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Abstract The paper presents the concept of new approacheasuement and
evaluation of results in life cycle assessment obdpcts as a result of
implementing LCM methodology in companies, basedwexemplary product of
a major household equipment producer in Poland. Tib& approach is
established on a complex analysis of economicalire@mmental and social
consequences of an objects’ life cycle. Evaluaitiogenerated by an unification of
Life Cycle Assessment (LCA), Life Cycle Costing (Ct and Social Life
Assessment (SLCA) methodology. Obtained result®wegistered into a matrix,
enabling the identification between undertaken bgraent operations and their
results. This created a possibility to determingerations on economical,
environmental and social levels of a products’ ¢attirs. Consecutively, the range
of modifications allowed a comparison between therent “state of an art”
solution and the one proposed by interested parties

1 Introduction

Life cycle management and implementation of theirenmentally oriented
design are the main topics of the project realigiade the beginning of 2006. At
the first phase, the project was financed by PdUghistry of Science and Higher
Education. It is carried out by two scientific igtions: Poznan University of
Technology and Poznan University of Economics. &hegralso a partner from the
industry, which is one of the largest manufactumdrsousehold equipment on the
Polish market. More details about the project carfooind in [1].

The company involved in the project is one of tlaiaonal business leaders in
taking environmental image into account of its\atiés. Further product-oriented
improvements are continually a significant paritefpolicy. To achieve goals of
continuous improvement of the products and to imerthe organization of



production processes, some initiatives have bedprtaken. It clearly shows that
this is a very good example of an organization gadain building a base for
introduction of LCM approach into practice.
In 1994 the company implemented the Quality Manag@nsystem compliant
with 1ISO 9001 standard. Later on (in 1997), as filt Polish company, it
successfully certified management systems basel©n14001 (Environmental
Management Certificate) and the Occupational Healtld Safety Certificate
according to the PN-N-18001 and OHSAS 18001 stalsd@n 2001). Along with
some other types of certificates, it allows the pany to mark its products with
the CE symbol.
There is a specidco-management and Work Safety department in the company,
where an interdisciplinary team works. It is resgmble for environmental
protection issues in a broad sense. In its acfivitle company follows the
principle of sustainable development, integratihg technical progress with the
care for the environment. Management system prasratvities that:
» increase ecological awareness of the staff andipigtthe
environmental issues (through various publicatiomsetings, trainings
etc.),
» facilitate a fully documented estimation of thetéag’s influence on the
environment,
» allow a complex monitoring of activities connecteith the most
important effects that the factory causes for tindrenment,
» let reduce the negative environmental influencetheffactory and allow
for counteraction,
e prevent pollution of all elements of the environipen
* meet expectations of the customers concerning gtioteof the
environment,
» increase the ecological reliability of organization

2 Beginningsof theLCM case study

One of the goals of the project was to establisldejmes and principles of

environmental and economical improvements of refatprs for the need of life

cycle management [1-3]. To achieve this goal, gdastudies based on LCA and
LCC of chosen refrigerator has been carried outaBse of the still discussed
methodology of Social Life Cycle Assessment (SLC#Qcial aspects were not
considered during the studies. In consequencemtia aim of the research was
the evaluation and quantification of all potengalvironmental impacts generated



