KW \ OGBRZAHUQYGWIKHD N WKHUHE\ UHGXFLQ
JHQHUDWLQJ FDSDFLW\ QHHGHG

,Q D VOLIKWO\ GLITHUHQW DSSOLFDWLRQ D ODUJH EDQN RI IO\ZKHHO EI
VHYHUDO SRZHU VWDWLRQV ZKHQ GHPDQG DRV RRIYKDEXE D& XSUHQY ILRAVGW R
ZRXOG PHDQ WKDW D TXDQWLW\ Rl IO\ZKHHO EDWWHULHYV FRXOG DFWXI

%DWWHULHY DOVR EHFRPH XVHIXO ZKHQ KLJK HQHUJ\ GHPDQG LV UHTX
H[DPSOH ZRXOG EH WKDW RW D@ DRX®GQL XK MPKHRVHY HQRUPRXV TXDQW
GXULQJ WKH VPHOWLQJ SURFHVV $ EDQN RI IO\ZKHHO EDWWHULHV FRX
DQG LOQMHFW LW LQWR WKH VPHOWLQJ VIVWHP ZKHQ RSHUDWLRQDOO\ L
7KH HPHUJLQJ WHFKQRDRO\ BREBHAWWHKLFOHY UHTXLUHV QRW RQO\ L
TXLFN PHDQV RI UHFKDUJLQJ $ EDQN RI IO\ZKHHO EDWWHULHV LQ VWU
UHFKDUJH Rl DQ HOHFWULF YHKLFOH SHUKDSV GRP HWWVRRUMN RU ZKLC
(QHUJ\ VWRUDJH GHYLFHV SRVVHVV D YHU\ ORZ 6XVWDLQDEOH 8VH 9DO
UHVRXUFHV QHHGHG WR FUHDWH WKHP LV PSRAMHOW R B Q V¥ FGPXSH. @\ DWKHG G5
WKH GHYLFH

'"HVLJQ IRU 6XVWDLQDEOH MOILIQDVE®GIDATAH VHYWQFH 60D9
7KH 1HHG IRU ODLQWHQDQFH

7KH JRDOV RI DQ\ GHVLJQHU VWULYLQJ WR EXLOG VXVWDLQDELOLW\ LQ

OLIH Rl WKH SURGXFWV 'L[LW &XOS HW DO > @ ZHUHGFRQWR BXMG ZL
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IRUZDUG WKH QHFHVVLW\ WR PDLQWDLQ FRPSRQHQWY DQG SURGXFWYV !
SHUVSHFWLYH VEREB\RRF WHKM\RZKLFK GHYHORSHG GXULQJ WKH wv |
EXLOG D ILQLWH OLIH SHBRGXFWVYIHRUQWR WKGEM D ZDVKLQJ PDFKLQH |
ILQLWH OLIH Rl DURXQG WKUHH \HDUV ODQXIDFWXUHUV ZLOO DUJXH Wi
HYHQWXDOO\ WKH PDUNHW ZLOO EH VDWXUDWHG DQG WSKSHHQHWR @O EH
GHJUHH LW LV LQFRQFHLYDEOH WKDW KXPRG XKW B DGQW KR 8PISKDMLT
ZLOO PRYH WRZDUGV PDLQWDLQLQJ DQG UHIXUELVKLQJ HTXLSPHQW

7KLV VKLIW LQ HPSKDVLV HWRS®HED LHKWH S VIKPBREAR+ (/B G ZKR

PDQXIDFW¥FHKIB ®LFDO KDQGOLQJ HTXLSPHQW VXFKWMEUWWKN DRQBHBDOR FN
UHFHVY¥LBRQWG IRXQG GLIILRXOWS LRGKHFWNYLFJKH FRPSDQ\ VZLWFKHG LW
PRGHO WR WKDW RI PDLQWHQDQFH DQGHUMHRKHE VYR BPH QR\H Q QMK M XURYFLRY WA\
HDVHG DQG FXVWRPHUV ZHUH DEOH WR SXUFKDVH QHZ HTXLSPHQW EX
RQFH DJDLQ +( $ /WG EHQHILWHG LQ WKDW WKH PDLQWHQDQFH DQG UF
FRQWLQXHG BKH D RMLZL BKE WMIEHLQJ VROG ,Q WKLV FDVH ILQDQFLDO U
IRUFHG FXVWRPHUV WR PDLQWDLQ D @G BKWXN Hi RIHIH W R BXIUFKHDY\M B XI\&
SURGXFWV ZKHQ WKH ILQDQFLDO UHVWULFWLRQV HDVHG O0DQDJLQJ 'LU
KDY®HHDUQHG WKDW LW LV FKHDSHUDWRRPDXQ@HZ QE X YGHY H IQXW E D DK WHKT
ZLOO ZHDU RXW DQG WKH SXUFKDVH RI QHZ SURGXFWV LV LQHYLWDEOF

W LV QRUPDO SUDPBWXAHSURGKEWY WR EH GHVLJQHG ZLWEKHPDLQWHQDOQ
LQFRQFHLYDEOH WKDW D SDVVHQJHU YHKLFOH RU DQ DLUFUDIW ZRXOG
VPDOO SDUW UHSODFHG $Q\RQH ZKR KDV HYHU RZQHG D SDVVHQJHU Y|
PDLQWHQDQFH LV QHFHVVDU\ LQ RFGHQUWR NHHS LW UXQQLQJ HI

,QWHUQDO FRPEXVWLRQ HQJLQHY DUH DEOH WR EH PDLQWDLQHG E\ FKI
DUH GHVLJQHG VR WKDW EUDNH SDGV DQG VKRHVY EHFRPH VDFULILFLDC
TXLWH FRPPRQ WR VHH Y HAKULAXHLN U\HWRHOHDUW RQQLIFADIHY RYHU \HDUV RO!
DUH PDLQWDLQHG E\ HQWKXVLDVWYV VXSSRUWLQJ D WKULYLQJ LQGXVW!I
YHKLFOHYV

$V WKH GHVLJQHU FUHDWHY QHZ SURGXFWV LW LV RKLIMWHUWKH SRQVLE
SURGXFW VR WKDW-YIVOXWH (BRMR GDXAWW KAKIIKFK FDQ EH PDLQWDLQHG EXW
YDOXH SURGXFWV VXFK DV WRDVWHUV IRRG PL[HUV DQG WKH SOHWKRI
ZRXOG QRUPDOO\ GLVFDUG DIWHU GHYHORSLQJ D SUREOHP

6RPH H[FHOOHQW H[DPSOHV RI VPDOO VXVIWDXQH EVHKHSIREE BAYRMHHF W
DQG WKH 'XDOLW WR.DXWH WORKNRKZ @ KBVH H[DPSOHV ZHUH RULJLQDOO\ V
DFFLGHQWDO VXVWDLQDEOH HQJLQHHULWO \GHPVEU QF K BSZUH QHF U SIOKNA F R
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7KH *$0GLV" SURMHFMWRY ZIK\R EQ LLGQV GXULQJ WKH 1V SULRU WR WKH
7KH FRPSRQHQWB VDN I® GEHDUH IDVWHQHG E\ VFUHZV 7KRXJK WKH SURM
GHVLJQHG DQG PDDWKDFWXWHEGQDELOLW\ LQ PLQG LW FDQ QHYHUWKHO
VR WKDW FRPSRQHQWY FDQ EH UHSODFHG FOHDQHG DQG UHWXUQHG W
EH HIWHQGHG WR PDQ\ RWKHU SURGXFWV VR WKDWUW DK B Q MXKHQGE H YLLF M
GHYHORSV D IDXOMW RIHWKIHQBERQVXPHU DOVR QHHGY WR EH FKDQJHG V
LV WR WKURZ WKH SURGXFW DZD\ ZKHQ D SDUW EUHDNV

JLIXUH $0GLV 3URMRBPWRUIDIUWWY $O0ORZ (DV\ (@ LQWHQDQFH >

Figure 1.15: Dualit Toaster: Designed for Easy Maintenance [1.15]

7KH 'XDOLW WRDVMWHKUHKNIKRBQUW RI D FODVVLF UDQJH RI NLWFKHQ DSSC
EHHQ GHVLJQHG DQG EXLOW ZLWK HDVH Rl PDLQWHQDQFH LQ PLQG

Q OD[ *RDWWRQ ODXQVFWVEAFIGHWRDVWHU )URP WKH EHJLQQLQJ WK
DQG WKH IROORZLQJ UDQJH ZHUH GHVLJQHG WR EH HDVLO\ PDLQWDLQH
VXVWDLQDELOLW)\ ZB D WQRRWQOW RURUWQDO DLP EXW LW KBV FRPH WR UH
PDLQWDLQDEOH KRXVHKROG SURGXFW

W LV FHUWDLQO\ WUXH WKDW ZLWK WKH 'XDOLW UDQJH ZKHQ FRPSRQI
E\ WKH FXVWRPHU 7KLV LV WUXH VXVWDLQDELOLW\ WKURXJK PDLQWHQ
WKH '‘XDOHVBERNDMHVY D YHU\ ODUJH 6XVWDLQDEOH,WDL\Q W HRDQLEHD QDO X H
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KRZHYHU WKDW 'XDOLW LV D WKULYLQJ FRPSDQ\ ZLWK D GHVLJQ DSSUR
LV YHU\ VXVWDLQDEOH PHWKRGRORJ\

6XVWDLQDEOH ORQJHYLWD G HWILYOHGH QUURPFHHIXQ EH DSSOLHG WR PDQ\ T
FRPSRQHQWY 7KH ZDWHU ZHOO URFN GULOOIHNM P WRW QW LVRKR 4 ) DLUCE RL.
VOLGHV XS DQG GRZQ WKH PDVW DV WKH GULOO VWULQJ EXULHV LWVHC(
WDUS DEUDVLYH GHEULV LV IRUFHG XSZDUGV KLWWLQJ WKH XQGHUVLG
JHDUER[ VHDO DV LQGLFDM W& L@ WKIKUHDUER[ VXIIHUV DFFHOHUDWHG
DUGXRXV FRQGLWLRQV

7KH JHDUER[ QHHGV WR EH PIDQDQWHLRQW® @& FKDRUELVKLQJ WKH VKDIW
FKURPLXP RQ WKH VKDIW DW WKH FRQWDFW SRLQW RI WKH VHDO FUHD\
GHSRVLWLRQ XVXDOO\ FKURPLXP LV WKHQ PDFKLQHG EDFN WR WKH FF
JHDUER[ DORQJ ZLWK QHZ VHDOV DQG IUHVK RLO
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JLIXUH 3RUWLRQ RI *HDUER[ 6KRZLQJ /RZH® *HDUER[ 6HDO >

s@d\*

JLIXUH ([DPSOH RI &DVVHWWH 6HDO 6KRZLQJ 6DFULILFLDO 60OH
7KH DSSOLFDWLRQ RI WKLY VSHFLDOLVW VHDO HQVXUHV WKQW WHKH JH|
ILHOG 7KH FDVVHWWH VHDO LV PHUHO\ UHSODFHG WKHUH EHLQJ QR GI
DV D VSDUH VDYHV D JUHDW GHDODRIGWLPEY VWHD IRWMD O Q G LRDK@H\DVHYV OR
PRVW LPSRUWDQW DVSHFWERI[ WRQVEIH PDKRQW WIKQHHGHBURORQJLQJ LWV
WKH HQHUJ\ UHTXLUHG IRU LWV WUDQVSRUW DQG ODWHU UHIXUELVKPH

,Q WKLV FDVH D OLWWOH WKRXJKW E\ WKH GHVLJQHU UHGXWKEB HQYLUR
OLIH RI WKHUHKXFEHRB GRZQWLPH DQG LPSURYHG WKH VHUYLFHDELOLW\

IXEULFDWLRQ
'XULQJ WKH GHVLJQ RI PHFKDQLFDO SDUWYV PXFK HPSKDVLV LV PDGH RC(
EHDULQJ VHOHFWLRGDBWXWQRRVAXIDPRYLQJ SDUWV LV OHIW XQWLO OD?
IXEULFDWLRQ LV UHDOO\ OLTXLG HQJLQHHULQJ VLQFH ZLWKRXW OXEU
KRW DQG VHL]H 7KH LQWURGXFWLRQ RI WKH WRGHBEWHOX UV WBIE@W BXQC
SURYH WR EH RQH RI WKH PRVW LPSRUWDQW HOHPHQWY RI D ZRUNLQJ
ZLOO LQFUHDVH WKH ORQJHYLW\ RI WKH FRPSRQHQWY RU SURGXFW
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'LQG JHQHUDWRUY DUH RIWHQ VLWXDWHG RHUKDQGWR 2V RKRQSHWKLIRWN R
'"HVLIJQHUV DLRHRU OLIH VSDQ EXW RQH RI WKH DFNQRZOHGJHG ZHDN S
LV WKH EHDULQJ VA\VWHP RI WKH WXUELQH VKDIW

$ EHDULQJ IDLOXUH PD\ EH FDWDVWURSKLF IRU WKH @GQRGJ WIXW B LI HL W H
HQGDQJHULQJ WKH ZKROH PDFKLQH VRPHWLPHYV ZLWKKINSHFWDFXODU U|

JLIXUH :LQG 7XUELQH )LUH > @

J)DLOXUH ZLWKLQ WKH WXUELQH QDFHO GH RPHA RZ HHYGHHF W LGHOHD WIRL QX Y
PHFIXQLFDO IDLOXUH RI PRYLQJ SDUWV EXW WKH OXEULFDWLRQ V\VWHP
6SHFLDOLVW OXEULFDQWY KDYH EHHQ GHYHORSHG VR WKDW WKH EHDU
7TKH FRQVHTXHQFHYVY RI D EHDULQWRD VO X\BEHH ZBKQW H IPHOHOB UKD Y WR E
UHSDLU 7KH REYLRXV DQVZHU LV WR SURWDEN PRQIWNQWQER WEGE PWKR
FRUUHFW VHOHFWLRQQFOFKFREASRQHSSVWRSULDWH VAIVWHP OXEULFDWLRQ

'"HVLJQ IRU 6 XVWDLQDE®HWBERMNEOH 'LVSRVDO 9DOXH 6'9

7KH GHVLIJQHU LV WKH FUHDWRU RI WKH SURGXFW DQG KDV WKH LQIOXI
GLVSRVDO WHFKQLTXH ,Q WKH SDVW WKH GHVLJQHU V SULPDU\ JRDO K
ZLGHQ KLV DSISQUQROXEHWMWRXVWDLQDEOH GLVSRVDO 7KHUH DUH VHYHUDO
RI LWV OLIH PD\ EH XWLOLVHG RU GLVSRVHG RI LQ D VXVWDLQDEOH zZD!

6XVWDLQDEDABLHY GWWHFRYDLOXHV VKRXOG D O \RRcyeIR RéphiGG Rdusé/ KH 5TV

and Reduce.

- ]
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S5HF\FQ’IRQJIVLGHUDWLRQV LQ 'LVSRVDO

7KXV IDU WKH PDWHULDO VRXUFLQJ WKDW KDV EHHQ FRQVLGHUHG KDV
WKLY QHHG QRW EH WKH FDVH VLQFH PDWHULDOV FDQ EH JDUQHUHG IU
UHF\FOHG PPOWHWXFK RI WKH S UFOAHGXIUHY RRANH M QGO R QU R G XFWYV
HIWUDFWLQJ VLPLODU PDWHULDOYV DQG UHIRUPLQJ WKHP LQWR D UDZ F
RULJLQDO PDWHRDDXOFMWXDLQPH SURFHVYVY HHKHEOHOWUHBFEOHDOD@ WKD!
UXEEHU LV JUDQXODWHG DQG XVHG LQ IRUPLQJ YDULRXV UXEEHU SURG
SODVJURXQGY DQG URDG VSHHG KXPSYV

6RPH PDWHULDOV VXFK DV EXLOGLQJ PDWHULDOV KDYH EHHQ D UHF\FC
PRUH UHFHQW \HDUV VWHHO KDV EHHQ VXFFHVVIXOO\ UHF\FOHG DQG L\
PDWHULDO 7KHUH KDV DOVR EHHQ D VXUJH LQ WKH YDULHW\ DQG GLYH
LQFOXGH VKRHV DQG FORWKHV HO HFHWUVREKE W DG\5 OLDIQIFHOH WODKMV QR
HVWLPDW@®GWKDW XBIVBRVFDUGHG LWHPV DQG SURGXFWV FDQ EH UHF\F

0DQ\ SURFHVVHV LQ PDQXIDFWXULQJ UHTXLUH IHZHU UDZ PDWHULDOV
RIWHQ D PLIWXUH ROVLPKIOEKUSFIHVHQPMWD GLIITLFXOWLHY LQ RHPDQXIDFW?>
YDULRXV PDWHULDO W\SHV PD\ YRIUUHDW IS QH BWEHEGHLEMW RKDODWY LV TXLW
FRPPRQ DQG LW LV UHODWLYHO\ HDV\ WR UHF\FOH KRJIHYGILOQWH EXD KL Q
PDQ\ FRORXUV VXFK DV EURZQ EOXH JUHH®@>XO\QN5 BFHD N BIISIM KIBIWIFER O R X U
SURGXFW LV WR EH D FOHDU JODVV ERWWOH

7KH PDLQ SUREOHP ZLWK WKH UHF\FOLQJ LV WKDW PDWHULDOV KDYH D
VU@H PDWHULDO 6HSDUDWLQJ WKH UHF\FOHG PL[WXUH LV-RIWHQ DFKL
LOQOWHQVLYH 6RPH LQYHQWLYH FRPSDQLHY KDYH FUHDWHG SURGXFWYV 2
VLPLODU PDWHIQAWOMDP[FEBBY RI VXFK SURGXFWYV DUH
X plastic roof tiles from a variety of recycled plastic types, e.g. polypropylene, polyethylene,
ABS, etc.
X simulated wooden planks made from a variety of recycled plastics and used as seating planks
in street furniture.

X paving stones manufactured from multiple colours of granulated glass

ODWHULDOV JOHDQHG IURP UHF\FOLQJ SURFHVVHY DUH OHVV FRVWO\ D
VRXUFH PDWHULDO 7KH XVH RI UHF\FOHG PDWG@HUDOFRQWK FPH® Q@ WKH
HIWUDFWLRQ RI RULGIGE DRRPOWHYDWYOHPI VXVWDLQDELOLWY 7KH SUDFWI
FUHDWHY D ORFDO HFRQRP\ VLQFH UHF\FOLQJ RI PDWHULDOV FDQ WDN
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5HSDLU S5H&ROWULNGKHUDWLRQV LQ 'LVSRVDO

'LH FDVW FRPSRQHQWY DWKHSQRGXKAWVWAKHUH TV ,WHPV ZHUH KHOG WF
DQG FRXOG EH GLVPDQWOHG DQG\UHSPL WHKG D>XGUYLHEAWE/ RIMBRDIRY M/ L F
WR\V NLWFKHQ LPSOHPHQWY JDUGHQ WRROV KRXNUKBW@ESBSEHYLFHYV D(
WRIHBKRGXFWWUWHKD@PRVW LPSRVVLEOH WR GLVPDQWOH ZLWKRXW EU
UHQGHULQJ WKHP GLIILFXOW WR UHSDLUDZW\AMRFMWHW\EHXKHRLQG RHWE
SWKURZ DZD\ DQG EX\ DQRWHKHDWWED Y GMVIDHNK H 6 LWKR/L@QI EQ® WHODUJH
VKLIW LQ-WHKHW RLERWK GHVLIQHUY DQG FRQVXPHUV KDV \HW WR RFFXU

S5HIXUELVKPHQW PHDQV WKDW SURGXFWYVY DUH QRW WKURZQ DZD\ EXW U
HIWHQGHG (FRQRPLF UHM HWYIHRQNVNVDIRKW JBAXVLQJ ERWK FRQVXPHUVY D
PLQGV LQWR UHGXFLQJ FRVW 5DWKHU WKDQ EX\ QHZ HTXLSPHQW DIWH
UHFHVVLRQV WHQGHG WR HQFRXUDJH FRPSDQLHYV LQWR UHIXUELVKLQJ

'XULQJUHFHQW UHFHVWIRIE EQYWEKHIQJLONMMNUHQH G QUBRIMMWUEKH EXLOGLQJ
QHZ KRXVHFAWRRDBUJIH FLYLO HQJLQHHULQJ SURMHFWY ZHUH FDQFHOOHG
VXSSOLHUV LQWR ILQDQFLDO GLIILFORCWLAHWXBHHWN ERURNN KOLQEH E®.R PND
DWWDFKPHQWY +( $ /LPLWHG IRXQG D OXFUDWLYH PDUNHW LQ UHIXU
VSDUHYV DV-WKXL PHEZQW PDUNHW XY HSRKBDIWHDG WA\SLFDO EULFN EORFN
DWWDFKPHQW

7KLV LV D 3KRFEKXRWY EHHQ PDQXIDFWXUHG IRU VHYHUDO \HDUV ZLWK Q
VXVWDLQDELOLW\ RU UHIXUELVKPHQW 7KH FRPSDQ\ FUHDWHG D QHZ G
GHVLJQHG VSHFLILFDOO\ ZLWK UHIXUELVKPHQW IWHPNY® &H FODPS PI
FRPSRQHQWY UHSODFHG ZKHQ ZRUQ ,W FDQ EH UHVWRUHG WR D ZRUNI
ZLWK D PXFK VPDOOHU LPSDFW RQ HQYLURQPHQWDO UHVRXUFHV WKDQ
LV DQ H[FHOOHQW H[DPSOH RI UWIKXQGE HIBEES HIRWL. GLYLUQD DIPUN ORZ 6XVWE
'LVSRVDO 9DOXH 6'9

JLIXUH %ULFN %ORFN &BDDPS >
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$Q H[FHOOHQW H[DPSOH RI DQ LWHP ZLWK KLJK 6'9 LV WKH VPDOO PRW!
WKHVH FRXQWULHYV WKH I DNSFRUWHGVL WEHY LEXK R W ULFQR RWKRIKHF\FOH VKR

J)LIXUH FF ORWRUVF\@®0H

+HUH WKH GHVLJQHUV KDYH WDNHQ WKH LQLWLDWLYH DQG GHVLJQHG [
7KHVH PRWRUF\FOHV KDYH VLPSOH HIDWWWR DUISDOLRIZ FRNWKIDYH D UHOD
LPSDFW RQ UHVRXUFHV ZKHQ PDQXIDFWXUHG DQG DOVR KDYH D ORZ LP
DQG UHSDLUHG DV ORQJ DV SDUWV DUH DYDLODEOH ,W LV D VLPSOH W
EHHQ G@IWEG IRU HDV\ PDLQWHQDQFH 7K HVRU\VFRMPBHY KN O/DH QW EH.[DLPV8\OR U
FRQYHUVHO\ DQ H[DPSOH RI VXVWDLQDELOLW\ GULYLQJ FRVWV GRZQ 6
UHIXUELVKHG DQG PDLQWDLQH® OPRMWHIHMS | SWKRH LYGIHWY OO MHUA K LJK

6XVWDLQDEOH 8VH 9DOXH 689 DQG D YHU\ KLJK 6XVWDLQDEOH 'LVSRVD

54KVH DQG 5HIXREVYEHUDWLRQV LQ 'LVSRVDO
5HXVHG DQG UHIXUELVKHG SURGXFWYV DQG PDWHULDOV XVH OHVV HQHU
PDWHDO WKDW KDG EHHQ H[WUDFWHG IUHVK IURP WKH (DUWK 2IWHQ W
WKH UHTXLUHPHQW WR P D QAR YW HUE QW BRIVFK\BSIALRIARZF WV [URP
RYHUVHDV SUWGKIFHBRYWHQ EW KDQF KW DZAIHVUKWIRTXH SPHELW DW KRPH 7KH C
RI PDFKLQHU\ DQG HTXLSPHQW IRU UHSDLU DQG UHIXUBQBKPHQW JUDG:
WKURZD\ FXGWXHBRSIGIHG PXFK RI GHVLJQ WKLQNLQJ LV VHW WR JLYH
WKDW ZKHQ WKH RWHWKIHEBRGXKEW LV DWW WKHINYW BILYWNUGHE DQG D
SXUFKDVHG ,Q WKLV ZD\ PDQXIDFWXUHUV HQVXUH WKDW QHZHU YHUVL
GHPDQG

7KH VROXWLRQ LV IRU LQGLYLGXDOV DQG HQPULVDIGON KAWL FZGW WHR VIXNQM DI DY
WHFKQLTXHY DUH HPSOR\HG ZKHQ FRQVLGHULQJ HQG RI OLIH VWUDWHJ
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*LY-EDFN
1R PDWWHU KREBXSARRGXOMWNG UHIXUELVKHG RU UHF\FOHG WKH SODLQ ID
UHVRXUFHV LV PHUHO\ EHLQOD ¥YD\WZKDBYH RHRIBEHZ VR®H DPRXQW FRQVXPS
UHVRXUFHV

*LYHDFN LV D WHFKQLTXH ZKHUH GHVLJQHWY YOH B8 B CKHE K QY G URKWPLH-GH\
RU SHUKDSV FUHOWMWHHFRRCGWRQEQMW Y IRU GLIITHUHQW SURGXHRRYV 6RODU S
DQG PLFUR ZLQG JHQHUDWRUYV EXLOW LQWR YHKLFOHYVY DUH MXVW WZR
DUH OHIW RXWVLGH IRU PXFK RI WKHLU OLIHL@® ISPURH 2 VOWGH IWH QGINW B WARK
FRXOG SURGXFH HQHUJ\ ZKKRK H® XDWEDWKER XD VEKILY VWRUHG HQHUJ\ LQ W
FRXOG HDUQ D GLVFRXQW WR WKH IXHO RU WKH UHFKDUJLQJ RI DQ HOF
LPSURYH WKH 6 XVWDLQDEOH *LYH %DFN 9DOXH 6*%9 RI WKH SURGXFW

,Q DQRWKHU DSSOLHFOWERQOREBULQBRUSRUDWHG RQ WKH URRI RI QHZ
HQHUJ\ JHQHUDWLRQ SRVVLELOLWLHY ZRXOG EH HQRUPRXV IURP VROD!
KRPHV LQ WKH 8.

&RQVLGHU D K\SRWKHWLFDO DSSOLFDWLRQ ZHKH&.HDDGODWRHWKH PLOOLF
PLOOLRQ FDUV LQ WKH 8. ZHUH ILWWHG ZLWK D PRGHVW VRODU SDQHO
RI WKH WRWDO 8. DQQXDO SRZHU FRQVXPSWLRQ 7KLV VHHPV D VPI
ELOOLRQ RU ... EL®JISRQ IBHHPRBSHHSWHFLVH DQDO\VLV 7KLV H[HUFI
ZKDW PLJKW EH DFKLHYHG ZIK}RD % EMEDG NV KPLHOMNK R G V

(QHUJ\ FDQ QRZ EH JHQHUDWHG IURP PXOWLSOH UHQHZDEOH UHVRXUFF
EXW WKH JUHDW KKRZOWR QDWHIUDWH WKLY LQWR WKH HOHFWULFLW\ Jl
UHVRXUFHV DUH LQWHUPLWWHQW VLQFH WKH ZLQG FDQ RQO\ JHQHUDW
VKLQHVY GXULQJ WKH GD\ 7KHUHIRUH WKH HQHUJ\ WKXV JHQHUDWHG Q

$VSDUW Rl FROODERUDWLRQ EHWZHHQ WKH 8QLYHUEDWWRIUY X G ZHBHIQ F
VI\VWHP KDV EHHQ GHYHORSHG .VRRAQ A QQHUIUBWRUDJIJH %DWWHULHV
FDSDFLW\ WR VWRUH ODUJH DPRXQVKW RO HEM SHDIN) WLP SVOQRKBYHGHAYL
WDSSHG WR SURYLGH WKH HOHFWULFLW\ JULG ZLWK SRZHU 6HYHUDO V
SURYLGH HQRXJK VWRUDJH FDSDFLW\ WR HOLPLQDWH D SRZHU VWDWLR
6XVWDLOHOWDFN 9DOXH 6*%9 VLQFH D IO\ZKHHO GRHVY QRW WDNH IUJ
XVH DQG LWV SUHVHQFH FUHDWHY HIILFLHQFLHV LQ WKH HOHFWULFLW\
RWKHU ODUJH V\VWHPV VXFK DV SRZHU \HWIDQWLYR.QAWD EOR FH 8 RU® R K X LGOUN
WKH HQYLURQPHQW
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JLIXUH ,GHDOLVHG )O\ZKHHRK 6/DRWNDH H®>

$Q HI[FHOOHQW H[DPSOH RI 6 XVWDLQDEOH *LYH %DFN 9DOXH 6*%9 LV \

%DKUDLWXUH 7KLV EXLOGL@QHNVOQARUSRHOHUDWRUYV 7TKH7EKLOIGDR®H ULVH
RI WKH WRZHUV LV GHVLIQHG WR IXQQHO WKH ZLQG RQAKR AMMKKHDRLQG W
EH Rl WKH WRWDO SRZHU FRQVXPSWLRQ RI WKH EXLOGLQJ

=
i) TR
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JLIXUH %DKUDLQ :RUOG 7URGH QHQWGOH/BK E L@ HV

1.13 Sustainability Overview and Formulation of Aims

Sustainable development was introduced in 1987 by the Brundtland report [1.5]. The report was
commissioned by the United Nations and was intended to encapsulate a global sense of
sustainability. By its very nature it was a broad ranging document which left much of the detail to
protagonists involved in varied subject areas. Many countries, institutions and individuals have taken
the lead laid down in the report and introduced concepts and methodologies since the report §
inception but the subject is so diverse there is still a great deal of scope in introducing concepts and

models in defining and accurately measuring sustainability. Furthermore the implementation of

sustainability is an evolving field.

The aims of this research project were formulated by investigating sustainability in the field of
mechanical engineering, concluding with the perception that there was a deficiency of a sustainability
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measurement and implementation tool which mechanical engineers could use when formulating new
products. This perception was later confirmed and further defined through the publications review
process. This revealed that were limited publications relating to certain areas of the product life cycle.

In particular maintenance and material sourcing were ill served.

Many sustainability applicants use various measurement systems to suit the particular topic but it was
clear that a measurement device would be necessary that could span products and services in a
global sustainability measurement system. Embodied Energy was the metric adopted, being able to
be applied to services as well as products in the creation usage and disposal processes. This metric

has previously been successfully used by other researchers, notably Ashby [1.24].

The research project aims were eventually defined as the development of a sustainability
measurement system for mechanical engineering designers when designing new products and
services. The end result was a methodology that applied sustainability and gathered information
which could be used to influence decisions from company level up to global level. In order to achieve
the complex data acquisition and manipulation a computer algorithm was developed and for its
coordination and control a complete top to bottom management system based on ISO standards.

It is intended that the complete package can be implemented into a company environment to enable

sustainability assessment of its procedures and output.
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CHAPTER 2
Review of Publications

2.1 Summary: Literature Review

Sustainability is an umbrella term related to environmental conservation and covers many subtopics in
many different disciplines. Sustainability means many things to many people. To the economist,
sustainability means continual improvement of money flow into the economy of a country, company or
household. To the scientist, sustainability may mean continuation of a system of process. To the
environmentalist, sustainability means sustaining the planet earth ecosystem. Environmental
conservation with the inclusion of sustainability can be discussed in diverse as fields as life sciences,
the built environment, geographic sciences, pollution, ozone depletion, and global warming to name
just a few. The investigation and measurement of sustainability involves very broad issues and
parameters and involves measurement parameters as varied as the research project. In this project
the audit/measurement process has been narrowed by approaching the topic from the practical
GHVLJQHUTV Sahd @ wischadsed béldv. Detailed elements of an environmental audit are
presented so that contributions can be made to the bigger picture of sustainability in engineering

design.

7KH ILUVW VHULRXVY HQYLURQPHQWDO FRPSOLDQFH DXZGéewVV FDQ EH WU
United States corporations adopted eco-methodology in response to a domestic liability laws, Welford
[2.61].

The Brundtland Commission in 1987 launched the report "Our Common Future", [1.5] introducing the

W H Wuistdinable dHYHORSPHQW ™ 7KLV ZDV D VLIJQLILFDQW PLOHVWRQH DQG V
environmental measurement and audit by many governments, institutions, companies and individuals

worldwide 6RPH RI WKH HDUO\ VEd&NBriddeme@tRQ@DAGIH SEtheme”~ (056 LQ

1993 and the first publication of 1ISO14001 in 1996 Welford [2.61].

Environmental audit was defined by the United States Environmental Protection Agency (EPA) D \a 3

systematic, documented, periodic, and objective review by regulated entities comprising facility

RSHUDWLRQV DQG SUDFWLFHY UHODWHG WR WK HEPR EitddVLADthoRyl HQYLURQ
et al [2.87]

Theterm 3 ( QY QWK Q W D Qvas Hdhined/by the Confederation of British Industry D Vthe

systematic examination of the interactions between any business operation and its surroundings. This

includes all emissions to air, land and water, legal constraints, the effects on the neighbouring

community, landscape and ecology, WKH SXEOLFYV SHUFHSWLRQ RI WKH RSHUDWLQJ
area. Environmental audit does not stopat FRPSOLDQFH ZLWK OHJLVODMWVKQQIRU LV LW
public relations exercise. Ratheritis D WRWDO VWUDWHJLF DSSURDFK WR WKH RUJDQL

Paramasivan [2.88]
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2.2 Approaches and Definitions

The word "sustainability” is a general term which means different things to different people and
institutions. (To the ecologist, sustainability may mean the avoidance of adverse environmental
impact on a river system or the preservation of an animal species from extinction. To the economist,
sustainability would be the preservation and growth of a company or nation. To the scientist,
sustainability is ensuring a mechanical, biological or chemical system continues to survive.)
Sustainability can be considered as an umbrella framework within which individual projects might be

run in a more sustainable fashion thereby improving sustainability of the larger whole.

The position of this research project within the sustainability spectrum needed to be verified so that
direction and context of the project could be defined. With this in mind it was useful to first review and
define the frameworks that are used to determine the influence of human activity on the environment.
Research shows that various institutions, scientific bodies, researchers, etc., apply their work to one
or a combination of the following approaches.

X Triple Bottom Line (TBL)

X Life Cycle Analysis (LCA)

x Cradle to Cradle (C2C)

X Environmental Standards
Each approach was reviewed to ascertain the most appropriate framework for this research project.

The review follows.

2.2.1 Triple Bottom Line (TBL)

Triple bottom Line (TBL) is an accountability framework with three elements: social, environmental

DQG ILQDQFLDO 7KHVH WKUHH GLYLVLRQV DUH DOVR VRPHWLPHY NQR?Z
or the "three pillars of sustainability". Interest in triple bottom line accounting has grown in for-profit,

non-profit and government sectors. The term was coined by John Elkington in 1994. The Economist

[2.136].

2.2.2 Life Cycle Analysis (LCA)
Life Cycle Analysis (LCA) is sometimes known as "cradle to grave analysis" and is an assessment
technique relating to environmental influences from a product throughout its life-cycle. The analysis
covers extraction of materials for production through manufacture, use and eventually disposal and
offers a broad investigation with the possibility of a detailed analysis of environmental concerns. The
data can then contribute to the umbrella framework. According to the US EPA [2.140] the following
general elements should be applied.

x compile an inventory of energy and material inputs and environmental releases;

X evaluate the potential impacts associated with identified inputs and releases;

X interpret results to assist in making informed decisions.
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2.2.3 Cradle to Cradle (C2C)

Cradle to Cradle (C2C) is an approach to the design of products and systems that views human
industry in the same terms as cyclical natural processes. Materials are viewed as nutrients circulating
in healthy, safe metabolic systems. The strategy suggests that industry must protect and enrich
nature's biological metabolism while also maintaining a safe, productive technical metabolism. It is
an overall economic, industrial and social framework that promotes the creation of systems that are
efficient and waste free. The model can be applied to many aspects of human civilization such

as urban environments, buildings, economics and social systems. Cradle to Cradle is a registered
trademark of McDonough Braungart Design Chemistry consultants and the phrase "Cradle to Cradle"

was originated by Walter R. Stahel in the 1970s.

2.2.4 Standards and Eco -Labels

There are many standards and eco-labels on which an environmental approach can be based
depending on the industry and the environmental system. The most useful standards are often
considered to be the 1ISO14000 series since their combination of broad management approach and

detailed analysis is relevant for many sectors.

During the course of the literature review and during the development of the project, ISO standards
were considered -- several that were particularly useful in setting out the LCA approach. These
included: Eco-design Directive [2.4], 1ISO14040 - 2009 Environmental management [A2.5], ISO14044.
2006: Environmental Management LCA Requirements [2.6] and PAS2050: 2011: Specification for the

Assessment of Life Cycle Greenhouse Gas Emissions of Goods and Services [2.7].

Many of the references dealt with very specific topics, such as PAS 2050: 2011 [2.7] which
considered greenhouse gas emissions, but, nevertheless, they were helpful in showing different ways

to approach sustainability analysis.

These standards cover many aspects of environmental attentiveness and are broad as well as deep
in their coverage so that they can be used for many diverse environmental situations. The standards

and others plus several prominent eco-labels are reviewed in-depth in Chapter 4.

2.2.5 Framework Overview

The assessment of sustainability is a particularly difficultcon XQGUXP EXW WKH DGDJH "PHDVXL
PDQDJH LW EHFRPHVY YHU\ UHOHYDQW :LWKLQ DQ DSSURSULDWH VXVW
measurement has become the focus of many researchers, institutions, and indeed nations.

Measurements take many forms depending on the system. Detailed sustainability analysis may use

precise measurements such as carbon emission or energy usage. A more global assessment may

use trends and indices that incorporate a variety of measurements.

These sustainability assessment approaches are championed by several researchers. Gurav Ameta

[2.25] presents recent trends in design for sustainability from a strategic point of view and uses LCA
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and TBL as a background framework. He suggests that when using these frameworks, clear system
boundaries are critical for proper auditing and measurement and that the use of indices are only one
measurement device. He suggests that there are several weaknesses with indices relating to
weighting, aggregation and comparisons which dilute the quality of the data. Alternatively, he

suggests direct measurement such as that of energy usage or sulphur emission.

Chapas [2.113] champions the use of LCA in the sustainability design process to allow the LCA to be
segmented into individual life elements. Mayyas [2.29] also supports the use of the LCA as a
framework and combines it with TBL, thus broadening the scope into environmental, social and
economic realms. A product sustainability methodology is put forward by Mohannad [2.89] who
extensively uses LCA, TBL and the range of environmental standards within the ISO 14000 series.
The approach appropriately employs life cycle phases in order to obtain a detailed analysis. The
model produces a sustainability index (Prod SI) which is then applied to the TBL and thus broadening
the approach to influence economic, social and environmental features. This is certainly a step
forward in applying a model but does not define measurement methods. He made an enormous
contribution in introducing his PROD Sl index but omits major elements such as sustainable design,
maintenance practices and end of life disposal. Since there are gaps in the work offered by
Mohannad, the research covered in this current project takes his work several stages further in

measurement techniques and in approach.

Much of the information relating to environmental products and LCA has been developed by
researchers and practitioners within the built environment. Patxi et al [2.141] suggested a life-cycle
approach to new buildings. Embodied Energy was considered as a measurement parameter but this
was quickly converted to kilowatt.hour (kWhr) and then to cost. The life cycle approach put forward
has merits, but the entire the life cycle was not considered. The publication merely included

procurement, building and usage, and omitted maintenance and end of life disposal.

Theo Hacking [2.142] provides a framework based on the triple bottom line for comparison of
assessment techniques. This overview is very general and is intended for the global analysis rather
than a detailed, and precise analysis, but nevertheless champions TBL has the most useful

framework tool.

Cradle to Cradle is a relative newcomer to the framework analysis stable. Anders [2.26] explained the
difference between C2C and LCA by saying that C2C attempts to increase the positive footprint whilst
LCA attempts to decrease the negative environmental footprint. C2C calls for the elimination of the
concept of waste and forms its methodology IURP QDW X UH YV Qoakandsuggedtd/desigring- O
systems with waste that other processes can take up as nutrients. Anders criticises the C2C model
explaining that the C2C concept is highly visionary, idealistic and impractical since it disregards waste
disposal and energy needs. He goes on to suggest that though LCA is more practical, it does not
contain any long-term vision strategy. C2C, however, defines a clear vision of a desirable sustainable

future.
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Life Cycle Assessment (LCA) has been used and applied by many other researchers when
considering sustainability in their field. Researchers suchas /I DQGROI@$¥ KE\ 0 @&bGranta
Design [2.11], Heiskanen [2.32], Hauschild [2.33] and Wanyama [2.34] all put forward LCA as an
appropriate framework to assess sustainability and covered use of sustainable materials all through

sustainable manufacturing and management.