during the whole life cycle of one refrigerator,oskn from a group of several
models. In a similar way, the economical aspecta®fefrigerator life cycle were
analyzed.
The aim of the first stage of the analysis wasimadl fanswers to the following
questions:
1) can changes in material composition improve resalenvironmental
and economical dimensions of the refrigerator tifcle?
2) can changes in the production processes refleetiedse of the
environmental impacts and lower the costs?
3) what activities should be implemented in the projeeninimize
environmental burdens and overall costs in theclfee of refrigerator?
The data from the inventory analysis, including regated data concerning
manufacturing operations of each element of thegexfator, have been processed
according to detailed LCA and LCC. In cases of pease and final disposal,
some simplifications have been applied at this fpdtrwas assumed that on the
base of obtained results, collection of more detadata will be decided.
The results have been analyzed separately for reiffelife cycle stages:
manufacturing, use (operation) phase and dispo3dle calculation of
environmental aspects was based on the end-poirgthodplogy and in
consequence results were expressed as the dandigatans for eleven impact
categories and — after grouping — for three dancagegories (see also [4,5]).
Based on the results, the elements of the refiigesalife cycle were ranked
according to the size of generated costs and emvieotal impacts. Data matrix
was created to show economical and environmenpadcas in the composition of
these components.
Likewise, LCM-oriented recommendations have beeopgpsed for further
development at this stage of the project. Theyoaented particularly on:
» decrease of the energy consumption in the use phase
* reduction and recovery of the end-of-life byproduct
e substitution of hazardous substances.
In detall, a set of rules has been establishetlyding for example:
e easy access to replaceable components,
e easy separation of contaminated materials,
e easy disassembly to constituent parts,
« implementation of the materials identification syst
» decrease in use of “blended” materials,
e application of recycled materials where it is pbksi
« upgrading of refrigerator components.



For the LCM to become a practice, it was necesgagnsure easy access to the
results of the analysis and to provide easy meangrésent them. Analytical
results of economical and environmental consequenéen objects’ life cycle
should be in the center of given attention. Sudia de&as generated as the results
of Life Cycle Assessment and Life Cycle Costingdsts during refrigerator
development [2, 7].

3 Theconcept of LCM results presentation

The implementation of conceptual LCM started wité tefinition of [1, 2]:

» the object of the analysis (a refrigerator), reéoegh as a reference for
design procedure oriented towards developmentaniole life cycle,

» anidea of a refrigerator that fulfills the requirents of all the interested
parties and recommendations formulated as result€A and LCC
studies,

« adifference in technological advancement of thedtthat is caused by
application of life cycle management.

At the task formulation stage, data including LO#dd.CC recommendations and
requirements, survey among the interested partidshanchmarking results were
thoroughly analyzed. On this basis, following aimase been formulated:

1) achievement of higher energy class (A++) and litictaof energy
consumption to the level of 218 kWh/year (13,5%utthn compared to
reference refrigerator),

2) reduction in the amount of harmful substances 9,25

3) reduction of noise level in the operational ustho38 dB (A) limit,

4) achievement of recovery rate at 80% level,

5) shortening the disassembly time to 30 minutes,

6) weight reduction by 5% compared to the referenfrggegator,

7) ensuring the availability of spare parts for 12rgdeom the date of
manufacture,

8) provision of service for 12 years from the datenainufacture,

9) CE marking of materials,

10) development of an appropriate system for the taaklof used
appliances.

This way, a set of technical solutions was deteedhiand evaluated using
multidimensional comparative analysis. The develepimof scenarios for the
conceptual design and then detailed solutions veeed on 10 variants of the
changes [2]. The number and the scale of altermticas an inspiration to develop



a transparent tool (matrix) for the presentatiothefresults of individual variants.
The results for the developed scenarios should reeepted not only to those
responsible for product development, but also toesof the interested parties. In
the discussed example, manufacturer's needs to comate the results of life
cycle management of a refrigerator caused a négessidevelop such matrix
(Table 1) to present changes being the result &fl lii@plementation. Opportunity
to present the results of social life cycle assesgrof the tested object was also
provided.