The LCA approach described within the previously mentioned publications offered four fundamentals
relating to the life cycle of a product, listed below.

1. sustainable sourcing

2. sustainable manufacture
3. sustainable product usage
4

sustainable end of life disposal

2.2.6 Sustainability Assessment and  Framework Selection

The general aim of this project is to create a means of measuring, managing and implementing the
principles of sustainability that can be used at the detail level in the design of new products and to
create an auditing tool that the designer can use to assess the sustainability value of his work. This is
a practical approach and therefore requires a practical framework on which to build. The basic
framework choice lies between LCA and C2C. The work presented by Chapas [1.13], Mayyas [2.29]
and Mohannad [2.89] suggested that work at the detail level would be best served by a framework of
LCA. These researchers and others also suggested that the combination of LCA with TBL and various
standards would serve as a complete system using specific data at the detail level and combining it
with a wider approach thereby expanding the data into a more global viewpoint incorporating
sustainability, economy and society. In addition, the application of environmental standards such as
ISO14001 and others in this series, would ensure appropriate management, recording and systemic

application.

It was considered that C2C is useful but the criticisms by Anders indicated that it was not practical to
use for the focus of this project, however some concepts such as zero waste are useful to keep in

mind as a desirable goal.

2.3 Review of Auditing and Measurement Techniques

It is essential that measurement and auditing techniques are reviewed to ensure applicability for the
precise nature of the data available and also to ensure the data is in a usable format for later
dissemination. Auditing and measurement techniques are varied and complex. Some researchers use
specific measurements of energy usage, carbon dioxide output, sulphur emission, etc., whilst others
prefer to use indices and trends. The focus of these measurements and eventual use may be as
varied as compliance with standards, environmental impact, ecological sustainability, systemic

preservation or global sustainability.
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Ness [2.91] provides a sustainability assessment framework loosely based on the TBL and
incorporating detailed product analysis from LCA which is then expanded into cost pressures on one
side of the model to global indicators on the opposite side of the model. His three main columns are

shown below in figure 2.1 and shown alongside the TBL for comparison.

Figure 2.1: The Basic Sustainability Assessment Model Suggested by Ness [2.91]
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This noble effort by Ness attempts to categorise the varied elements which contribute towards the
sustainability appreciation. Whilst some of the features comply with and contribute to the thinking of
other researchers in the use of LCA and TBL, the model can be seen to be a tool that combines
indices which would be useful for urban, national, continental and global assessments. Some of the
elements are extremely useful such as the use of LCA, system dynamics applications and use of
standards.

A major contribution to simplifying the complex measurement process was made by Choida [2.90],
who was primarily concerned with sustainable audit practice. He succinctly described five audit
categories: compliance, systems, environment, ecological and sustainability.

Choida [2.90] also suggested three steps for the audit practice:

x develop a framework for environmental auditing
x test environmental audit guidelines against the framework

x employ practical measures to improve the performance of auditing

Though & K R Ls@dgl is concerned with auditing, the suggested system and practice suggests

some fundamental building blocks which can contribute to the focus of this research project. Several
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of these suggestions have been adopted as shown in later chapters and integrated into the overall

research approach.

In his work on urban environments, Moles [2.28] suggested that sustainable development was a
process by which a current system was moved from the present towards an aspirational future
sustainable situation. He used numerous parameters to judge the urban pulse of several townships
and his measurements included energy usage, carbon dioxide emission, food tonnage, cost of living,
waste, water, transport costs, and many more. In all, 174 indicators were identified, combined into

several classes of indices, and eventually translated to an ecological index.

It was significant that Moles realised that the measurement of sustainability in a complex urban
environment requires complex data acquisition which requires manipulation into an understandable
index. He further suggested that during the manipulation of the data, there was a danger that the

resulting index could become diluted and may be influenced by subjective weightings.

The complicated nature and complexity of sustainability auditing and measurement leads many
researchers to use indices and trends. Much of the primary information used in indices was at some
point a quantified value, however, the aggregation and combination of the data into an index tends to
dilute the information. Concerns were voiced by Moles and several other researchers including Gurav
Ameta [2.25], Singh [2.31], Moran [2.97] and Babcicky [2.95].

The complex nature of sustainability audit and measurement grows as the focus expands from
individual products to a more global view. As the complexity grows, there are few other means of
judging the value of sustainability other than using an index. There are many notable organisations
that use indices successfully. These include the United Nations, national governments, urban centres
(cities and towns), companies and other institutions such as universities. Neumayer [2.30] was
concerned with human development and sustainability and attempted to link the Ecological Footprint
(EF) Rees [2.27] to the United Nations Human Development Index (HDI). This was a classic

application of indices used at national, continental and global levels.

Pope [2.92] also proposed that indices are created to assist in assessment strategies and lists several
indices such as "Strategic Environmental Assessment" (SEA), "Environmental Impact Assessment”
(EIA) and advocates the use of the TBL. Pope was also eloguent in agreeing that as assessment
focus shifted from detail issues to more global issues, indices grew broader and inherently less
accurate. He concluded that "nevertheless a carefully formulated index can be invaluable for

considering multiple and complex variants." Pope [2.92]

Pope also suggested that a sustainability assessment should consider whether or not an investigation
is sustainable, rather than simply assessing "direction to target”. In short, Pope proposed that a
sustainability assessment should be evaluated for its accuracy and outcome before committing
resources to a complete sustainability assessment. Further assessment for sustainability requires a
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clear concept of sustainability as a goal defined by criteria against which the assessment is

conducted.

The view echoed by many researchers is that the complex nature of sustainability assessment
requires ever more complex indices in the expansion from detailed assessment through urban,
national to global assessment. Even though there are complications and problems, indices are
considered to be a viable assessment method. Figure 2.2 below indicates the nature of the

measurement/assessment conundrum and the effect on the influence levels.

INDEX BROADNESS

GLOBAL

CONTINENTAL

NATIONAL

URBAN

SYSTEM

DETAIL

METRIC ACCURACY

Figure 2.2: The Nature of the Sustainability Measurement/Assessment Profile Related to
Influence Levels

Figure 2.2 is a synthesized review of several publications. It reveals that at the detail level directly
measured metrics are used such as renewable energy, Embodied Energy, carbon footprint, watt.hr
and cost, to name a few. There are as many metrics as there are systems being measured, and
measurement is complicated further when considering the end use of the data and its inevitable
manipulation into an index format. As the intended use of the data becomes more global, more
conditions and manipulation is required to give a broader picture but this very action dilutes the data.
The complexity of many sustainability measurement systems require computing algorithms in order to
produce viable data that can be used and directed for a particular decision-making process. Several

of these are reviewed below.

Antiohos [2.16] related his work in designing a new cement building material with low Embodied
Energy where the metric was Embodied Energy, measured in joules. Kim [2.93] was primarily
concerned with economic outcomes but used watthr/kg as a base measurement which was then
converted to a cost. The cost metric is often used especially when an economic study is being

conducted. The work of Martin and Gatzen [2.94] endeavoured to decrease the operational cost of
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high-performance oil field services and the most useful metric was the cost of components, systems

and facilities.

Audit levels and measurement parameters vary between researchers. Five audit levels were put

IRUZDUG E\ &KRLGD DQG LW LV KHOSIXO WR FRPELQH &KRLGDfV DXGLW
used by other researchers. The chart in figure 2.3 combines 8 KRLGDfV DXGLW OHYHOV ZLWK GEC
from the numerous researchers and adds a sixth level, "Economic”. This is appropriate since many

researchers used cost as the basis for index measurement data. The identifiers listed are those taken

from the various publications (listed in the diagram) and are a stylistic example of the measurement

parameters found at the various systemic levels.

CONTRIBUTING PUBLICATIONS =
5
i @
3. CHAD %) o o
z v < - 2] n| [72]
S m a=2g iy W oWy
e i SP|EY ao| o/ 0|0
g ’;ESDS'UNITED NATIONS] E L% 8 E % f Z Z ; Z ;
16, BABGICKY J glo soglo £ b5 5 o B B
11. SKERLOS Tl slaLdad A -
12 NEUMAYER oQ|on|Og|l=z|zL| & o
E2HGIEC WS I¥E S| D
NS | O ®R|FOIFOl O | O
s
SYSTEMIC = »
LEVELS 5 Z o | &
zE =T
a- |2 < Plz Za |25 |22
z¢|Fz|aE|Z2|C2|ES|@s
AUDIT Ex|los|2E g2 eS| 28|63
Wi |>5 |02\ |3 |Q% |25
CATEGORIES DY | owv | O[S |Z35 |07 |OF
1 | COMPLIANCE ® ® ©® O\ OO0
2 | SYSTEMS ® ® | OO OC|O|0O
3/ENVIRONMENTAL | O 1 O | @ | @ | ® | ©® | @
4 | ECOLOGICAL SEEOEE BE B BE BE |
5 | SUSTAINABILITY ® ©® & & & o o
6 | ECONOMIC SEEGEN BN BN BN BN

Figure 2.3: Combination of Audit Levels to Metric Types
The chart shows that the lower order systems and compliance with regulation requires specific
analysis at both detail and system levels. Specific analysis is also used at the company and
institutional level, but, indices become more useful as the focus becomes wider and a broader range

of data measurements are incorporated.

It was found that there is a great body of work relating to sustainability in the field of the built
environment but by comparison a relatively small number of articles have been published relating to
sustainability for mechanical engineers. At a detail level Ashby > @ DGpaBta Design [2.11] have

made significant contributions.
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2.4 Sustainability Tools and Algorithms
There are several tools available to the sustainability engineer. The review of the most popular in

order reveals variability in depth, coverage, end-use and usefulness.

2.4.1 Green Delta

Green Delta is a specialist sustainability consultancy service that offers tailored software using life
cycle assessment. Their expertise specifically covers carbon foot printing in particular and promotes
the use of 1ISO14040 and 1SO14044 as standards on which to base frameworks. They will supply
software tailored to a particular manufacturer but the primary focus is manufacturing with a second
focus on usage and end of life disposal. The strengths of the software lie in data management, life-
cycle costing and quality assurance. The data supplied by the company does not specify what

measurements they use. Green Delta [2.146].

2.4.2 Open LCA

Open LCA was developed by Green Delta and is a free, professional life cycle assessment and
footprint software package with a broad range of features and many available databases. The
software accesses data from measurement data which is free on the web and is intended for use at
the business level and at a global level. Since it is free access and could use unvalidated data, the

data generated may not be as reliable as from other systems. Open LCA [2.147].

2.4.3 Gabi

Gabi is a general LCA tool that considers environmental optimisation and strategic risks by identifying
LQIRUPDWLRQ UHODWLQJ WR HQYLURQPHQWDO LPSDFWV DQG LV WDUJH
products. Though the system and software uses some measurements, those measurements are

unspecified but nevertheless are quickly converted to indices which are then used for communication

lines and political decision-making. Gabi [2.148].

2.4.4 Eco-Rucksack

The instigation of Eco-Rucksack occurred at the world Summit on Sustainable Development (WSSD)
in 2002. The tool is based on the concept of natural resource efficiency which decouples energy and
material consumption from economic performance. This tool applies product life cycle as a framework
and uses material flow analysis where the main metric is mass (kg). The main focus is on sourcing
materials and manufacture with some attention to disposal but the index generated does not consider
the importance of the product, the use of the product or its value to human sustenance. Eco-
Rucksack [2.149].

2.4.5 Granta Design LTD

CES Edupac is the software package marketed by Granta Design Ltd and is a comprehensive and

interactive materials intelligence database. It offers detailed analysis of materials but in its eco-

package LCA is offered as a framework. Its great advantage is that it possesses manufacturing
LQIRUPDWLRQ DV ZHOO DV VXEVWDQWLDO PDWHULDOV GDWDEDVH DQG
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Embodied Energy. Whilst comprehensive, its drawback is that it is too general and cannot be tuned to
detailed design work. Furthermore, its life cycle analysis does not recognise design energy, energy

spent in maintenance and cannot accrue any energy that is being harvested. Granta Design [2.11].

2.4.6 SimaPro LCA Software

SimaPro uses life cycle analysis as a framework for collecting, analysing and monitoring the
sustainability performance of products and services. The literature shows the SimaPro package to be
comprehensive but measurements are unspecified and there is reluctance to offer the elements that

constitute product life cycle. SimaPro [2.143].

2.4.6.1 Eco-IT is the software tool marketed by SimaPro and is comprehensive in allowing the
modelling of complex products in the life-cycle environment. The software uses several metrics
including carbon dioxide and is intended to be used by the designer to guide the design of products.
The end result is aimed at higher level decision-makers and so converts much of the data to indices.
Significantly the life cycle assessment does not include design or maintenance and does not account

for any accrued, harvested energy. Eco-IT [2.145].

2.4.7 Sustainability Tools Overview

There are several attributes to those sustainability tools that were reviewed. Without exception they
use life cycle analysis but collect the data from many different sources and, after compiling and
manipulation, use data at a business or more global level. Some sustainability tools such as Open
LCA [2.147], use data from many different sources and after manipulation applies it to a business or
even global level. Gabi [2.148] uses life cycle costing as its end result. The generated data creates
indices, environmental impact assessments and is used at a strategic level. Green Delta [2.146]
applies data management, life-cycle costing and quality assurance and is the only sustainability tool
that practices the use of environmental standards, such as 1ISO14040 and ISO14044. Green Delta

targets its information at a more strategic level.

The diverse nature of sustainability measurement is reflected in the tools reviewed, but some
sustainability tools use particular metrics. Eco-Rucksack [2.149] decouples energy and material
consumption from the economics of manufacture by using mass (kg) as a metric. Granta Design
Limited [2.11] with their EduPack software package is probably the most useful since it uses an LCA
framework and offers an Embodied Energy value for each life cycle element. The focus is aimed at
the manufacturing engineer and offers an Embodied Energy value at each life cycle phase. It even
offers a form of end of life value if items are recycled. The main drawback is that the global nature of
the approach renders the sustainability analysis light on details and vague in several areas. It does
not include energy used in design or that used in maintenance and only includes energy saved
through recycling goods for the end of life value. Nevertheless it is a comprehensive package that is
useful for the designer. All the tools without exception used life cycle assessment as the main

framework. Several tools used specific metric values to obtain their data.
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Eco-IT [2.145] used carbon foot printing, Eco-Rucksack [2.149] used mass (kg), EduPack
Granta[2.11] used Embodied Energy. It is significant that those sustainability tools that used specific
metrics also use the data for specific and results. Several other sustainability tools, Gabi [2.148],
Open LCA [2.147], Green Delta [2.146], used indices which were directed at a more business or

global level.

2.4.8 Sustainability Tools Embedded into C  AD Software

Some software packages embed sustainability measurement devices within the software package to
give access to a sustainability measurement tool during the design process. The magazine Graphic
Speak [2.152] suggested that Autodesk Inventor was one of the most popular CAD packages with 12
million users over 30 years. World Access Magazine [2.151] rated Solid Solutions, Solid Works CAD
package as the fastest-growing general-purpose package in the world but Apollo [2.153] suggested
AutoCAD Inventor was most popular. It is arguable which company produces the most popular

general-purpose package.

A review was conducted of both companies to assess their embedded sustainability approaches.
Autodesk [2.154] provides sustainability consultancy advice but surprisingly does not embed
sustainability tools within their CAD products. In contrast Solid Solutions [2.155], the vendors of Solid
Works CAD software, offer embedded sustainability programs within their CAD suites. This inclusion
is based on Gabi [2.148] sustainability software which is a general life cycle assessment tool that in

general creates indices used in high-level decisions.

In general, software tools tend to be vague on data acquisition and produce end results that are

aimed at decision-makers above the detail level of product creation. This view is voiced by Curran MA

[2.144], who suggests that "professional life cycle analysis software has reached a certain maturity

and is most likely not to focus on application of LCA but rather on usability aspects." Curran also

VWDWHY 3HDUO\ /&% VRIWZDUH RULJLQDOO\ KDG PRUH GHWDLOHG PHDV
FobuLw\" 7KHUH DUH QRWDEOH H[FHSWLRQV WKDW WDNH VSHFLILF PH
level such as Eco-Rucksack [2.149] and EduPack [2.11].

2.5 Literature Survey Topic Synopsis

The literature survey showed that much of the research on sustainability is at a highly idealistic level
and focused on systems rather than practical applications: Weenrn [2.36] generalised on sustainable
product development. Bakshi et al [2.37] overviewed challenges for process engineering. Roy [2.38]
clarified product service systems. Johansson [2.40] investigated success factors for eco-design
integration. Kobayashi et al [2.43], Kobayashi et al [2.44] analysed strategic evolution of eco products,

Lindahl et al [2.45] expounded on Environmental effect analysis.

Many institutions, such as the Institution of Mechanical Engineers (IMechE) [2.16], American Society
of Mechanical Engineers (ASME) [2.17], The Engineering Council [2.18] and The Royal Society of

Engineers [2.24], however, are bound to a global level. The codes of practice have been modified in
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sustainability actually appears in 6 of the 10 basic codes of practice for the IMechE and ASME.
Through their codes of practice, these institutions influence budding engineers as well as those of
experience and, by their very nature as global institutions, have to take a global stance. It should be
said, however, that these institutions also organise definitive publications and lectures which deal with
detail, often with a sustainability bias and are targeted towards various industries. Much of the
literature attempts to address sustainability across many disciplines. Though this information is

correct and very useful, its impact is somewhat diminished purely by the broadness of the approach.

Much of the writing on sustainability relates to geographic sciences or the built environment where
sustainability has been a major priority for centuries and is very prominent in the modern setting. More

specific titles relating to the project goals formed the basis of the literature survey.

Research work that is available for the practical engineering designer who wishes to apply principles
of sustainability to his designs is limited to just a small number of publications. Some of the major
works are Periera [2.14], Ashby > @sranta Design [2.11], Byggeth et al [2.100], Rose [2.101],
Zwolinski et al [2.102 Ueda et al [2.103], Spicer et al [2.104], Yu SY [2.105].

The literature review considered publications and from 1997 through 2014 the bulk of which were
during the latter five years of that period. The review uncovered many key publications along with a
great breadth of topics relating to sustainability. Such diversity required an accounting and
categorising method. General sifting of the publications led to the topic subheadings outlined in the
literature survey statistics in figure 2.4

Publications Quantity Relating to
Sustainable Topics

Sustainability tools |

End of Life Disposal

Product Usage

Design Methods |

Information Systems

T

Indices/Assessment |

Sustainability Topic Areas
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Sustainability systems |
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Figure 2.4: Statistics for the Literature Survey Relating to Sustainability in the Field of

Mechanical Engineering
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The graph in figure 2.4 shows various applications of the principles of sustainability which are listed
on the vertical axis of the bar chart which cover the six elements that comprise the entire life cycle of

the product. The publications were reviewed so as to place them into a particular subheading.

The statistics show that there are more publications dealing with the overview of sustainability
systems than those dealing with precise detail of sustainability measurement applications.
Sustainability related to design methods is also a popular subject. It is generally recognised, $V KE\
> @ :LPPHU@ OWIHQ @&DQG R WaHABRYY new product, sustainability has to be
generated by the design function. Luttrop et al [2.114] shows with detailed graphics the considerations
of a designer when creating a product and strongly suggests that sustainability requirements should
be included in the basic design criteria. He put forward ten "golden rules" for sustainable design which

complement the approach taken by the author of this thesis and are discussed further in Chapter 4.

Sustainability assessment frameworks is the next frequent publication topic, closely followed by
publications relating to end of life disposal. End of life disposal is an important part of the sustainability
process, but it is an element which is often considered at the expense of other life cycle elements. In
papers that consider end of life disposal it is significant that many of these papers consider recycling
of material. Refurbishing and re-use, which can be considered as an equally important aspects of
sustainable disposal, are less well served. Re-manufacturing, which can be termed as refurbishment,
is a subject of several papers by Mont [2.19], Kerr [2.123], Williams et al [2.125], Sundin [2.130] and
Seitz [2.131]

It is noteworthy that there are only a small number of publications tackling the subjects of sustainable
sourcing, sustainable manufacture, product usage and product maintenance.

Sustainable sourcing was considered by Ashby [2.9] and Ashby et al [2.99]. Ashby's approach to
materials is to apply Embodied Energy as a measure of sustainability, a metric which has been
adopted in this research project and which is used by several other researchers, mainly those who
are working on detailed analysis of products and systems, Mayyas [2.29], Pope [2.92], and Patxi
[2.141]. Sustainable manufacture was considered by Ranky [2.115] and Wenzel et al [2.35]. Both
these publications followed similar lines and considered the process of best practice, manufacture,

reducing energy input and waste output.

Within the sample a relatively small number of publications, Ashby [2.9] and Ashby et al [2.99] hinted
at sustainable use, applying Embodied Energy as the means of measuring this element of the life
cycle. In these publications, maintenance was treated as a minor element in the life cycle of products

and was not recognised as being an important element in relation to sustainability.

Recognition of the importance of maintenance in life cycles was highlighted by two publications. The
first was by Kerley [2.117] who reported that Rolls-Royce Aero Engines Division now leased their

engines to the airlines, taking responsibility for maintenance and redesigning the engines to effect
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easier and quicker maintenance. This position, however, was for not for an altruistic reason such as
sustainability but rather for safety, efficiency and cost saving. It did highlight, however, that design for
maintenance can be a major consideration since efficient maintenance applies only a small value of
Embodied Energy while still preserving the longevity of the unit. Savings of Embodied Energy by
extending the life of a product quickly outweigh the Embodied Energy applied during the maintenance
process. An easy and speedy designed-in maintenance process reduces maintenance effort and

hence maintenance energy.

The second publication pertinent to maintenance was a keynote presentation by Takata [2.118] who
put forward a theory of "Circular Manufacturing" which included maintenance and refurbishment whilst
performing feedback on newly maintained products within the usage cycle. Feed forward was also

applied on those products that needed maintenance, refurbishment or recycling.

Though management was a reasonably well represented in publications, it is useful to explore the
processes utilised by those researchers. Sarkis [2.51] reported on a decision framework to assist with
the green supply chain management whilst Beamon [2.52] also considered the logistical management
of the green supply chain. Westka [2.49] appeared to take the most practical management route by
discussing assembly and disassembly processes and their logistics within the product life-cycle,
White et al [2.56], whilst Karlsson [2.55] considered an overview which was broad rather than specific.
These papers were useful in that they offered some elements of appropriate management practice
which proved useful in formulating a management strategy for this research as discussed in Chapters
6 and 7. Interestingly none of the papers reported using ISO Standards relating to environmental
management which indicated their management processes were unigue to their institution rather than
set in a global context.

The researchers quoted above dealt with systems rather than data, but research by Framling [2.62]
suggested the use of Product Life-Cycle Management (PLM). This system proposed the use of
computer aided technology enabling communication between products and other information systems
with the aim of improving efficiency, reducing energy and reducing environmental impact. The use of
computing systems creates a controlled environment which eventually can retrieve and assimilate
information, component by component. Framling suggests that this is the future of sustainability

control and measurement.

End of life strategies were adequately covered in the literature with many researchers considering
specific products. For instance Mont [2.119] considered remanufacturing baby prams whilst Kerr
[2.123] put forward a process for remanufacturing photo-copiers. It is significant in that seven of the
thirteen references in this section related to recycling of materials; four were related to
remanufacturing and three papers discussed design for disassembly. Harjula et al [2.128] was the
most useful in suggesting that material separation techniques should be designed-in at the design

stage in order to make recycling more efficient.
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Sustainable product development featured highly in work using standard concept generation
techniques and applying them to the sustainability argument. Several researchers used Quality
Function Deployment (QFD) including Akayo [2.71, 2.72 and 2.74], Bakker [2.73] whilst others Chang
et al [2.76] applied TRIZ. These papers covered the methodology of applying idea generation
techniques whilst designing with a raised sustainability profile. The case studies were informative in
that they provided insight into idea generation of design parameters within inclusion of a sustainability

element.

It is clear that design for sustainability is prominent in the approach of a large number of researchers.
In particular Luttrop et al [2.114] is a champion promoting the design function as the primary driver for
the inclusion of sustainability within new products. He also put forward practical methodologies that

are guides for the practical designer.

2.6 Future D evelopments

The complex nature of sustainability assessment is discussed in many publications. Data is often
aggregated, modified, weighted and combined to give an index which is then the basis for decisions.
Indices are useful for high levels of sustainability assessment but at the product design and
manufacture level, precise measurement is more appropriate. Some forms of data are difficult to
measure, but once achieved, the data should be ready for use in a productive fashion. In other words,
acquiring data requires a purpose. Measured data from the product level can be used to control the
life cycle and assist in management processes to create increasing efficiencies, including financial,

social and sustainable efficiencies as proposed by the triple bottom line framework.

Data acquisition and control are therefore becoming the new sustainable frontier and systems such as

that proposed by Matsokis et al [2.63] are destined to become more useful as product life-cycle

control becomes more desirable. Theear OLHU PHQWLRQHG DGDJH 3PHDVXUH LW WR PD(
becomes a very real necessity. Measurement may take place, but there is so much data from such

complex products and systems that a comprehensive data management system is necessary.

Matsokis and Kiritsis [2.63] put forward a data management process called Product Life-Cycle

Management (PLM) which proposed that product information can be collected and used in a multi-

organisational context. They proposed that such information could be shared across products and

information systems so that products can be modified and efficiencies created thus reducing the

energy used. Framling [2.62] extended the PLM methodology to include sharing information through

smart products and networks.

Taiichi Ohno [2.65], general PDQDJHU IRU 7R\RWD LQWURGXFHG WKH 3-XVW LQ 7LP
strategy which required a precise level of control over individual products similar to that put forward in

PLM management strategies. Data was originally stored on Kanban cards attached to each product.

This has progressed to embedded memory chips and systems modernised using bar codes, RFID-

codes, satellite location techniques and internet communication systems. These methods were

discussed by Vernyi [2.66] and Kochan [2.67] and are complemented by the work of Kiritsis, Matsokis
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and Framling. Technologies such as these allows feedback data to be communicated from products
in-the-field to the central communication node thus enabling logistical efficiencies to be made and

energy usage to be improved.

The PLM proposals build on valuable work such as JIT accomplished within the manufacturing
industry and apply it to sustainability and data management using modern computing and

communication techniques.

2.7 Application of the Literature Review t o the Current Research Project

The initial general aim of this research was to develop a sustainability tool for the engineer involved in
the product creation process. The literature review confirmed the need for a detailed sustainability
measurement system at the product level and showed that most practical researchers used LCA as
an applied framework. The information thus generated was used to create indices which fed into the
broader umbrella framework of the Triple Bottom Line. There are other approaches such as Cradle to
Cradle but these are deemed idealistic by Anders [2.26] and others. The work afforded by Chapas
[1.13], Mayyas [2.29] and Mohannad [2.89] suggested that work at the detail level would be best
served by a framework of LCA. These researchers and others also suggested that the combination of
LCA with TBL and various standards would serve as a complete system using specific data at the
detail level and eventually combining it with a wider approach. This research project proposed such a

system combining frameworks and standards.

2.7.1 Standards

A review of standards, later reviewed in detail in Chapter 4, revealed that the 1ISO14000 series [2.1],
[2.2], and [2.5], were comprehensive and dealt with several aspects of application, measurement and
management of sustainability. Furthermore within this set of standards, methodologies are specified
which allow seamless meshing within the set but also with other management software such as
ISO9001 Quality Standard. ISO 14000 series standards are therefore used in this project.

2.7.2 Measurement Complexities

The complex nature of auditing sustainability systems has led many researchers to use combined
data in creating indices and trends. Figure 2.2 synthesises the data and shows that that at the detail
or product level there needs to be a precise measurement system rather than an overview system.
Indices are generally used for decision making in more global programs. Depending on the process,
device or situation that was measured, researchers used appropriate measurement systems. For
instance Antiohos [2.16] applied Embodied Energy (Joules) to building materials whilst Kim [2.93] was
concerned with economic outcomes but used watthr/kg (Joules/kg) as a base measurement. The cost
metric is often used especially when an economic study is being conducted. The work of Martin and

Gatzen [2.94] reviewed operational costs of oilfield services where the metric was dollars.

Several researchers who work at a practical level have applied Embodied Energy as a measure of

sustainability. The approach by Ashby [2.9] and Ashby et al [2.99] was to apply Embodied Energy as
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a measure of sustainability across the product life-cycle. This is a metric which has been adopted by
researchers who work on detailed analysis of products and systems and include, Mayyas [2.29], Pope
[2.92], and Patxi [2.141]. The use of Embodied Energy as a metric efficiently lends itself to measure

activity within all the elements of the life cycle analysis and has been adopted.

A major requirement of the measurement metric was that it needed to span industries and have the
ability to measure services as well as products. The metric also needed to generate a value for each
of the life cycle elements. Several metrics were considered including carbon footprint, but the only

measurement device that would fulfil the requirement was that of Embodied Energy.

Almost all reviewed articles were concerned with the measurement of the effects and the drains on
the environment. Datschefski [2.157] was the only researcher in the review who suggested that the
sustainability of a product may also be gauged by considering renewable energy and though this

metric relates to the use of generated energy, it seems reasonable that the energy generated by a

product, such as wind generator, solar panel, etc., is considered within the Embodied Energy tally.

2.7.3 Frameworks

The LCA framework allows the generated data to be fed back to the design function, but also to other
elements of the product life cycle including the management team. In this way products can be
modified and enhanced in their function and sustainable efficiency. Management processes may be
installed to control this data and product material flow based on guidelines within available standards,
with ISO standards being the most apparent choice, Green Delta [2.146]. Such systems deal with the
product and its cycles but contribute to a wider brief. Here TBL is considered the most useful overview
framework choice, engendering a practical approach whilst considering social, economic, and
sustainability features. Gurav Ameta [2.25], Ness [2.91], Choida [2.90] and Mohannad [2.89] are all

proponents of TBL especially when linked to measurement systems and the life cycle analysis.

2.7.4 Vision: Sustainability Measureme nt and Management System

The vision of the whole sustainability management and measurement system comes into sharp focus
when four major features are combined into a cohesive structure. The envisioned system shown in
figure 2.5 can be used to measure sustainability at a product level and can also influence higher-level
decisions. Linked to figure 2.2, influence levels, it can be seen how measurement parameters of the

envisioned system can be applied.
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Figure 2.5: Sustainability System Vision Linked to the

The new amalgamated vision for this project consists of:
X Triple Bottom Line (contextual overview)
x Life Cycle Analysis (detailed analysis and measurement)
ISO Standards (guidelines for managing sustainability data and systems)

X
x metric of Embodied Energy

The combination of these features creates a broad audit system that can be used for single
components and/or multiple component products. Guidance derived from the management strategy
can influence departments, components, regions and more global applications. Detail data can be
derived by applying LCA and feeding the generated data upwards to the TBL level where influences
can cover economic as well as social aspects. Environmental data systems are prescribed by the
application of ISO standards which can then in to other management standards and provide a global

network to other individual institutions.

2.7.5 Inclusion of Maintenance
usage and disposal, yet there are other requirements for energy input during the product life cycle.
Many products are maintained and in so doing the product is kept serviceable, thus avoiding the

procurement of a new product. The logic suggests that the effort and materials of procurement can

It is evident that the life cycle analysis used by most researchers incorporates sourcing, manufacture,
therefore be used to help offset the energy input in creating the original product. Although Mohannad

[2.89] used LCA with Embodied Energy, he omitted to use maintenance and end of life strategies.

The influence of maintenance on sustainability is included in this project.

2.7.6 Inclusion of Design
design problems. In the light of the overview of literature survey topics shown by the bar chart in

Once developed, sustainability strategies, models and methodologies can be applied to practical
figure 2.4, research efforts for this project were directed at one or more of those areas which were

least serviced by the publications. These topics are:
80
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X Sustainable Sourcing
X Sustainable Manufacture
x Product Usage
X Product Maintenance
It is generally recognised, $VKE\ @ :LPPHU@ 1HLOV@MQX: R \WatHAAWMY new
product, sustainability has to be generated by the design function. Luttrop et al [2.114] put forward a
case where sustainability should be combined with the product as the design process takes place.
Luttrop [2.114] champions the use of design across all aspects of the life cycle analysis suggesting
that the designer is in a unique position in that he can influence elements of the life cycle analysis.
Chapas [2.113] advocates a multidisciplinary management team at the design stage so that all life
cycle elements can be considered. He also suggests that certification should be applied through
appropriate standards. Spangenberg [2.156] also advocates design for sustainability (DfS) and makes
two major points: 3: LWKRXW WKH FRQWULEXWLRQ RI GHVLpQduvtidhiandX OO SRWHQ
consumption, and thus sustainability, cannotbe UHDOLVHG ~ 36 L P LsDdanéblityRQO\ LQ D
perspective, canthe full SRWHQWLDO RI GHYVLJQlealyQedeatchets ©ddderHdi€sign to
be the cradle for sustainability in new products. It follows that if design is considered to be such an

important activity then it should be included in the life cycle analysis model.

2.7.7 Inclusion of Giveback
Giveback is a novel addition to the LCA and is an accounting device that accrues all saved energy
and all harvested energy during the product life cycle. It is used in the energy balance sheet to offset

the input energies.

2.7.8 New System Proposal

The life cycle analysis discussed in section 2.2.5 above can now be modified with the additions of
elements of Design and that of Maintenance. This updated life cycle analysis also includes
Sustainable Giveback Value, a novel energy accounting element. The whole model vision is shown in

figure 2.6.
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Figure 2. 6: Novel System Vision: Life Cycle Analysis with Life Elements
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These have been combined into a single graphic, figure 2.6, showing the six life cycle elements
contributing to the life cycle analysis. Also included in figure 2.6 are two other major influences, 1ISO
Standards which provide the management and administration format and Sustainable Giveback Value
(SGBV) which provides the accountancy value that accrues harvested energy. SGBV can also be

added to the life cycle elements making seven in all.

2.8 Observations and Specific Area of Research (Research Aims)

Many measurement systems including online sustainability management/measurement packages are
focused on providing data to enable higher level decision making. In this way much of the precise
data is converted to indices or broadened and modified to suit the data purpose. This is useful for
decisions at company level and above but is unusable at the detail/product level where precise data
needs to be returned and fed back to appropriate personnel working within the six elements of the
LCA.
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After reviewing the literature several major conclusions were drawn:
X Many publications deal with measurements and direct the data to higher-level decision-
makers
X Some elements of sustainability and LCA are not well reported or receive only cursory
consideration in most current models. These neglected aspects include:

a. Maintenance has been included in several models but has rarely been quantified.

b. Maintenance must be included in sustainability systems since it can prolong the life
of a product thereby avoiding the new procurement.

c. The requirement for a reliable sustainability assessment system at the detail level
so product data can be fed back to those personnel who are creating products.

d. The requirement for a cohesive management system which receives and
coordinates product information during the product life cycle and can feed detailed
data to appropriate personnel or can modify the data for use at company, district,
national and global levels.

e. The requirement for a more precise the Embodied Energy accounting system that
includes the novel additional elements to the LCA.

f.  The requirement for a feature in the Embodied Energy accounting system which
includes energy harvesting.

g. The requirement for a second feature in the Embodied Energy accounting system
that includes energy generation

Additional observations requiring additional emphasis include:

h. The concept that the design function is the only element in the life-cycle process
that can overview the entire life cycle is put forward by several researchers. This
puts the design of the whole product from sourcing to disposal in the hands of the
design function.

i. Data is often generated and manipulated so that it can be used at levels above
product level. Few researchers report on feedback of data to the product creators.
Kerley [2.117] and Takata [2.118] are two exceptions. A system is required which
returns precise data to the personnel who are creating products and who can use

this precise data to improve those products.
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2.8.1 Conclusions and Research Goals

The original general aim of the research was to provide a sustainability measurement tool with which
the product creators could measure the value of sustainability within the products they were creating.
The review of current research publications indicated that some of this work was in progress but there
were some nhotable gaps covered. These gaps have been discussed above and have been expanded

for further discussion in the following chapters as outlined below.

Chapter 3: Review of Environmental Certification and Environmental Standards
During the literature review it became clear that the environmental standards and environmental
certificates were a necessary part of any sustainability measurement structure. Chapter 3 reviews the

certificates and standards that relate directly to the sustainability of products.

Chapter 4 Design for Sustainability
Although design for sustainability is reasonable well covered by numerous papers, this chapter
describes the enhancement of the life cycle analysis and the description of the design methodologies
which can be used in Design for Sustainability. The chapter describes:

1. Enhancements to the original life cycle with novel elements

2. the proposal of a methodology for measuring sustainability

3. the proposal for sustainability audit based on the normal design route

4. proposals for maintenance as a key area which can increase the longevity of products

5

practical methodologies to achieve Design for Sustainability

Chapter 5 The Measurement of Sustainability
Part One (The Measurement of Phase 1 Life Cycle Embodied Energy)
1. applies Embodied Energy as a measurement device
2. applies the enhanced life cycle model
3. subdivides the life cycle model into Phase 1 and Phase 2
4. introduces a management approach 37RWDO 'HVLJQ &RQWURO ODQDJHPHQW 6V
TDCMS
defines a detailed measurement method for Phase 1 Life-Cycle Embodied Energy

o

creates a detailed algorithm that accrues and defines Embodied Energy applied during
Phase 1 Life-Cycle.

Part Two (Phase 2 Life-Cycle: Measurement of Embodied Energy and Harvested Energy)

(introduces management systems, measurement techniques and case study applications)

1. defines sustainability centred maintenance (SCM), a detailed system based on
maintenance and refurbishment that allows measurements of energy which incorporates
feedback and feed forward of materials and components and feedback of information to
the design team and the TDCMS

2. creates an algorithm which accrues all the energy in Phase 2 Life-Cycle both input and

harvested and adds it to the Embodied Energy applied during Phase 1 Life-Cycle.
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3. introduces the new term of Sustainable Giveback Value (SGBV) which is an accounting
value that enables harvested energy to be used in an energy balance sheet.

4. formulates an energy balance sheet accruing all energies input and output, resulting in a
net energy balance. This is a combination of Sustainable Life Value Phase 1 and
Sustainable Life Value Phase 2 (SLV Phl & Ph2)

5. projects how the information generated during the entire life cycle process can be used
and applied at a detailed level by being fed back to the TDCMS and on a more global

level by its application to the triple bottom line.

Chapter 6 Total Design Control (describes Total Design Control Management Strategy)
1. creates a management system which puts design in control and to influence the six
elements of the entire product life cycle
proposes that design for sustainability has to be a team approach
defines the novel management strategy of Total Design Control

e

identifies that the design process is key to guiding the management and control of the
entire life cycle.

builds management strategies around the classic design approach.

applies sustainability audits at appropriate points during the design process.

defines the TDCMS within a management structure

outlines the TDCMS design team composition

integrates TDCMS with environmental standards (1SO014001)

© ®©® N o U

Chapter 7: Sustainability Enhancement Program (SEP) (an executive level sustainability management
programme)
1. introduces an executive management strategy, Sustainability Enhancement Program
(SEP)
2. operates as a top tier management strategy integrating with TDCMS and SCM
integrates SEP with ISO14044, Environmental Management and ISO 60300,
Dependability Management and RCM.
4. defines the whole management system from SEP through TDCMS to SCM and links the
whole strategy to Phase 1 and Phase 2 Life-Cycle

The general aim of this research is to create a means of measuring sustainability within new products.
Current thinking has been considered and revised to include new elements to the life cycle analysis
model. It was also observed that much of the data currently collected, even at a detail/product level, is
aimed at higher levels for decision-making purposes.
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The focus of this research is to provide precise data in the form of Embodied Energy which can be
used as a precise indicator of the value of sustainability within a product. The data can be used by the

product creation team or for higher level decision making

The creation of a sustainability assessment tool has been attempted previously, but in this research
there are several aspects which are novel introductions. The literature review created an overview
picture of the practical realities and difficulties of sustainability with imprecise attempts to quantify or
value the level of sustainability in a product. This research is therefore initially focused on creating an
engineering design based sustainability model which leads to the proposal of a measurement system

capable of creating a value for the "amount” of sustainability embodied in a product.

Research emphasis is also focused on creating a practical approach by which engineering designers
can apply the principles of sustainability. This resulted in the concept of "Total Design Control" which
takes its lead from the fact that the design function is the only element in the entire product creation

process that can overview the six elements of a product lifespan.