Tab.l: LCM results presentation matrix

LCA LCC SLCA Change in relation to
[Pts] [PLN] [Pts] the reference state [%]

Design

Manufacturing

Operation (use)

Disposal

Complete life cycle

Change in relation | - - -
the reference state [%)]

The concept of using a matrix to present the resfiiife cycle analyses carried
out on the object can be supported by several itapbarguments:

» Easeof use— this form of presenting the results gives akjinsight into
volumes of different categories of impacts on a&giphase of a life
cycle or the whole life cycle of an object (horitalranalysis of the
matrix answers the question of total impacts ohasen life cycle phase,
vertical analysis gives results concerning a givategory of impacts in
the whole life cycle),

« Easeof preparation — previously calculated impact volumes just need t
be entered into corresponding cells of matrix,

« Possibility toillustrate — results can be presented graphically, e.g. in a
3-dimensional bar graph (with life cycle phases l#ieccycle assessment
approaches in x and z-axis, and results in y-akisjNever, the problem
of a lack of a common denominator for the inconipatunits
(environmental and social points, units of currgnueds to be solved,;



and until then, the results can only be compareginigle categories and
in a relative, percentage scale,

» Recognition of the dynamics of changes — the matrix shows the shift of
impact categories volumes of the altered objechpared to the state of
reference (in means of single categories of impachosen life cycle
phase, total impacts on a selected life cycle pbasetal impacts in a
given category in the whole life cycle of an object

» ldentification of adverse effects — e.g. transferring the environmental
impacts generated at a chosen life cycle phasediher,

» ldentification of interdependence of impacts — influence of changes in
one direction (e.g. lowering the environmental igtpan the
manufacturing phase) can be positive or negativetfter dimensions of
life cycle (increasing/decreasing economical andémial impacts at the
same time).

4 Resultsof LCM in the case study

Out of the previously developed 10 variants of pteg changes made in the
construction of a refrigerator, three were chosdn [

» changing the number of chillers (refrigeration eyss) (variant 2),

» using different refrigerant (variant 3),

» improving the insulation (variant 4).
Detailed research, including LCA and LCC analysess wonducted on those
variants, and the results were presented in axn@able 2, Table 3).
Research outcomes were then distributed into nestif€able 4, Table 5, Table 6)
showing only the comparison between specified versind object of reference
life cycle analysis results. Horizontally, the chas in relation to the reference
state are presented as LCA result modification/lr€€Lilt modification and given
in percentages, where the result of LCA/LCC analysr the object of reference
is 100%. Vertically, the result of change is to ur&erstood as a total change,
encompassing the whole life cycle of an objectp aen in percentages, and
with a similarobject of reference = 100% rule applied. Cells at the intersections of
life cycle phases and life cycle analysis modesastie absolute results in units
appropriate for the analysis mode.



Tab.2:

L CA results of analyzed refrigerator variants

\Variants/ L CA results

[Pts]

Object of reference Variant 2

Variant 3

Variant 4

Manufacturing 52.09 41.5820.18%) |51.81)0.54%) |[52.07 [0.04%)
Operation (use) | 148.01 128.49.8.19%)[134.73 (8.97%) | 136.217.97%)
Disposal -14.8 -13.4310.26%) |-17.75(19.93%)|-14.80 (0.0%)
Complete life cycle] 185.30 156.6416.47%)[168.79 (8.91%) | 173.48(6.38%)
Tab.3: LCC resultsof analyzed refrigerator variants
\Variants/ LCC results[PLN]

Object of referenci/ariant 2 Variant 3 Variant 4

Manufacturing | 644.00 635.001.40%) |675.0014.81%) |660.0012.48%)
Operation (use) | 1186.35 1002.735.48%)1112.15 (6.25%)[1078.35 (9.10%)
Disposal 60.00 53.0Q{1.67%) |55.00/8.33%) |57.00(5.0%)

Complete life cycl¢l890.35

1690.75/00.56%

1842.15 (2.55%)

1795.35 (5.03%)

Tab.4: Lifecycleanalysisresultsfor variant 2
LCA LCC Change in relation tg
[Pts] [PLN] the reference state [%]
Manufacturing 41,58 635,00 120,18%) / (1,40%)
Operation (use) 128,49 1002,75 118,19%) / (15,48%)
Disposal -13,43 53,00 19,26%) / (11,67%)
Complete life cycle 156,64 1690,75 116,47%) / (10,56%)
Change in relation |(115,47%) (10,56%)
the reference state [%