The generalised framework upon which project will be based is shown in figure 2.6 and listed as

follows:

X Measurement Device (Embodied Energy, joules)
x Life Cycle Analysis (detailed analysis and measurement)
X ISO Standards (guidelines for managing sustainability data and systems)

X Triple Bottom Line (contextual overview)

The literature review revealed that there is a great deal of work being undertaken in the many fields of
sustainability. The review also revealed that there are some areas and topics where there is scope for

further detailed work and it is precisely these topics which are addressed by this research project.
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CHAPTER 3
REVIEW OF ENVIRONMENTAL CERTIFICATION
AND ENVIRONMENTAL ST ANDARDS

3.0 Environmental Certification and En  vironmental Standards

In order to commercially benefit from a shift to sustainability in engineered products, designers and
manufacturers need to be able to show the market that their products incorporate principles of
sustainability and to demonstrate those benefits. Though the design/manufacture operation may wish
to apply sustainability for altruistic reasons, they still have to survive in the hard commercial world

where money is the operational currency.

Companies often wish to advertise their environmental performance, but there is staggering number
of methods, standards and labels promoted by governments, private consultancies and lobby groups.

This multiplicity leads to extra costs for the company and a great deal of customer confusion.

Much of the early research and sustainability labelling involved the food industry with labels such as
Fair Trade, Rainforest Alliance, and Organic. An early leader in the sustainability movement in Europe
was Der Grune Punkt . Although this group focused on recycling but, as pointed out in earlier
chapters, recycling is only part of the story. There is still value in these labels which consider discrete
elements of the product life cycle, but this kind of isolated approach does not allow itself to be applied
to a broad spectrum of products. Furthermore, the design engineer is tasked to encapsulate the whole

life cycle.

It is also true that the application of sustainability to a product is met by the market with some
scepticism, disinterest and ignorance. Research carried out by The Hartman Group [3.4] indicates
that consumers do not place a high value on sustainability when selecting products; indeed it seems

that many in the sample populations did not have a clear concept of sustainability.

Delmas et al [3.5] suggested that the increasing number of eco-labels could lead to information
overload, consumer confusion, and scepticism. To give credence to this claim they related that there

were more than six coffee eco-labels, presenting confusing choices to the public.

Their conclusion was that an effective labelling/guidance system must fulfil a number of basic criteria:
X increasing consumer awareness
X increasing consumer confidence in the eco-pedigree of a product

X increasing consumer willingness to pay a higher price

These three elements along with their underlying detail can be seen in figure 3.1. Producers tend to
align themselves with one or more of the recognised labels but there is a risk in that the label chosen

may not be accepted or desired by the market.
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Most developed countries possess various standards and labels, some of which are quite specific
relating to a particular industry. Some have been devised by lobbyists while others are provided by
governments. For instance some labels deal with energy whilst others deal with product performance
whilst others may deal with carbon impact. Most are useful, but being specific they only cover a small

element of the environmental argument. There follows a short review of some of the major eco-labels.
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Figure 3.1: Th e Basic Requirements for Eco -Labelling

3.1 Standards and Labels Review

Eco-labelling can be viewed as an attempt by commercial organisations and lobbyists to create some
sort of sustainability standard. These parameters equally apply to government organisations and
standards institutes whose influence not only affects to the engineering community but many

organizations worldwide.

The management of sustainability and its implementation cannot stand alone. There needs to be
some form of platform on which to base the sustainability focus. If products are to be created by the
design team using the entire life cycle and the Triple Bottom Line (3BL) as criteria, they need to have
a framework within which to work. Such a framework needs to provide efficient application and be
recognisable to consumers. Several leading eco-labels and standards have reviewed so that one or

more may be combined to form a platform for the proposed management of sustainability.

3.1.1 Carbon Neutral
This label was developed by the Carbon Neutral Company [3.7] in 1998 aimed at measuring the
carbon output of various organisations. Greenhouse gas emissions were monitored along with

certification on the basis of verifiable evidence of reducing carbon emissions.
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3.1.2 The Energy Star Labe |
The Energy Star Program was set up by the US Department of Energy in conjunction with the US
Environmental Protection Agency in 2000. The scheme partners the European Union with the

European Commission administering the program. Bateman [3.8].

The system examines energy levels across thousands of products for home and office including
domestic appliances, computer monitors and printers. Being backed by both the US and European
administrations, many companies have chosen to use this label. Unfortunately a large proportion of
the buying public tend to look at the cost of appliances rather than energy efficiencies. Ward et al [3.9]

3.1.3 The Blue Angel (Blauer Engel)
Blue Angel is a German certification and is a well-known eco-label worldwide. RAL [3.10]. It promotes
environmental and consumer protection and, since it is owned and run by the Deutsch Federal
Ministry, possesses a great deal of consumer confidence. The labelling agency concentrates its
efforts on ensuring the environmental quality in goods or services in the following for areas

X health

X climate

X water

X resources
The label has been very successful in the home market of Germany where they claim 76% brand

awareness and that 39% of buyers are influenced by the label.

3.1.4 The EU Eco-Label
This is a European wide standard and is administered by "competent bodies" in each European
country. EU Ecolabel [3.11]. It boasts that its products are less damaging to the environment and
must meet a set of published environmental criteria. Perhaps the most distinguishing characteristic of
this label is that it covers the whole life of a product including:

X extraction

X manufacturing, packaging and distribution

X use by the consumer

x end of life disposal
Although this is a European wide standard, owned by the European Community, Delmas [3.5]

suggests that the label does not have depth in the market.

3.1.5 The Carbon Reduction Label

This label is owned and was set up by the Carbon Trust in 2007 which later became The Carbon
Trust Foot printing Company to reflect its broadened aspect. A product or service branding this label
indicates to the consumer that carbon footprint has been measured and that there is a commitment to
reduce the carbon footprint further with newer product iterations. Analysis is based on a whole life
cycle and uses British Standards PAS 2050 [3.12] as its base model.
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3.1.6 The Energy Saving Trust Recommended
This is based in the UK market and is a "best in class" product certification and labelling scheme and
is run "not for profit" by the Energy Saving Trust [3.13]. It is intended that manufacturers, suppliers
and retailers can participate to help their customers identify the lowest energy products. The product
categories range across several sectors including:

1. appliances
consumer electronics
IT goods
lighting

heating

S T

installation

7. glazing
Under the trust's recommendations, only products that meet strict criteria can gain products
certification. For instance only A+ refrigerator specifications will receive the label. The certification
process is very searching and detailed. Certification criteria cover planning, consultation and peer

reviewing before implementation.

3.1.7 British and 1SO Standards 14000 Series

The British and ISO Standards are discussed in more detail below but essentially build on the very
successful ISO9000 system that quantifies and audits procedures in quality management. ISO14000
series [3.1, 3.2, 3.3, 3.15] were derived principally to apply and manage environmental protection.
They cover the whole life cycle of products and services and use energy as the metric. Of all the
standards and eco-labels reviewed the 1ISO14000 series of standards offer the industrial designer the

best opportunity of applying and managing sustainable products throughout their life cycle.

3.2 Greenwashing

Greenwashing is a term coined by several watchdog groups where they point out that, although some
companies are "genuinely committed to making the world a better place", other some are cynically
using the environmental slogan "green" to dupe the consumer into thinking their product is eco-

friendly. This is a particular hobbyhorse of Greenpeace [3.14] on their greenwashing website.

Terrachoice [3.15] is another prominent watchdog in the United States. In their report in 2010 they
noted that even though many companies practised reviewing their own products or perhaps use
external agencies, an alarming 95% of companies committed one or more sins of greenwashing.
Terrachoice listed the most flagrant types of greenwashing as:

X hidden trade-off-using a narrow set of criteria to claim sustainability

X no proof-claims which cannot be easily substantiated

X vagueness-generic claims are made with no real basis or substantiation

x irrelevance-where the claim is true but is not relevant

x lesser of two evils-claims that product is less polluting than another in a similar class such as

using petrol rather than diesel.

e —
Sustainability and its Incorporation into the Mechanical Engineering Design Process by Anthony David Johnson,

School of Computing and Engineering, University of Huddersfield, United Kingdom, 2014 90



x fibbing-claims are made in the full knowledge that they are untrue

x false label worship-claims of third-party endorsement which are untrue
Though a little simplistic in definition, it seems that a company with poor sustainability performance
EXW SURPRWHY LWVHOI ZLWK SRVLWLYH PHGLD FRPPXQLFDWLRQ LV DF
seems to be applicable to sustainability labelling and public relations.

3.3 Eco-Label Reviews and Conclusions

On reviewing eco-labels there seems to be a stated goal of reducing energy or carbon but efforts only

WDUJHW D PLQRU HOHPHQW RI WKH SURGXFWY{V OLIH 7KHUH LV D PXOW
to overload the consumer with choices to an extent where many consumers will ignore the eco-label

and purchase the lowest-cost product. Adding to the confusion are the, sometimes outrageous false

claims leading to greenwashing. Most of the reviewed labels are limited in their approach and do not

address the three basics of the Triple Bottom Line (3BL)

0 profit,
o improvement of the human condition and

o reduction of environmental impact.

Without adherence to and having the perspective of the 3BL there is little opportunity to promote
sustainable improvements through technological change. Only the design function can achieve

sustainability through this avenue. .

The most far-reaching standard that covers the elements of the 3BL are the British and 1SO14000
Standards. These are comprehensive and detailed and cover not only overview management but also
discreet application management. The Standards suggest methodology for auditing systems and
recording data. Their aim is to provide a substantial platform on which to base management overview
systems and application systems within a sustainability programme. In doing so they take into
consideration that in order to implement such a sustainability programme, the company needs to
make a profit and create products that will entice the consumer to purchase. The need for flexibility in
this regard nurtures the company into naturally considering and enhancing the 3BL. The standards

are discussed in detail below in the next section.
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3.4 1SO14000 Series Standards

As of 2003, 146 countries belonged to The International Standards Organisation (ISO), which was
founded in 1946 to develop international industrial standards. The American National Standards
Institute (http://www.ansi.org/) represents the United States in ISO. In the UK, representation is from
The British Standards Institute and in Germany representation is by DIN or Deutsches Institut fur

Normung.

Many companies may be familiar with 1ISO through its 9000 series, which offers quality management
standards for manufacturing processes, customer relations, and employee relations. ISO14000 series
was introduced in the late 1990s, with modifications in 2004, 2006, 2009 and 2014 and specifies

environmental management for an organization.

Some of the 1ISO14000 series programs, such as 1SO14001, allow certified companies to carry the
ISO label for their products and services. ISO14001 can be divided into three management stages:

1) Planning requirements

2) Implementation and operation requirements

3) Checking and corrective action requirements

Some standards cover the organization and some cover the product. In order to gain ISO certification,

your company, product or service has to be accredited by an ISO-certified auditor.

The standards in this range provide a platform for environmental management systems but also for
implementation of practical environmental applications. There are 4 standards 1ISO14001-2004 [3.1],
1ISO14001-2014 [3.2], 1SO14040-2006 [3.3], and 1SO14044-2009 [3.15]. ISO14001-2004 is still valid
but is due to be superseded by ISO14001-2014 in October 2014

3.4.11S014001: 2004 Environmental Management Systems Requirements

This standard sets out requirements for managing environmental systems and implementing a
sustainability management program. The scope of the standard provides an organisation with the
structure to establish, implement, maintain and improve an environmental management system.
Furthermore, the adherence to the standard gives conformity to the environmental management
approach by clarifying the organisation's self-determination and in turn achieving credibility from
consumers and external bodies alike. Eventually the standard suggests the organisation should seek

certification and registration of its environmental management system.

The use of ISO14000 series standards as a framework was advocated by several researchers.

Mohannad [3.18], created a Product Sustainability Index (PRODSI). The index used various metrics

and was used to influence higher level decisions being broad in its approach but nevertheless was

XVHIXO LQ XVH RI VWDQGDUGY 3RSH > @ LQYHVWLIJDWHG VWUDWHJL|
Environmental Assessment" and "Environmental Impact Assessment” but suggested that the use of

ISO standards as a framework would be useful and logistically efficient. Skerlos et al [3.20] also
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advocated the use of standards as he developed six points for the implementation of a sustainability

assessment system and suggested standards would provide a suitable framework.

3.4.2 An Environmental Management System Requirements
Much of the responsibility for implementing an environmental management policy is given to the
management team of the organisation which is responsible for applying, maintaining and auditing

such a policy.

The standard sets out elements which must be installed in such an environmental management
policy. Some of the major items are listed as follows:

X planning

X implementation and operation

X communication

X documentation

X operational control

X monitoring and measurement

X internal audit
These are merely a few of the complexities explained within the standard, but matches the objectives

and requirements of the sustainable development management system as discussed in Chapter 6.

The requirements follow a fairly logical procedure where planning is the first element to take place
before implementation and operation of the system can begin. There needs to be communication

between entities and of course the usual documentation of performance parameters.

Elements which are just as important relate to the control of the management system: control of
documents, operational control and being in control of emergencies which includes some form of

preparedness and planned response.

There is also required a detailed level of monitoring and measurement where evaluation of
compliance takes place and, in the case of nonconformity, corrective action can be implemented. The
control of records is necessary for an internal audit system which can then be monitored by the

management team.

Annex A of the standard goes into great detail explaining how and why the suggested elements can

be achieved.

The authors of the Standard 1ISO14001 have linked many aspects to ISO9001 which is a standard
related to quality assurance and management techniques. In Annex B of ISO14001 there is a table of
comparative elements elegantly showing that companies that have adopted ISO9001 have already

achieved quality management structures which are synonymous with ISO14001. Annex B clearly
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shows that there is a great deal of equivalence in terms of process approach, scope and quality
management systems, quality policies, management commitment, responsibility, authority and many,
many more.

3.4.31S014001: 2014 Environmental Management Systems R equirements
This new standard released in October 2014 replaces the previous 1ISO14001-2004.

As environmental awareness evolves and new challenges become established then standards need
to evolve to meet those new challenges. This new 1SO14001 Standard has been modified to meet
new environmental challenges and it also includes revisions which conform to new ISO management
standards requirements. These revisions now include a high-level management structure even though
the core text is very close to the 2004 version. The new Standard suggests that these changes have

been made to benefit users implementing multiple ISO management standards.

One major change is that there is now a feedback loop from performance and evaluation back to the
planning stage. This means that planning is not static but dynamic and can be improved. See figure
3.2. This has an iteration effect throughout all the management elements and mirrors very closely the
Total Design Control Management Strategy (TDCMS)

In Chapter 6 the TDCMS is put forward as a relevant operational management scheme to assist in the
sustainable creation of products. In the TDCMS methodology, in order for products to be improved
there has to be feedback from throughout the life cycle of the product. The new ISO reflects this need
in its management systems which, it suggests; require upgrading when new inputs emerge and when
new output requirements are necessary.

Feedback to the design function has always been necessary so that new design iterations could take

place. The TDCMS incorporated information feedback and could not operate without such data.

Previous standards have omitted the information feedback loop, but the new 1SO014001-2014 with its
incorporation of feedback information shows itself to be a suitable platform on which to base the
TDCMS.
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Figure 3.2: Environmental Management System Model for ISO14001  -2014
[reproduced from 3.2]

3.4.41S014040: 2006 Environmental Management 2 Life cycle assessment 2 Principles and
framework [3.3]
This Standard provides an overview and a framework to cover the aims and scope of an
environmental management policy. With the increased awareness of the importance of environmental
protection, the Standard relates a management policy to possible impacts associated with products.
Within such an environmental management policy the Standard considers the use and technique of a
Life Cycle Assessment (LCA).

The Standard suggests that by using LCA several advantages can be gained:
X identification of opportunities to improve environmental performance of products at various
points in their life cycle
x informing decision makers in industry, government or non-governmental organisations
(NGO's). This can help with strategic planning, priorities, product design and process design,
etc.
X selecting relevant indicators for environmental performance

x marketing including implementing an eco-labelling scheme, making claims, etc.

The management policy should have 4 components:
X the goal and scope definition,
X inventory analysis,
X impact assessment

X interpretation.
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These 4 elements are very useful as a management overview to ensure that the environmental
protection is properly targeted. They can, of course, be subdivided into detailed elements which

effectively cover the scope of the Standard.

The Standard suggests that its scope covers Life Cycle Assessment (LCA) and Life Cycle Inventory
(LCI). The Standard also quite specifically states that it does not deal with specific methodologies nor

describe the aid technique in detail. This is covered in other standards.
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Figure 3.3: key Features of an LCA, Extracted from 1ISO14040 -2006 [3.3]

3.4.51S014044: 2009 Environmental Management 2 Life Cycle Assessment 2 Requirements
and Guidelines [3.15]

It can be seen from the review of ISO14040 diagrammed above that it provides a framework to
manage the environmental aspects of the life cycle of a product. The essence of the Standard is that

it informs the implementing agency of what actions needs to be taken.

1ISO14044 should be used in conjunction with 1ISO14040. 1ISO14044 compliments 1SO14040 by
providing detail on "how" LCA environmental policy can be achieved. Early paragraphs provide the
same overview and approach as 1SO14040 but this Standard goes on to specify further detail such as

applying a system boundary.
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The system boundary determines which unit processes should be included within the LCA and
explains that consistency with the goal is necessary and the criteria used should be identified and

explained.

The elements included within the boundary may comprise mass, energy, and some form of
environmental significance. The standard is quite flexible allowing institutions to select their own
measurement criteria such as carbon dioxide, sulphur oxides, etc. Significantly the standard also
suggests that energy input (Embodied Energy) may also be a major measurement device. The

standard also defines data quality and data presentation methods.

3.4.5.1 Life Cycle Inventory Analysis (LCI) [3.16]
The initial plan for conducting the life cycle inventory of an LCA is defined within the goals and scope
of the study. The inventory however should be performed using specified operational steps as

explained in figure 3.4.
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Figure 3.4: Operational Steps of a Life Cycle Inventory Analysis
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Both qualitative and quantitative data may be used but must be specific to quantify but must be
usable in quantifying the inputs and outputs of the selected measurement devices. The data

collection, manipulation, and presentation could follow the following guidelines:

x draw process flow diagrams that outline the various processes to be modelled including their
interrelationships

x describe each process in detail especially with reference to factors which might influence
input and output of data

X require a list of the data flows into and out of the boundary for each process.

x describe the data collection and calculation techniques for any data received

X provide instructions to document clearly irregularities to expected data

Major headings are specified within the Standard to aid classification of data inputs. These may
include:

X energy inputs, raw material, ancillary inputs and various physical

X products, co-products and waste

X releases to the air, water and soll

X various sundry environmental aspects

x validation of data

X relating data to unit processes and functional units

x refining the system boundary

After the raw data has been collected it requires manipulating and presenting in a meaningful fashion.
The standard applies mandatory processes such as:

X selection of impact categories

X categorization of indicators

X characterisation models

x assignment of LCI results to the selected impact categories (classification)

x calculation of category indicator results (characterisation)

For each impact category the necessary components for the LCI analysis include:
X identification of the category boundary
x definition of the category indicators
X identification of appropriate LCI results that can be assigned to an impact category

X identification of characterisation models and appropriate characterisation factors
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The standard suggests the refinement of data after collection. Refinement may include several
standard processes which are normally applied to data manipulation which may include:

X statistical analysis

X normalising

X grouping

X weighting

X data quality analysis

There may be other background analyses performed such as:
X gravity analysis
X uncertainty analysis

X sensitivity analysis

These elements consider how the data has been collected, its relevance and its correctness.

3.4.5.2 Life Cycle Interpretation

Perhaps one of the most important issues emanating from an LCI study is that of identification of
significant issues. Once identified, these issues can be evaluated and be submitted to sensitivity and
consistency checks. Of course no study or analysis of data would be complete without conclusions
and recommendations.

The results of the Life Cycle Interpretation element will then allow various certificates and labels to be
applied. Labels such as "Energy Saving Trust Recommended" may be applied to a product to cover
much of its life cycle whilst a "Sustainability Certificate Value" may actually be an Embodied Energy
value issued with a product as it leaves the factory. There may also be a Sustainable Life Value (SLV)
as proposed with this research where the actual Embodied Energy value is applied as the component
leaves the manufactory but should include projected values for usage, maintenance and end of life
disposal.

3.5 BS EN ISO60300 3 11: 2009 Dependability Management: An application guide to Reliability
Centred Maintenance (RCM)

3.5.1 Scope
The Standard provides guidelines for the development of failure management policies using Reliability
Centred Maintenance (RCM) techniques.