Tab.5: Lifecycleanalysisresultsfor variant 3

LCA LCC Change in relation tg

[Pts] [PLN] the reference state [%]
Manufacturing 51,81 675,00 10,54%) / ¢4,81%)
Operation (use) 134,73 1112,15 18(97%) / (6,25%)
Disposal -17,75 55,00 119,93%) / (8,33%)
Complete life cycle 168,79 1842,15 18(91%) / (2,55%)
Change in relation |(18,91%) (2,55%)
the reference state [%j

Tab.6: Lifecycleanalysisresultsfor variant 4

LCA LCC Change in relation tg

[Pts] [PLN] the reference state [%]
Manufacturing 52,07 660,00 10,04%) / (¢2,48%)
Operation (use) 136,21 1078,35 1707%) /(9,10%)
Disposal -14,80 57,00 10,0%) / (5,0%)
Complete life cycle 173,48 1795,35 16(38%) / (5,03%)
Change in relation |(|{6,38%) (15,03%)

the reference state [%j

5 Interpretation of results

In most of the categories, the impacts simulatedHe versions of the refrigerator
are lowered, and this reduction is simultaneoubdath categories of impacts. In
two examples (variant 3 and 4, Table 6 and Tablespectively) there is a
negative relation - reducing the environmental busdat the manufacturing stage
raises the costs generated at that life cycle phassitive correlation between
those two results can be found in variant 2 and thabecause it assumes
alterations to the original design more advancead jbst modifications to the type
or amount of materials used, as in the case ofwibeother variants. This major
redesign also contributes greatly to the reductidnoverall impacts in the



operation phase of a refrigerator’s life cycle +daample, cost reduction scale is
more than twice when compared to the third variant.

Transfer of impacts is most apparent in the LCAultssfor variant 4 (Table 6).
Insignificant reduction of environmental burdens thé manufacturing phase
affects the results for other life cycle phasesatiggly. This can be interpreted as
a certain negative attitude at environmental evanaof any solution that
includes adding weight and volume of materiald®design of an object [6].
Advantages of matrix-based presentation of LCM edso be seen using the
overall conclusions as a background [1, 2] (FigThe chart shows a hierarchy of
proposed solutions in means of lowering total intpai a life cycle of analyzed
refrigerator — the lower the points for selectedarg are, the better a solution in
life cycle development context is. But althougtstfarm of showing the results is
good for putting in order different variants, itedonot explain the reasons for such
arrangement. Therefore, it is incomplete in medrmmunicating detailed data
for the decision-making process [6]. For exampléoes not address the question
of reversed scale of environmental and economiophtts reduction for variant 3
and 4. At this level of generality, it is imposlib trace back deficient decisions
focused on solving a single impact reduction isshet affect other areas and
contribute to the transfer of impacts across thelalife cycle of an object.
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Fig.l: Comparison of LCA/LCC resultsfor different variants of the analyzed
refrigerator



6 Conclusions

Results of the conducted analysis of chosen varisimw that proposed variant 2,
including alterations to the original design ofrigérator should be selected to the
stage of research (prototyping, testing, trial piaibn). It is characterized by the
highest degree of reduction of environmental impaabhd costs that occur
throughout the life cycle of analyzed object. Taduction of environmental and
economical indicators reaches 15,47%, and 10,56pentively.

The proposed presentation and monitoring tool sngple and effective way to
illustrate the results of undertaken developmenbcedures (actual or
hypothetical). It can be used as an aid in dialdgeteveen performers of life cycle
analyses and decision-makers (managers resporfsiblproduct development
strategies). In LCM, which is a management conciéps, fundamental that the
decisions should be made based on facts. Any tingia@imed at improving the
availability and legibility of acquired and integted data strengthens the position
of LCM as default methodology for implementing tideas of sustainable
development at the object level into practice.
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