The RCM method can be generally extended to systems which are comprised of equipment and
structure such as vehicles, ships, etc., but can also be extended to service systems. Each system is
treated as a "living entity" which can then be broken down into its relative sub-systems, sub-sub-

systems, etc.
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3.5.2 The RCM Process

The whole RCM process can be subdivided into five major elements as follows:

task selection

RCM initiation and planning

functional failure analysis

implementation

iteration and improvement

Figure 3.5 shows the overall RCM process and the comprehensive program that RCM provides in

terms of analysis process and also preliminary and follow-on activities. These are necessary to

ensure that the RCM efforts achieve desired results.

1. INITIATION AND PLANNING

a) Determine the boundaries and objectives
of the analysis

b) Determine the content of the analysis

c) Ildentify the specialist knowledge and experience
available, responsibilities, the need for outside
expertise and any training requirements

d) Develop operating context for the item(s)

OUTPUTS

Analysis plan and
operating context

v

2. FUNCTIONAL FAILURE ANALYSIS
a) Collect and analyse any field data
and available test data
b) Perform functional partitioning
c) Identify functions, functional failures,
failure modes, effects and criticality

L1

FMEA/FMECA

!

3. TASK SELECTION
a) Evaluate failure consequences
b) Select the most appropriate and effective failure
management policy
c) Determine task interval, if appropriate

L

Maintenance
tasks

1

v

4. IMPLEMENTATION
a) Identify maintenance task details
b) Prioritize and implement other actions
c) Rationalize task intervals
d) Initial age exploration

Maintenance
# programme

L7

5. CONTINUOUS IMPROVEMENT
a) Monitor maintenance effectiveness
b) Monitor against safety, operational and
economic targets
c) Perform age exploration

' Field data

IEC 913/08

Figure 3.5: Overview of the RCM Process [3.17]

3.5.3 Objectives of the RCM Process

An efficient maintenance program requires the setting objectives. The objectives of an effective RCM

program are listed as follows:

X

its operating parameters

to maintain the function of an item at the required dependability and performance level within
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X to obtain the information necessary for design improvement or to isolate those items whose
reliability proved to be inadequate.

X To accomplish these goals at a minimum Life Cycle Cost (LCC) to include maintenance costs
and residual failure costs.

X To obtain information necessary for on-going maintenance programs which, through revisions

improves on the initial program

The Standard recognises that service programs cannot correct design deficiencies and can only
minimise deterioration from its original design levels. This recognition is quite meaningful as it shows
that the RCM method concentrates on maintenance rather than design improvement, even though

improvement is clearly one of the objectives listed above.

The Standard suggests that the implementation of RCM improves maintenance effectiveness and
provides a mechanism for managing maintenance with a high degree of control. Potential benefits are
summarised as follows:

1. system dependability can be increased

overall costs can be reduced

a fully documented audit trail is produced

processes are put in place to review and revise failure management policies

a M D

a management tool is provided which gives control and direction to the managers

The general RCM is aimed at improving dependability and reliability. A further goal is that of reducing
maintenance costs. The priority here is to improve maintenance procedures, efficiency of
maintenance, improve safety, and improve reliability. These are standard business objectives but

when incorporated within the TDCMS program these extra benefits are added:

6. increased longevity improves the Sustainability Life Value (SLV)

7. increased longevity reduces overall Embodied Energy

8. adherence to an Embodied Energy Reduction program encompasses energy expenditure hitherto
not considered e.g. the use of smart factories, local sourcing, etc.

9. monetary costs can lowered by avoiding the purchase of new equipment

The Standard gives a great deal of detail in what is required to achieve an efficient maintenance
program as well as how this should be applied and documented. The Standard explains how general
maintenance can be split into preventative maintenance and corrective maintenance as shown in
figure 3.6. These elements, how they may be applied and how they may be documented are then

explained in detail.
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Figure 3.6: Types of Maintenance Task [3.17]

3.5.4 RCM Initiation and Planning

The Standard considers many aspects of the management of a maintenance programme and details
planning methods including establishing maintenance tasks, identifying opportunities for design
improvement, evaluating ineffective maintenance tasks and identifying dependability improvements.
These elements will create a great deal of data and there is provision for data manipulation and

recording.

3.5.5 Justification a nd Prioritisation

It is significant in section 3.2 The Standard suggests that RCM should only be implemented when
there is confidence that it can be cost effective or when commercial considerations are overridden by
other critical objectives such as safety requirements. Nevertheless the consideration of any

commercial or critical objectives should cover the entire life cycle of the item product or system.

In order to maintain business goals, a list of priorities should be made and could include elements
such as:

X maintenance efficiency

X dependability improvement

x design/operational change

These priorities will depend on the organisation's business objectives.

3.6 Sustainability Centred Maintenance (SCM)

RCM is a formal maintenance of the news by institutions on large projects such as ships, aircraft and

vehicles, discussed by Allen [3.21], Steven [3.22] and Kerley [3.23] in their publications. Maintenance
is often planned using an internal company system or using a maintenance programme attached to a
particular product. The maintenance profile of a passenger vehicle is an excellent example of an

individual maintenance programme. Sustainability centred maintenance is proposed in chapter 5 as a
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complementary programme that runs alongside normal maintenance and refurbishment programs.
The normal maintenance programme will continue as planned but the information that can be gained
during the process of maintenance/refurbishment is valuable for feedback to the TDCMS and also to

log the status of used, reuse and recycle components.

3.7 Conclusions

3.7.1 Conclusions Relating to ISO14000 Series

Several prominent labels and standards have been examined to evaluate their potential for
platforming the management strategies proposed such as TDCMS In Chapter 6 and later the

"Sustainability Enhancement Program" (SEP) in Chapter 7.

In analysing the aims and requirements of these labelling and standards systems it became clear that
no single eco-label was broad enough to overview the whole Embodied Energy Reduction (EER)
process. Furthermore it became clear that since the EER process was aimed generally at all created
manufactured products, many single eco-labels were too tightly defined even though some eco-labels
possessed a fundamental management and coordination tool. It was further discovered that although
rules within eco-labels specify certain behaviour one of their main uses in the sustainability argument

is education of third parties, such as consumers, governments and NGO's.

When implementing a Sustainability Enhancement Programme or an EER program the structure is
largely internal so that systems and procedures can be set-up, monitored, audited, etc. within the
company structure. The end result is that various eco-labels can then be applied to the product to

highlight specific elements.

In order to provide the platform for an internal corporate structure, the incorporation of 1ISO14000
series Standards is very suitable, thereby providing the structure, management and auditing
methodology required of such a management system. In particular the ISO14001 Standards are
particularly useful for implementing management systems in detail at an applications level. Within
these Standards there is the strategic explanation, details and suggested methods to implement a

detailed environmental management system which is practical and "hands-on".

1ISO14040 and 1SO14044 provide the backdrop for a higher level management system based on Life
Cycle Analysis (LCA). 1ISO14040 outlines "what" should be done and 1ISO14044 explains in detail
KRZ" LPSOHPHQWDWLRQ VKRXOG EH DFFRPSOLVKHG ZLWK D FRPSOHWH

reporting techniques.

The approach taken by 1SO014040 and 1ISO14044 applies an overview approach which controls the
detailed management using an LCA technique. In Chapter 7 the concept of a "Sustainability
Enhancement Program" (SEP) has been introduced which effectively provides an umbrella
management system using LCA techniques and which governs the TDCMS which is concerned with

implementation and the detail of creating sustainable products.
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Both 1ISO14040 , ISO14044 along with SEP strive for the same goals using similar techniques. It is
therefore appropriate to use the 1ISO14044 Standard as a platform for SEP. It can be seen from figure
3.7 that elements included in the SEP program are very close to those elements required by the ISO
standards in general.

Figure 3.7: Sustainability Enhancement Program Main Elements (SEP)

3.7.2 Conclusions Relating to BS EN 60300 (RCM)

The RCM process is useful in that it is a well-established maintenance programme would be very
suitable to run alongside the TDCMS model. The general aim of the Standard is to apply a
management and practical application system that minimises deterioration of equipment. The thrust of
this is to maintain reliability but actually includes the sustainable goal of prolonging the life of the
equipment. Previous chapters suggest that increased longevity of components and products means
that production of new components is avoided which means that expenditure of Energy of Primary
Source (EPS) is also avoided. Chapter 5 and Chapter 7 proposes Sustainability Centred Maintenance
(SCM) programme which complements RCM by providing a means of extracting sustainability data
and feeding that data back to the TDCMS.

Within the Standard there are several references to feedback to the design function and whilst there is
a great deal of detail relating to what to maintain, how to maintain and how to document maintenance
there is very little instruction in relating to methods of feedback to the design function. The SCM
program will therefore provide this extra function. In this way the Standard, through its various
references, and the complementary inclusion of SCM will provide information so that the design

function can reiterate and improve on current designs after receiving feedback information.

The general RCM is aimed at improving dependability and reliability. A further goal is that of reducing
maintenance costs. When combined with SCM and related to the TDCMS program several extra
benefits can be added, as listed in section 3.5.3, such as: increased longevity, improved SLV,

reduction of Embodied Energy, reduction of costs, etc.
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CHAPTER 4
DESIGN FOR SUSTAINAB ILITY

4.0 Total Design Control Overview

The role of the engineering designer becomes more and more complex with every passing year. The
designer or design function has to be creative, produce a conceptual product which has to fulfil the
market needs, design it in such detail that it can be manufactured and whilst all this is taking place the
designer has to consider how to keep the cost of the product low. Now it is necessary to add design
for sustainability (DfS) to the portfolio. This is a view put forward by Spangenburg [4.17] who
expounds that "design for sustainability should play an important role in the sustainable production
and consumption of products" and further opines that "thus far DfS has made few inroads into the
design profession”. Spangenburg [4.17] also made two major points, "without the contribution of
design, the full potential of sustainable production and consumption, and the sustainability cannot be
realised". The second point was that "only with a sustainability perspective can the full potential of

design be released".

Environmental demands mean it is no longer possible to design and manufacture in the traditional
sense. Design now has to become the lead function and take Total Control of the entire life of a
product from sourcing materials to prescribing methods of how to dispose of the product at the end of
its life. The design function is the only function that overviews the entire life of the product. Luttrop et
al [2.18] promotes Ten Golden rules of sustainable design which in essence cover the entire life cycle
of a product. These are general guidelines and a useful for enabling explicit eco-design
implementation and the product creation stage. Chapas [4.19] takes a broader view. He suggests that
research and development (R&D) is intimately involved in ensuring environmental societal and
economic performance and suggests that a formalised design procedure is not only necessary for
creating functionally and sustainably efficient products but also is required for certification bodies such
as Energy Star.

4.1 Traditional Approaches
There has always been a drive to reduce the creation costs of products and is a primary objective for

designers and manufacturers alike. A quote from an anonymous industrialist defines the problem:

"Everything costs money"

Recent years have seen a growing emphasis on providing products which are environmentally
friendly (sustainable). It is a fact that many businessmen, designers and manufacturers consider this
an expensive enterprise but in reality the design and manufacture to sustainable values and

requirements often leads to lower cost production.
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4.2 The Sustainability Umbrella Model

The traditional goal of designing to cost has now been joined by the need to design and manufacture
for sustainability. The above quote can be expanded into:

"Everything costs money and everything has an environmental impact”

All new products therefore need to be developed for low cost and high sustainability which often go
hand-in-hand. It can be argued that products designed with sustainability as a primary objective are

designed under an umbrella of sustainability which covers all other facets of the design process.

Consider the sustainable whole-life model proposed in figure 4.1

SLV . SSV
s

[SUV

. SMaVv
o

Figure 4.1: Susta inable Life Cycle Model [4.5]
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4.3 Total Design Control

The entire life model shown in figure 4.1 takes the standard LCA model and adds some novel
elements. SDeV is the sustainable design value and is derived by assessing the energy used by the
design team during the creation of the product. SMaV is the energy required during maintenance and
refurbishment and accounts for the energy input to the product to bring it to a serviceable condition.
This element not only accounts for energy input but also for harvested energy. When a product is
maintained and returned to service the act of maintenance avoids the procurement of a new product
and therefore avoids the incumbent "Energy of Primary Source" (EPS). Since this energy is saved it

can be considered as bonus energy and be used to help offset the applied energy of the original
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product. End of life potential (EoL) has been used by Ashby [4.11] and accrues the energy saved by
recycling materials. For instance: recycling aluminium takes only 5% of the original EPS. EoL
considers this as an energy saving. Sustainable Giveback Value (SGBV) is an enhancement of this
process and accrues any energy that is harvested or generated by the product. For instance, energy
can be harvested from the maintenance process after which the product is returned to service thus
avoiding the procurement of new products and saving the new product energy. Energy can be
generated by products such as a photovoltaic panel. This also can be added to the SGBV in order to
offset the positive energy values against the input or negative energy values. SGBYV therefore is an
energy accounting device.

Any manufactured product will consume a certain amount of energy in its manufacture and this could
be derived from several sources. The energy could have been derived from fossil fuels which can be
considered as "synthetic energy" and will possess a "carbon footprint". Increasingly the energy used
in the creation of a product will be derived from a renewable source such as hydroelectric or perhaps
wind or solar energy. This then can be considered as "natural energy".

Energy is required whenever a process is applied to a material. A finished product has had expended
on it certain amount of energy which is normally considered to be "Embodied Energy" Ashby [4.14].
This value of energy is a combination of synthetic energy and natural energy. The Embodied Energy
Diagram in figure 4.2 indicates the likely proportions of synthetic versus natural energy within the
Embodied Energy of a product. Eurostat [4.1], AEG[4.2].

Conservative estimates from Eurostat [4.1] put natural energy generation in 2012 at 22% worldwide
which will grow to 40% in 2050 according to AEG [4.2]. Desmog [4.6] suggests the possibility of an
ambitious 95% worldwide natural energy generation by 2050 and suggests that the technology exists
but the current will is lacking. Some countries are more focused than others with grants and tax
incentives for renewable power installations. These installations will gradually reduce in cost Eurostat

[4.1] making renewable power installations much more attractive.

EMBODIED ENERGY Year 2012 Year 2050 Year 2050
Synthetic 78% 60% 5%
Natural 22% 40% 95%

Eurostat [4.1] AEG [4.2] Desmog [4.6]

Figure 4.2: Alternative Energy Proportions

It is important that the Embodied Energy value is quantifiable. Since every aspect of the design and
manufacture of a product demands that energy is applied it seems that a value of energy per process

is an appropriate measurement value. This complicated process has been much simplified by Granta
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Design Ltd of Cambridge, UK who has created a sophisticated design tool which calculates the

Embodied Energy at various stages of a products development. Granta [4.3]

It can be seen from the sustainable life cycle model in figure 4.1 that the overall design of a product

requires whole life consideration. Furthermore the designer must not design in isolation. The designer

or design team has to be in control of all aspects of the design from sourcing, design instigation

through to manufacture, eventual disposal and, in some cases, marketing. This is TOTAL DESIGN

CONTROL and is a view that was put forward by Chapas [4.19] where he suggested a

multidisciplinary team to ensure compliance with regulatory and environmental systems. He went on

further to suggest that this influence by the design team should encompass the entire life cycle.

Though Luttrop et al [4.18] does not state the requirement for total desiJQ FRQWURO VSHFLILFDOO\ \
*ROGHQ UXOHV™ SXW IRUZDUG LPSO\ WKDW WKH GHVLJQ IXQFWLRQ VKR.

4.4 A New Design Approach (The Umbrella of Sustainable Design)

Any product which is brought to market has had energy applied to it in the form manufacturing and
other processing activities. This then gives the product a value of "Embodied Energy". If the value of
Embodied Energy could be reduced then so would the cost of processing. A reduction in Embodied
Energy is also a major goal of "Design for Sustainability” and is therefore symbiotic with a desire to

create products at a low cost.

The design and manufacture process should now involve:

x design for low-cost product creation, and

X design for sustainable product creation

Products designed and created with sustainability as the primary objective can be generated under
the umbrella model of sustainability which encompasses all the facets of design and manufacture.
Design Objectives Model below in figure 4.3. The elements shown in figure 4.3 are endorsed to some
extent by Skerlos [4.20] who put forward six points which relate the benefits of design influence on the
sustainability value of a product. Skerlos expanded the design function into market values and
developing market conscious policies. Luttrop et al [4.18] expounded the values of design on the

entire life cycle. His work supports the elements of the design objectives model.
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4.4.1 Design Implementation

Applied sustainable design techniques can create an efficient sustainable product. It is put forward
that the use of Embodied Energy is an appropriate metric for assessing the sustainability value
throughout the life cycle of a product and has previously been championed by several researchers
including Ashby [4.11] , Skerlos [4.20]and Granta [4.3]. Logic suggests that if energy is being saved
then costs are also being reduced. Since cost reduction is a major goal of any design work many of
the Embodied Energy reduction techniques are already in place. It is suggested that the mind-set of
the designer is modified from that of cost saving to that of Embodied Energy reduction so that new
techniques and new approaches can be embedded in the design process. For instance rather than
select materials that need to be transported long distances, the designer may choose to select local
suppliers thus reducing the expended energy potential. Furthermore this designer considers energy
harvesting and he may endeavour to include energy generation devices within the design. For
instance a modest solar panel incorporated into every vehicle would generate energy during the
lifetime of use. The following sections review design methodologies that can help to reduce the
Embodied Energy input.

Consider the sustainable life cycle Model shown in figure 4.1. This can be used as a guide to show

the elements which the designer needs to consider and which are set out in the Sustainable extent by

Transport, source certification, recycled
Sustainable Sourcing 2 . :
materials

Sourcing, optimisation, strength,
Design Function . g P gt. .
modularisation, manufacture prediction

Manufacture techniques, smart

Manufacture factories, modular components,

common parts

. Power sources, pollution, mass
Lifetime Usage P !

reduction, optimisation, energy usage

: Replacement parts, easy access, easy to
Maintenance . ! Y
dismantle, longevity

End of life disposal Recycle, re-use, refurbish, reduce

Figure 4.3: Sustainable Design Objectives Model [4.5]

The application of the Sustainable life cycle model in conjunction with the Sustainable Design
Objectives Model, shown in figure 4.3, ensures that the design function controls the whole design
process and in doing so includes all the design objectives, old and new, that is required of a new
product. The great advantage of adopting this model is that the designer can oversee the whole

process, integrating appropriate procedures and techniques throughout the life of the product.

Sustainability and its Incorporation into the Mechanical Engineering Design Process by Anthony David Johnson,
School of Computing and Engineering, University of Huddersfield, United Kingdom, 2014 109



4.4.1 Design Implementation

Raw materials need to have their source identified and in order for the designer to quantify the value
of sustainability (Embodied Energy) this source identifier requires the Embodied Energy value applied
to the raw material. This may seem a tall order but the process is already in place in several
industries.

For example, in the aircraft manufacturing industry requires certificates of origin of materials which are
sourced for consistency in strength leading to safer components. Materials from a non-certificated
source may at first be suitable but may prove to be unreliable since it may not comply with material

purity requirements, chemical composition requirements or strength requirements.

An excellent example of source certification is the sourcing of timber used in street furniture such as
external wooden walkways, bollards, street benches and decorative elements. The best material for
this purpose is iroko which will only be specified by UK local councils when there is a certificate
declaring the timber is from a sustainable source. Johnson [4.5]. See also appendix A 4.1 for FSC
Controlled Wood Certification policy. This approach clearly focuses retailers, importers and growers in

ensuring the product is sustainable and to offer a certification of authentic sustainability.

Such an established system for other materials such as steel, rubber, plastics, etc., would help the
designer to specify materials confident that they would be from sustainable source. Selecting a
certificated material source would then be part of the control by the designer in selecting eco-friendly

raw materials.

4.4.3 Recycled Materials

Recycled materials are gleaned from products which have come to the end of their first life and are
ready to embark on their 2" life as a new material. Energy is required to convert the recycled material
into a usable raw product but this energy use is often a fraction of the energy used in obtaining the

commodity from an original source.

As an example, the recycling of aluminium requires only 5% of the energy input of the original source.
Ashby [4.11]. The most recycled material globally is steel which requires only 26% of the energy of
primary source AlSI [4.12]. Recycling creates a source of energy savings of 95% for aluminium and
74% for steel. Recycling for many materials is already the norm. Some of the more common recycled

materials include; steel, rubber, glass, plastics, building materials, wood

Many products combine different materials creating difficulties in separating those materials for
recycling. Knight [4.21]. It would be helpful to the end-of-life disposal engineer if material separation
was a feature built-in at the design stage. This is already a feature in the passenger vehicle industry

where designers aim for a recycled value of 90-95% of the materials in the vehicle. USEPA [4.22].
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Such materials must be made available in a pure form with a certificate of authenticity showing the
Embodied Energy value thus allowing the designer to control the sourcing of recycled raw materials

thus quantifying the Sustainable Source Value (SSV)

4.4.4 Reduction of Haulage Dependence
Transportation of goods can never be eliminated but certain measures can be taken which will reduce
the Embodied Energy required in that transportation. It is useful to roughly categorise materials and

the reason for the transport as follows:

(a) Materials which are created near their extraction point, such as: aluminium, timber, certain foods

such as coffee, tea, wine.

(b) Materials and products which are manufactured overseas and imported and could include such

items as: passenger vehicles, golf bags, barbecues.

(c) Those items manufactured and then exported.

The energy used in transport will always be required whether it is generated from an artificial source
or a natural source. In many cases the appropriate application of sustainable methods will reduce the

dependence on artificial energy in favour of naturally generated energy.

Consider those materials in category (a) where there is no alternative but to transport the materials.
The appropriate application of sustainable methods would apply natural power such as that used by

sailing ships, which were a completely sustainable energy source, relying on natural wind power.

In the modern era where the convenience of diesel power overshadows many other options, natural
energy usage such as that used in sailing ships, may seem implausible. There are enterprising
companies which are offering systems which supplement diesel power for ships with sails and solar
collectors Skysails [4.13]. Some short over-water voyages are powered completely using solar
collected power. Such is the case with Eco-Marine Power who operates a ferry service across Hong
Kong harbour. [4.14].

These innovative applications reduce the emphasis on carbon fuelled transport but require quantifying
and certification so that Embodied Energy values are available to the designer. This system would put
the designer in control by offering him the means of selecting materials with the lowest environmental

impact.

Consider the imports and exports of categories (b) and (c) above. Many consumer items are
manufactured overseas often because the cost is very low. Typically many consumer items are

manufactured in the Far East countries such as China, Japan, South Korea, then shipped to
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destinations such as Europe and America. Unfortunately, this enterprise does not usually consider the
environmental cost of transporting the goods. The amount of Embodied Energy used in
manufacturing is about the same regardless of whether the product was manufactured in the Pacific
Rim or in the West, but, Pacific Rim commodities require global transport which increases the
Embodied Energy of those products.

As the tendency to use recycled commodities become more the norm, materials may be gleaned from
local sources, thereby reducing transport costs and the Embodied Energy. Appropriate certification
guantifies the sustainability value of a product allowing the designer to select appropriate materials

and thus manage the environmental impact within his particular design project.

This method gives the designer control over material selection and creates other benefits such as the
use of local materials and local labour leads to an improved local economy. Whilst it is inevitable that
the goods will have to be transported, certification enables the designer to take control of the material

selection element of the design thus improving the Sustainable Source Value (SSV).

4.5 The Sustainable Design Function

The design function is the only function in the entire product creation process that has a total overview
of the life cycle and has the power to influence the whole process. In the past, the manufacturing
function has often dominated the whole product creation process which led to inefficiencies in cost
and sustainability. Corbett and Dooner [4.4] suggest that 70% to 80% of manufacturing costs are
determined at the design stage. Manufacturing is only one aspect of the product creation process and

should be incorporated as one of the elements in a life cycle model as indicated in figure 4.3.
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4.5.1 Design Team Composition

The design function is in a unique overview position and can design-in features that actively reduce
Embodied Energy and encourage energy harvesting and in doing so combine disciplines normally
considered to belong to separate phases of the life cycle. Luttrop et al [4.18] hinted that there needs
to be a design team of several disciplines in order to fulfil design objectives across the entire life
cycle. This conclusion was echoed by Chapas [4.19] who suggested the instigation of a
multidisciplinary team who could contribute to the design across the entire life cycle but also to
comply with regulations, environmental systems, certification and other general management duties.
Dixit and Culp et al [4.23] were mainly concerned with the built environment but recognised that
facility managers routinely dealt with maintenance and replacement processes and that they should
have an input to the design of the buildings at the design stage, therefore becoming part of the design
team.

The design team should therefore comprise expertise from design, management, sourcing,
manufacture, maintenance and material recovery to name but a few. Johnson, Gibson [4.24]The
composition of a typical Total Design Control development team can be seen in figure 4.4. Such a
core design team would influence the design and coordinate the six phases by applying Sustainability

Principles enabling analysis of the Embodied Energy and its eventual reduction.

Figure 4.4: The Composition of the Prod  uct Development Team [4.24]

The composition of the product development team, shown in figure 4.4 highlights the need for
multidisciplined personnel. Typically there needs to be someone to manage the project which in this

case is the team leader. It should also be pointed out that even in the simplest of projects there needs

- ]
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to be a "Project Champion" who will provide momentum for the project and take responsibility for

keeping it on schedule.

Though the model in figure 4.4 refers to personalities it is equally valid to createa design team relating
to skill sets. Indeed this approach lends itself to multi-disciplinary personnel within the team. It should

also be noted that the range of skills required to design products across the entire life cycle is unlikely
to be possessed by a single person. Indeed, during the construction of the design team the team

leader should avoid requiring team members to take on duties in which they are only partially skilled.

4.5.2 Design Constraints and Total Design Team Form  ation
The designer must always perform tasks under several constraints. Costs may be considered the

severest of the constraints and may consist of:

X manufacturing costs
X development costs
X product support costs

X warranty costs

Other constraints may be listed as follows:

X timing and entry into the market

X product technology

X materials availability

X manufacturing technology

X volume: this dictates the method and rate of production. Small batches would be treated very
differently from mass production.

X ability to develop the product

X projected life cycle

X sustainability and environmental impact

This list is driven entirely by the type of product and has to be treated as a template from which

elements may be added or subtracted to suit the design.

Traditional design methods complete the design process before manufacture has begun. However, it
can be seen from the above list of considerations that an essential part of the design process is
manufacturing method (amongst many other elements) which has to be considered at the design

stage.
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The design function can be polarised as a single designer working alone so his skills and knowledge
would need to span design techniques, the product, the industry and manufacturing techniques as

well as design for sustainability techniques.

A multidisciplinary design team could proffer many specialist skills offering an integrated and
balanced approach, considering many concepts simultaneously. The Product Development Team
shown in figure 4.4 could therefore be expanded and specialized to suit a particular design and
particular product. Specialists could include manufacturing staff along with marketing staff, purchasing
staff, etc., but this group should also include sustainability engineers. The team can then assure

product success by addressing that the following needs:

x Does the product work?
X can it be manufactured?
X itis saleable?

X itis profitable?

X it sustainable?

Since 70 to 80% of the cost is also prescribed at the design stage it can be seen that the designer has
a huge responsibility and requires Total Control in order to fully respond to this responsibility. Some of
the skills required within this multidisciplinary design team can be described by the particular tasks
which are required and can be seen below.

4.5.2.1 The Value Engineer
The value engineer considers the manufacturing process, associated costs and material costs and
traditionally sees the new design after it has left the design office. He may suggest modifications and

improvements that would prove too costly after manufacture has already been implemented.

4.5.2.2 Manufacturing Engineer

The skills of a manufacturing engineer are very wide and varied. His role is to develop and create
physical artefacts but his knowledge has to span production processes and the technology required to
manipulate materials into a product. The manufacturing engineer will possess manufacturing,
organisational and communication skills along with statistical and other mathematical skills and will

seek out the processes that offer efficient cost and Embodied Energy savings.

4.5.2.3 Engineering Purchaser
The engineering purchaser requires a fundamental knowledge of engineering but his skills lie in
negotiating prices for commodities as well sourcing components and materials with the smallest value

of Embodied Energy.
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4.5.2.4 Product Designer
7KH 3BURGXFW "HVLJQHUYY UROH LV WR FRPELQH DUW VFLHQFH DQG W
the function of the product designer within the Total Design Team to create a product that is

aesthetically appealing and which improves marketing potential.

4.5.2.5 Marketing

The marketing function will use surveys and analysis, establishing the requirements for the design of
a product. It is not commercially viable to design and develop a product when there is no market and
no perceived need. The sales function is often allied to the marketing function and is sometimes
combined. Marketing personnel require some technical insight but their primary function within the
design team is to advise on elements such as; market requirements, packaging, quantities and time to

market.

4.5.2.6 Sustainability Engineer

This addition to the team is arguably one of the most important since the sustainability engineer will
focus on the reduction of Embodied Energy as the product is being formulated and created. The task
of calculating Embodied Energy will fall to this specialist and it will be his task to certificate the
Embodied Energy of incoming components as well as the applying a sustainability certificate to the
product as it leaves the factory. Within this role the sustainability engineer will need to network and

communicate with several other members of the Total Design Control team.

4.5.3 Design Considerations

The Sustainable Design Objectives Model is shown in figure 4.3 outlines the general elements
included in the design function but there are aspects of design which influence many other elements
throughout the life cycle model and must be considered at the design stage. The design
considerations are listed as follows:

X sourcing

X optimisation

X strength

X modularisation
X manufacture

X maintenance

X usage

x disposal

Such elements as optimisation, strength, modularisation and maintenance should be considered at
during the design since they influence processes, additional uses, and expedience of disposal in later
VWDJHV RI WKH SURGXFWT{TV OLIH
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4.5.3.1 Optimisation

In many cases design optimisation is an exercise in selecting the best compromise. For instance,
there is always a compromise between adding mass and adding strength. An aircraft requires
strength but it also requires low mass so aircraft designers always have to deal with compromise.
Optimisation is a technique where the designer creates a product tuned for one particular purpose
which ensures that Embodied Energy application is targeted for specific designs, reducing

unnecessary energy application.

Optimisation tunes a product for a particular use and in so doing filters out many irrelevancies. For
instance a vehicle optimised for urban use would tend to have a smaller engine than one developed
for high-speed. The smaller engine would therefore suit the environment in which it was meant to

function and would have minimal irrelevancies that would cost extra resources.

In tuning a product for a particular function, savings can be made throughout the life of the product
and could involve savings in sourcing, manufacture, usage, maintenance and disposal. Such
components would comprise bearings, lubricant, and tyres specifically to increase the longevity of the
product. Optimisation therefore minimises Embodied Energy over the life cycle and contributes to the

sustainable life cycle model shown in figure 4.1.

4.5.3.2 Strength

Many products require a minimum strength in order to perform their designed duty. Some devices
require interior strength to avoid failure, the consequences of which could be fatal. An excellent
example is an aircraft wing which requires internal strength when in use. Failure in flight would lead to
fatalities.

During the design of such devices structural analysis can be performed to ensure appropriate strength
is built into the structure. Modern analytical tools allow design engineers to calculate the performance
of devices with high accuracy to enable reduction of material without compromising strength.
Furthermore the flexibility of such analytical tools gives the designer the ability to devise more

complex and stronger structural shapes, further reducing material content.

Though this section predominantly deals with strength and structures it should be remembered that

there are other areas of engineering benefiting from digital analytical prediction. These include:

X dynamic analysis
X mechanisms analysis
x  fluid flow analysis

X thermal analysis
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A human tendency is to increase structural size "just to be on the safe side". This approach is
commonly known as "rule of thumb" and increases factors of safety above those which are necessary.
Mass is added which increases the strength but relieves the designer of performing precise prediction
analysis. Applied correctly digital analysis allows precise prediction of performance, leading to more
confidence with smaller safety factors, reduction of mass and reducing the Embodied Energy required
to process the material. The design of a new vehicle may have a low mass body requiring a smaller
engine and smaller brakes resulting in lower fuel consumption during its usable life; a suitably

sustainable approach ably assisted by performance prediction analysis.

Reduction in mass can also be achieved by using a uniform stress technique where material (deepest

cross-section) is applied where the stresses are highest.

The bridge shown in figure 4.5 is a beam supported at each end. The bending moment for this type of
loading can be seen in figure 4.6. The greatest stresses are applied towards the centre of the beam

so this is a non-uniformly stressed beam where stresses are higher at the centre.
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Figure 4.5: Typical Fabricated Foot Bridge [4.5]
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Figure 4. 6: Typical Bending Moment for a Beam with a Uniformly Distributed Load [4.5]
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In a uniformly stressed design the material and hence depth of section is applied according to the
value of the stresses in the beam and the shape of the beam would be close to that shown in the
bending moment diagram having a greater depth of section in the middle and a lower depth of section

towards the support points.

This kind of technique can reduce material usage though it may marginally increase the Embodied
Energy required to manufacture. Here there needs to be a trade-off between the energy saved in
sourcing a lower mass of material and the increased Embodied Energy required during manufacture

Uniformly stressed beams however can be used to great effect when large quantities of items can be
produced. A classic example here is that of a digger bucket arm, figure 4.7, which possesses a near

uniformly stressed sectional design.

Figure 4.7: Classic Digger Bucket Arm [4.5]

The great advantage of structural analysis to define the strength needed in the structure without
overdesign or including excessive material "just in case". The whole process is based on a scientific
process rather than a "rule of thumb" approach which wastes material and often leads to excessive
energy use in the building of the product. The analytical approach therefore offers a safe product
while minimizing Embodied Energy value. This therefore contributes to the Sustainable Manufacturing

Value (SMV).

4.5.3.3 Modularisation
A modular design approach subdivides the product into smaller components (modules) that can be
independently created and applied so that the end result can be a variety of uses. A modular system
can be characterised by the following:
x Partitioning of a product into discrete scalable, reusable modules. Each module consists of
isolated, self-contained, independently functioning elements.
x Rigorous use of well-defined modular interfaces, which could include mechanical, electrical or

software interfaces.
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Modularisation enables a much lower level of customisation in design. Modules are often mass
produced offering low cost production and a great deal of flexibility in design. It is also possible to
easily add new solutions in the form of a new module. For example, a vehicle body may be produced
for a luxury vehicle type but by using a different modularised engine, upgraded brake modules, paint,
badges and modular interior, the vehicle can be converted into a sports version. This flexibility can be

achieved without returning to the beginning of the design process.

Modular-build systems effectively standardise larger systems rather than just smaller components
thus reaping cost advantages of large volume production. In a similar fashion modularisation also
reduces the embodied energy in each package. If modules are mass produced, then they are more
efficiently produced and therefore demand less Embodied Energy input and consequently have a

lower environmental impact.

The use of modules reduces cost and allows easy maintenance due to quick replacement of modules.
Refurbishment of modules is therefore possible which also prolongs the life of the main product. The
use of modular construction fits well within the model of sustainability in reducing Embodied Energy

and improving the Sustainable Manufacturing Value (SMV).

4.6 Design for Sustainable Manufacture

Manufacturing is often the most expensive part of the product development process. It involves the
procurement of materials their manipulation and their finish to various degrees. This process usually
takes place in a factory, using machine tools, labour and energy. It is the designer's role to design
components and products which the factory can manufacture efficiently and must decide whether to
fabricate or cast or whether to mill or turn. Corbett and Dooner [4.4] suggested that 70 to 80% of the
production costs are defined at the design stage. With this in mind it is useful to list the elements

which contribute to efficient manufacture and which are often automatically built into designs:

X minimise total number of parts

X develop modular design

X use standard components

x design parts to be multifunctional
x design parts for multi-use

x design parts for ease of fabrication
X avoid different fasteners

X minimise assembly directions

X maximise compliance

X minimise handling

X minimise energy input
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4.6.1 Minimising the Number of P arts

A reduction in the number of parts normally leads to a reduction in handling, inventory, background
paperwork, number of drawings, simpler product; etc.

Generally, a reduction in the number of parts in a product leads to a reduction in cost, a reduction of

Embodied Energy, and an increase in sustainability manufacturing value (SMV) for the product.

4.6.2 Develop Modular Designs

It is useful to list some of the major energy saving elements that modular design can offer, as follows:

x design flexibility

x efficiencies of quantity production

X easier maintenance

x refurbishment possibilities

X reduction in Embodied Energy

X easy customisation using combinations of standard components
X resists obsolescence

X shortens the redesign cycle

x offers new generation products often using old modules
X changes provided with a minimum of design input

X simplifies final assembly

X reduces the number of parts to assemble

4.6.3 Multifunctional Parts

Parts which can perform several functions can often reduce the number of components. For instance,
a structural member may also act as a conductor or perhaps a heat sink. Multifultional parts achieve
the same benefits as reduction in the number of parts and usually leads to a valuable reduction to
Embodied Energy improving the Sustainable Manufacturing Value (SMV) of the product.

4.6.4 Design Parts for Multi -use

A multiuse part is a component which can perform several functions depending on the end use of the
product. A mounting plate may have several location holes, accommodating several sizes of electric
motor flanges. The plate can be made in larger quantities thus reducing costs, improving
manufacturing efficiency and reducing the embodied energy by avoiding large numbers of parts. The
worm-wheel drive casing shown in figure 4.8. The casing is a multi-use device which can fit a range of
sizes of electric motors and internal combustion engines. On the one housing is required for a
multiplicity of uses and components.
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Figure 4.8: Worm -Wheel Housing Multi -Use Component [4.9]

Multi-use components offer the opportunity of reducing Embodied Energy, infrastructure costs and
large numbers of varied components. This process greatly improves the Sustainable Source Value
(SSV) and the Sustainable Manufacturing Value (SMV)

4.6.5 Design parts for eas e of Fabrication and Assembly

A shorter time spent in fabrication and assembly will mean greater efficiencies and reduced energy
input. The designer has ultimate control over the process since he selects the components and
fastening methods. Consideration of the following points during the design process leads to these

efficiencies:

X Reduce the number of parts

X Keep parts simple

X Apply modular components where possible

X Consider options of simpler assembly procedures

X Improve parts access (one direction assembly, space for access by hands, etc.

x Consider ergonomics for assembly personnel (fit components at reasonable heights,
reasonable arms reach, etc. Will reduce worker tiredness)

X Reduce lengthy fastening processes (e.g. screws, welding, etc.)

Assembly is often a manual process and any reduction in time spent in this process will reduce
energy input and costs. It will also reduce the energy spent on infrastructure (Workspace
temperature), lighting, and all the other aspects required of a manufacturing plant. A reduction in such

energy will improve the Sustainable Manufacturing Value (SMV).
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4.6.6 Minimise Assembly Directions

Normally smaller components are attached to a base component and access by workers or automatic

machines is essential for easy assembly. Minimising the steps in assembly and orienting the

assembly for efficient access will lead to speeding assembly and the reduction in energy input. It is

WKH GHVLJQHUTY UROH WR HQVXUH WKDW DVVHPEO\ FDQ EH FRPSOHWF

involves minimising the number of parts and directions from which parts can be fitted.

This approach minimises assembly time decreasing costs reduces Embodied Energy thus improving
the Sustainable Manufacturing Value (SMV)

4.6.7 Minimise Handling

Handling and moving components and assemblies to different positions or from one station to another

LV HITHFWLYHO\ GHDG WLPH ZKHQ ZRUN FDQQRW EH FDUULHG RXW RQ W
minimize this movement as much as possible by selecting procedures and methods to achieve this

goal. The minimising of transport and handling has great benefits:

x

reducing time moving components from one operation to another

x

reducing energy

x

reducing staff time on the job

X improving the speed of assembly or manufacture

With careful thought by the designer in applying the above suggestions will benefit the product by
reducing its cost and reducing Embodied Energy thereby improving the Sustainable Manufacturing
Value (SMV).

4.6.8 Minimise Energy Input

To minimize energy input parts should be designed that use the least costly material with the lowest
Embodied Energy that "just satisfies" functional requirements. If the material more than satisfies the
requirements of the duty then material and Embodied Energy is wasted. Formula One racing car
engines are designed for a single race. If the engines could be used for two races then the engine is
over designed and material and processing has been wasted. A Formula One engine is an extreme
example of designing so that the function "just satisfies" requirements. Often designers need to build
in some form of safety margin or "Factor of Safety" to compensate for various factors ranging from

different operating environments to misuse by operators.

4.6.9 Example: Welding Methods

Some products are welded using spot welds but large fabrications are often continuously welded by

VRPH IRUP RI HOHFWULF DUF SURFHVYVY 7KLV SURFHVV LV H[SHQVLYH LC
power. The designer should always review the welding regime and perhaps apply intermittent welds

rather than continuous welds, thus reducing welding time and power input to the weld.
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In many applications, however, a continuous weld is required in such places where the joint needs to
be watertight or gas-tight. It is the designer's prerogative to select appropriate welds for appropriate

conditions but should be mindful of the energy input and related costs.

In order to simplify fabrication time, effort and complexity, it is useful to break down the costs and
energy input associated with a normal welding process. Barckhoff, Kerluke and Lynn [4.8] suggested
that labour was 85% of the total cost of welding. The pie chart below, figure 4.9, shows the

percentage cost of the major elements of a welding application.

L Power
Shielding 206

Gas
Welding Costs»
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Material
10%

Figure 4. 9: Percentage Costs of the Major Elements of a Welding Application [4.5]

Although power consumption is only 2% of the cost, power equates to Embodied Energy which
should be kept to a minimum. Labour contributes 85% of the cost of the welding process a reduction
in labour time would give a large cost saving, especially in factory overhead costs, and by implication

a saving in applied factory energy consumption.
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4.7 Design for Sustainable Product Usage

In some cases the energy required to bring a product to the market is insignificant to the
environmental impact of the device in use. This is true of most vehicles and items of construction
equipment. During its working life any digger similar to that in figure 4.7 will use much more energy
than the energy required to create it. These devices are usually powered by diesel engines which
burn fossil fuel, an "artificial energy". This artificial energy cannot be regenerated by the planet and
therefore is not sustainable. If the digger could be powered by electric motors whose energy is
captured from natural sources then the unsustainable energy use would be changed into a
sustainable energy use thus improving the Sustainable Use Value (SUV). Wherever artificial energy is
used (diesel, petrol, kerosene) there will be a large unsustainable element to the whole life view of the
product.

Conversely a large flywheel system which stores energy will probably run for 10 years without
stopping. The only impact on energy resources is in its inefficiencies relating to friction in the
bearings. When comparing the flywheel to the digger, the digger possesses a very low Sustainable
Use Value (SUV) whilst the flywheel possesses a very high SUV.

W LV ZLWKLQ WKH GHVLJQHUTV UHPLW Wdéhmeéhtddithpadt whetewdrFHY ZLW K WKH
possible. Of the current available technologies for providing power for the digger, the best drives are

likely to be lean-burn diesel engines that use bio-fuels, which can be grown and are therefore

sustainable. Biofuels still impact the environment since they emit carbon dioxide when burned in the

engine.
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4.7.1 Lifetime Usage or Life Cycle

Lifetime usage relates to the environmental impact and hence the energy used and pollution created
during the life of the product. For some products the usage element of the life-cycle is the dominant
feature of the whole Embodied Energy of the product. The case study below investigates the

Embodied Energy within a rock drill, an item of construction equipment.

4.7.2 Case Study: Item of Constr uction Equipment; Water Well Rock Drill

Figure 4.10: Water Well Rock Drill [4.5]

The water well rock drill shown in figure 4.10 comprises many different and diverse components from

steel fabrications such as chassis, fuel tanks, mast and gearboxes to bought-in components such as

diesel engines, compressor, wheels, bearings, etc. Clearly the calculation of Embodied Energy within
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analysed and an overview can be formulated of the Embodied Energy applied at each stage of the

whole life of the product.

It has been assumed that the rock drill has been manufactured through a fabrication process using
low carbon steel. The rock drill was destined to be used in remote villages in the Himalayas and was
transported via rail over 5000 miles. The engine powering the rig was 800 horsepower and the rig life
was assumed to be five years. It has been assumed that most of the components can be re-used,
refurbished or recycled. The full breakdown of details can be seen in the "Eco-Audit Report" in

appendix A4.3.

The eco-summary for Embodied Energy is shown in figure 4.11a and 4.11b with the eco-summary for
carbon footprint in figure 4.12.
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Figure 4. 11a: Graphical Embodied Energy Profile for the Rock Drill
Phase Energy (MJ) | Energy (%) | CO2 (kg) CO2 (%)
Material 5.26e+05 0.7 3.62e+04 0.7
Manufacture 5.4e+04 0.1 4.06e+03 0.1
Transport 3.1e+04 0.0 2.2e+03 0.0
Use 7.18e+07 99.2 5.1e+06 99.2
Dispos al 4e+03 0.0 280 0.0
Total (for first life) 7.24e+07 100 5.14e+06 100
End of life potential -4.66e+05 -3.2e+04

Figure 4. 11b: Eco-Summary for Embodied Energy: Rock Drill Life  -Cycle [4.3, 4.5]

Carbon Footprint Profile
for the Rock Drill

Figure 4. 12: Eco-Summary for Carbon Footprint: Rock Dr  ill Life Cycle [4.3, 4.5]

The carbon footprint and the Embodied Energy are very closely related. This close relationship is
created because it is assumed that all the energy applied to the rig in extracting materials, through
manufacture use and disposal is also applied by fossil fuels which can perhaps be termed artificial
energy. The use of natural energy such as solar or wind power will inevitably reduce the carbon

footprint but is unlikely to reduce the Embodied Energy value. If the drill rig is to function as normally
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used, it will still have the same value of Embodied Energy regardless of the energy source. If natural

energy is used the rig function will become more sustainable and the carbon footprint will be reduced.

Both figures 4.11 and 4.12 indicate that the energy required in sourcing the materials, manufacture
and transport is overshadowed by the energy used during the normal operation of the rig. If the
designer is to reduce Embodied Energy he has to carefully consider the energy needed to power it

and how that energy is derived.

4.7.3 Case Study: Steel Fabricated Footbridge

Figure 4.13: Steel Fabricated Footbridge [4.5]
The fabricated footbridge shown in figure 4.13 requires a large element of energy during material
sourcing and manufacture. After installation, however, the footbridge is passive and requires no
energy for it to function apart from occasional maintenance. The life span was expected to be
approximately 50 years. Aneco-DXGLW XVLQJ &(6 (GX3DFN™ > @ \wwivgmbUH ZDV X\
Embodied Energy. The results can be seen in figures 4.14 and 4.15 with a full detailed analysis in
appendix A4.4. For the purpose of this exercise the material was assumed to be virgin material which
could only be reused or recycled at the end of its life. Furthermore the deck was assumed to be

timber from a certified source. This was also to be reused at the end of the life of the bridge.

Embodied Energy (Mj)

Figure 4. 14: Eco-Summary for Embodied Energy: Foot Bridge Life Cycle [4.3, 4.5]
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Embodied Energy (Mj)

Figure 4.1 5: Eco-Summ ary for Carbon Footprint: Foot Bridge Life Cycle [4.3, 4.5]

The foot bridge requires no energy for it to function properly and therefore the Embodied Energy in its
life-of-use is zero in contrast to the rock drill in figure 4.10. It is clear that the bigger part of the
Embodied Energy over 1 MJ is used in obtaining the raw material with approximately 100 kJ used in
manufacture. At the end of its life it was assumed that the steel and wooden components of the bridge
would be reused or recycled, thus giving an enormous End of Life Potential of 1 Mj. This almost
completely recaptures the energy used in sourcing material. It had previously been stated that true
sustainability is almost impossible to achieve. The data displayed in Appendix A4.4 suggests that
there will be a 94% end of life potential re-use of the steel components. The End of Life (EOL)
component of the timber is only 6.5% but this seemingly low figure is misleading since the timber
originated from a sustainable source so the EOL potential will naturally be much less. There will
always be losses in a system but the bridge shown above offers a glimpse of the sustainable

efficiency that could be achieved.

7KH &(6 (GX3DFN" > @ VRIWZDUH JLYHV WKH GHVLJQHU \iIlBKH RSSRUW X
impact in terms of energy expended and carbon footprint and is a useful design tool that puts the
value of Embodied Energy on the product, but this is only an indicator since the software is very broad

and does not cover all elements of the life cycle.

4.8 Design for Sustainable Maintenance

The designer should consider maintenance refurbishment as an essential element to improving the
longevity of a product thus avoiding the procurement of new products with their incumbent embodied
energy. Dixit and Culp et al [4.23] were concerned with buildings and replacement parts such as
furnaces, motors, elevators, etc. and made the point that some components possess a shorter
working life than the main product and that maintenance and refurbishment are an essential part of
prolonging the life of the main product by removing these shorter lived components. There are
excellent examples of products which have been maintained beyond what would be considered a

normal lifespan.
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Figure 4.16: 70cc Motorcycle [4.5]

The motorcycle shown in figure 4.16 is typical of the personal transport found in countries such as
India and Pakistan. It is unknown whether these motorcycles were intentionally designed and built to
sustainability values, nevertheless, they are an excellent example of a product which can be
maintained almost indefinitely and therefore has excellent sustainable credibility. Maintainability of the
motorcycle is achieved by having parts that can be accessed, removed and replaced with a fairly
simple toolkit.

4.8.1 Maintenance: Designers Considerations:  Johnson and Gibson [4.24]

When designing a product such as a motorcycle the designer needs to consider the following points:

x Life of product

x Life prediction of components and design for scheduled component replacement

X Sacrificial components, e.g. bearings, seals, etc.

x  Simplicity of components and standardisation

x Accessibility for ease of removal of components

X Minimizing downtime by having dual components (redundancy) for continuous working whilst
maintenance is being carried out

x Detail design for easy removal and component replacement; easy access, easy removal of
fasteners e.g. cap Head screw, M12 hexagon heads external use: easy fitting, bearings,
seals,

X Maintenance location: in the field or at the factory

X Modular build

X Lubrication and lubricant delivery

The sustainable approach to maintenance presupposes that there will inevitably be components
which wear and which will need to be replaced. Highly used parts, such as bearings and seals will
wear faster than others, and can be replaced at regular intervals. These are typical sacrificial
components which protect the main product and are sacrificed in order to increase the lifespan of the

main product.
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4.8.2 Life of the Product

The design life refers to the period of time the product is expected by the designers to function
normally. The life of the product depends on the product itself and its intended use. A short design life
is illustrated by a disposable camera which has fulfilled its useful life once the roll of film has been
exposed. Once the film has been extracted and converted into photographs, the casing is often re-

used, re-packaged. This is an excellent example of environmental impact being reduced by recycling.

A digital camera illustrates a longer design life measured in years or decades. Design life is often
related to obsolescence but many products are still working perfectly to their original design
parameters long after their intended service life has expired. The user may consider these devices

obsolete because it does not possess the latest technological advances.

4.8.3 Component Life Prediction

The designer must consider the lifespan of the product or at least the life expectancy of some of the
components and must also appreciate that the early failure of some components when in use may
lead to fatal consequences. The bearings carrying the rotors for a jet engine need a high level of
reliability since their failure in flight with fatal consequences. This example shows that there has to be
a compromise between frugal energy usage and that of ensuring reliability, perhaps through what

may be considered as over design.

It is a useful concept to desigh components into a product so that their life can be predicted. This is
often achieved by calculating the number of cycles, and replacing the component when its end of life
is predictably close. One such component is the rolling element bearing normally rated with an L10
life. The life of rolling element bearings is defined as: "the number of revolutions at a given constant
speed and load which the bearing is capable of enduring before the first sign of fatigue occurs in one
of its rolling elements". SKF KC [ 4.25]. It should be noted that fatigue is not the only mode of failure
of a bearing. The L10 life value relates to the expected survival of 90% (10% failure) of the bearings
under prescribed loads and speeds cycling for 1 million revolutions. Statistically bearing companies

expect a median life approximately 5 times the calculated basic L10 life.

The designer can relate the load and speed applied to a bearing enabling the calculation of the
expected life through a number of cycles, thus predicting the life expectancy of a particular bearing
and suggesting a maintenance/removal regime. Johnson & Gibson [4.24]. Life prediction is an
essential part of the designer's remit since this guidance maintenance processes and removal of
sacrificial parts that protect the main product. The fundamental view is that some parts may have a
shorter life than others, especially high-use parts that can be sacrificed to ensure longevity of the
main product. Kerley et al [4.28] was concerned with the reliability of aircraft jet engines and proposed
the early removal of sacrificial components. Reliability centred maintenance (RCM) and the life
prediction of components was put forward by Steven [4.27]. Rahimi [4.29] proposed removal of
sacrificial components on routine maintenance missions to sub-sea equipment. Both Kerley and

Rahimi were dealing with difficult to access products and their main concern was reliability, but this
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approach can be taken with most products. If a maintenance programme is applied then it can be kept
in service, thus avoiding the use of procuring new equipment and hence avoiding the need to expend

unnecessary Embodied Energy.

4.8.4 Simplicity of Components and Standardisation

Simple components are normally low-cost and require low energy to manufacture since component
simplicity generally requires lower energy manufacturing techniques. They should also be easy to fit
with a hole to locate component and fixing by a snap fitting. A replacement vehicle headlight bulb
simply plugs into the headlamp socket which normally then fits into the headlamp receiving hole from
behind the headlight housing, requiring only a quarter turn to fix it in place. The unit is located and

fixed in one simple movement.

There are many standard components which can be purchased from most engineering stockists and
include, bearings, seals, screws, rivets, nuts, pins, bearings, seals, etc. It is normally good practice to

replace these low-cost, low energy items whenever maintenance is carried out.

4.8.5 Accessibility for Ease of Removal of Components

During the design process, the designer must consider the assembly procedure as well as the
disassembly procedure for both production and future maintenance. The design of the device should
provide adequate physical access to accommodate tools, extraction devices, and space to rotate
spanners, sockets and screwdrivers. Components requiring regular replacement should be located to
the outside of the product allowing easier access. Measures such as those indicated would reduce

maintenance time and hence reduce energy overhead as well as cost.

4.8.6 Detail Design for Quick and Easy M aintenance

Component design requires the easy access for tools and extractors. For instance a shoulder may be
provided for a bearing to locate against but the design requires that there is access for a drift to be
inserted to knock out the bearing as shown in figure 4.17 which shows that there is access for the drift
to knock the bearing out of the housing. The same method can be applied to other replaceable

components such as seals.
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Figure 4.1 7: Provision for Removal of Bearings from a Bearing Housing an d Shaft [4.24]

In considering easy and quick maintenance the designer should consider procedures such as that
shown in figure 4.17. Such practices leads to shorter maintenance periods leading to lower energy
usage in terms of factory overhead and power applied through powered tools.

4.8.7 Maintenance Location

The location of the normal maintenance practice has an enormous effect on the design and selection
of components. If the maintenance can be done in comfortable surroundings of a workshop where
there are available tools and a temperature controlled and clean work environment, then maintenance
is fairly straightforward. Maintenance in the field is quite a different matter and the design approach
needs to reflect that the maintenance engineer is likely to have just a set of hand tools and be without
the facilities of a workshop.

Maintenance in the field could be in a quarry or in a mountainous region hundreds of miles from the
nearest workshop. In such situations access to power tools may be limited and, depending on the
process, might prove to be dirty and uncomfortable. A dirty environment is also the enemy of clean
assembly and may cause premature wear. It is particularly important for hydraulic assembly to take
place in a clean environment since small dirt particles could create premature wear insensitive
components. Design practice should create products that promote quick, easy and clean maintenance

thus reducing downtime, and reducing energy input.
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4.8.8 Case Study of a Water Well Rock Dirill
A water well rock drill was designed to operate independently in the bush in Africa and was designed
for maintenance in the field. One particular component on the rig which had the most arduous use

was the rotation gearbox which is highlighted in the schematic of the drill rig in figure 4.18.

Figure 4.18: 7UDLOHU ORXQWHG :DWHU :HOO 5RFN 'ULOO 8VHG LQ 5HPF

The drilling operation forces highly abrasive dust to the surface hitting the underside of the gearbox.
Seals in this location operate under extreme wear conditions. Inevitably oil escapes through the seal
and forms a paste with the abrasive debris which tends to wear a substantial groove in the shaft
under the seal. Under normal circumstances the shaft would be removed from the gearbox and the
seal/shaft contact surface would be renewed by a deposition process. The shaft could then be
replaced in the gearbox. Maintenance in the field is impossible under the circumstances and so during
the design process a solution was found by the introduction of a "cassette seal”, a cross-section of

which can be seen in figure 4.19.

Sacrificial Sleeve

JLIXUH ([DPSOH RI &DVVHWWH 6HDO 6KRZLQJ 6DFULILFLDO 60OH

The seal provides a sacrificial sleeve on which the lip seal rides which means that the sacrificial

sleeve wears rather than the shaft. Maintenance is now possible in the field since a new cassette seal
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can be fitted. Downtime in the field is now measured in hours rather than weeks and input energy is
reduced as are maintenance costs.

4.8.9 Modular Build
For maintenance purposes the replacement of a module is quick and easy, the biggest advantage

being that downtime is minimised and energy input is reduced.

4.8.10 Lubrication and Lubricant Delivery
Lubrication is often the last thing considered in any design but it should be a treated like any other
major component. This addition to the list of parts, extends the life of the component many times thus

improving the longevity and the value of sustainability.

4.8.11 Engineering Plastics

Engineering plastics are group of plastic materials that exhibit superior mechanical and thermal
properties in a wide range of environmental conditions. These materials can be manufactured to suit a
particular application and are excellent when encountering conditions in which rolling element

bearings or other stationery bearings are unsuitable. Such conditions are listed below:

X low speed

x high load

X wet or submerged conditions

X dry conditions

X impossible to lubricate conditions
X oscillating shafts

X linear bearings

x high wear situations

X self-lubricating situations

7KH XVH RI SODVWLF EHDULQJY FDQ VRPHWLPHYV EH FRQVLGHUHG DV 311
them to function sometimes with little wear even in very arduous conditions. In many instances they

are self-lubricating avoiding the use of lubricants and lubricant delivery systems. In this way plastic

bearings offer extended product life and in some cases extended periods between maintenance

processes thus reducing energy input
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4.9 Design for Sustainable End of Life Disposal

Every product will eventually come to the end of its life. This may be due to a number of factors:

X Overtaken by technology

X Reduced popularity in the market

X Worn but failure imminent

X Worn beyond usefulness

x Functioning at less than full capacity

X Broken, beyond repair

It is the role of the designer to recognise these modes of failure and design into the product easy, low-

cost and low energy methods of disposal. Sustainable thinking at the design stage will greatly reduce

the Embodied Energy and cost in the disposal process.

The general approach to end of life disposal is by using the 4R approach:

X Reduce
X Re-Use
X Refurbish

X Recycle

These are almost universally accepted methods of disposal at the end of life of a product but when

cross referenced to the end of life failure modes the designer may see some clarity in design

approach methods. A chart cross-referencing failure modes to end of life disposal methods can be

seen in figure 4.20.

Reduce Re-use Refurbish Recycle
Overtaken by technology # # #
Reduced popularity # # #
Worn but still functions # #
Worn beyond usefulness # #
Low function capacity # #
Broken beyond repair #

Figure 4. 20: Failure Modes and Disposal Methods [4.5]
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4.9.1 Reduce

In the context of end of life solutions "reduce” merely means consign as little as possible to land-fill. It

also means that the remaining three options of re-use, refurbish and recycle should be applied as

much as possible so that in theory 100% of a product is re-applied in some way with nothing being

just "thrown away". The application of "reduce" can be more usefully employed during the design

stage. An example of reduction, previously discussed, was the decrease in vehicle body metal

thickness which reduced the mass of a vehicle. Such a reduction in mass would reduce consumption

RI HDUWKYV UHVRXUFHYV DQG DOVR LPSURYH WKH 6XVWDLQDEOH 8VH 9L

less energy used to move the vehicle.

Reduction at the design stage also means "do not over design". Over design generally means more
weight, more parts and more energy required to process the material into a component. Careful
analytical work can be employed here so that the only material applied to a product is that which is

needed.

4.9.2 Re-use/Refurbi sh

The re-use of articles applies to those products which are still functioning retain some useful life,
which can be considered as residual Embodied Energy. Computer manufacturers have managed to
reuse many computer base parts through modular construction. When new functions are required the

computer is merely fitted with new modules but the base parts are reused.

Design for dismantling should become a feature of the design process enabling not only maintenance
but also end of life disposal. Dismantled parts may be reused, refurbished or as a last resort,
eventually recycled. This process avoids the procurement of new components saving incumbent

Embodied Energy and also ensuring that any residual Embodied Energy is exhausted.

Industry relies on equipment functioning efficiently but as the equipment becomes worn and less
efficient, refurbishment is often preferred rather than more expensive replacement. A piece of
refurbished industrial equipment can be returned to full use and near 100% efficiency for a fraction of

the cost of a new device and an enormous reduction in energy incumbent in a new product.
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