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Multi-criteria Evaluation Techniques for Sustainable
Packaging Systems

Lijiang HUO* and Katsuhiko SAITO**

Packaging systems are influenced by multiple elements throughout entire life cycle. They have to meet

packaging process requirements, distribution efficiency requirements, environmental requirements, economic

requirements and social requirements as well. There is increasing recognition that multi-criteria evaluation techniques

are essential to create a sound packaging system in practice. Particularly, it is necessary to increase the knowledge to

select packaging systems that optimally meet social and economical as well as environmental performance

requirements. This paper aims at characterizing the multi-criteria evaluation techniques adopting multi-criteria

decision making (MCDM) methods and their application to sustainable packaging systems. As one of the most

popular MCDM methods used, analytic hierarchy process (AHP) with some of its variants applied in evaluation of

sustainable packaging systems has been presented. The research has explored how these variants and their

interrelationships can be effectively modeled into a decision support tool for the selection, in order to finally

coordinate interrelationships among complex factors involving product itself, packaging material, transportation and

distribution chain characteristics against a multitude of requirements and to implement sustainability during new

design or innovation in packaging systems.
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1. Introduction

Packaging systems add values to the products, which combines economic, environmental and social

considerations, by fulfilling manifold functions at different level as primary, secondary or tertiary

packaging throughout related product supply chains. The packaging system functionality is thus affected

by the performance of each level and by the interactions between these levels and the interaction of a

packaging system with product, physical and macro environment. I) It has been discussed that how to

feasibly coordinate interrelationships among factors of product, packaging material, transport and

distribution chain characteristics against a multitude of requirements in making a good selection of

packaging systems or products. 2) 3) 4) 5) There is increasing recognition that establishment of the

multi-criteria for packaging systems and relevant evaluation techniques are essential to create a sound

packaging system in practice. The multi-criteria evaluation techniques adopting MCDM methods are then
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carried out to quantify impacts into numerical scores and hence establish a ranking by which hierarchy of

best suitable materials, products or well production of expected general goal or objective. 6) 7)

The MCDM techniques assume that a decision may impact a variety of parameters, referred to as

"'impact-factors". Impacts of the decision on some of these "impact-factors" may be positive, and on the

others negative. Upon evaluation and aggregation of impact on all impact-factors, a decision having

positive impact in aggregate is generally suitable for implementation. 6) In the MCDM procedures, the

final impact of a decision is resolved into sub-impacts on constituent impact-factors. These sub-impacts

are further resolved into sub sub-impacts such that impact-factors with measurable criteria or indicators

reside at the comparative bottom of the hierarchy.

Among others, multi-criteria evaluation based on AHP has been regarded as a decision support tool

to solve complex decision problems, as for example evaluation of packaging materials, products or

production for making an optimum choice. 8) 9) 10)

2. Methodology of MCDM based on ADP

The MCDM based on AHP uses a multilevel hierarchical structure of objectives, criteria,

sub-criteria and alternatives. The pertinent data are derived by using a set of pair-wise comparisons.

These comparisons are used to obtain the weights of importance of the decision criteria, and the relative

performance measures of the alternatives in terms of each individual criterion. Finally, alternatives can be

compared to some absolute standard or to each other such that the comparison results and the criteria

priorities can be synthesized into single statistics, each representing an alternative that can be further

analyzed for sensitivity to changes in judgments. 'rhe AHP method provides structured framework for

setting priorities on each level of the hierarchy and comparing each pair of decision factors at a given

level of the model for their relative importance with respect to their parent. 11) The structured framework

of AHP can be illustrated by Fig. 1.

Highest level--Goal / Objectives

Indicators/Criteria

Sub-indicators/Criteria

Lowest level---ProjectslProdBcts

Fig. 1 Structured framework of AHP
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The levels in the AHP are divided into three sorts including highest level, Le. level of general goal

or objective; intennediate levels presenting principles, measures, strategies, schemes, multi-criteria,

indicators etc. and also embodying sub-indicator levels for achieving the general goal; and lowest level

which is consisted of alternatives, as for example, different projects or products and systems need to be

evaluated. 12) 13) On each level of the hierarchy, the user rates the importance of each impact-factor against

all others in that group. Based on the assigned relative weights, absolute weights of various

'impact-factors' are detennined and normalized. The impact-factors on each level are then aggregated and

the results are delivered to the next higher level until the score at the top-level, or the final score is

detennined. In case the aggregate impact of a decision is negative or not sufficiently positive, mitigation

measures should be incorporated, which is always associated with some cost, are often necessary for

making a decision acceptable.

Through this process, the AHP helps decision-makers create a model of their priorities where the

weight of the decision is distributed from the goal downwards. The goal is 100% of the decision, the top

level of objectives share this] 00% weight between them, and the weight continues to be distributed down

to the bottom of the decision model where alternatives can be weighted based on their total percentage

value out of 100%. Because synthesis of AHP models is a linear multiplication and addition process (all

influence flows downward), the mathematics associated with doing sensitivity ("what-if ") analysis are

fairly straight forward. I f a user increases the weight of a criterion, the alternatives that performed well on

that criterion will always get increasingly higher scores. The scale recommended by Saaty 13) is 1 through

9, with 1 meaning no difference in importance of one criterion in relation to the other and 9 meaning one

criterion is extremely more important than the other, with increasing degrees of importance in between.

Only half the comparisons need to be made in the process, the "reverse" comparisons simply use the

reciprocal values in the matrix of comparisons that results. The essence of the AHP calculations involves

solving an eigenvalue problem involving this reciprocal matrix of comparisons. 11)

In addition, consistency of the comparisons in the AHP process deserves special attention. As Saaty

13) described, the method involves redundant comparisons to improve validity recognizing that

participants may be uncertain or make poor judgments in some of the comparisons. This redundancy

leads to multiple comparisons that may lead to numerical inconsistencies. For example, if criterion A is

just as important as criterion B, then the pair-wise judgments for A and B to any other criterion should be

identical. When this doesn't happen in the judgment process, inconsistency can arise. Saaty 13) suggested

the error in these measurements is tolerable only when it is of a lower order of magnitude (10%) than the

actual measurement itself. Consistency ratios (CR) can be calculated and compared to indexes derived

from random judgments. As long as the eR equals 0.10 or less, analysis can proceed. Saaty 13) also

emphasized that greater consistency does not imply greater accuracy, and judgments should be altered

only if compatible with one's understanding. Otherwise, more information may be necessary or the

hierarchy may need reexamination.
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3. Multi-criteria Evaluation
3.1 Principles for establishing multi-criteria

The multi-criteria evaluation should be carried out under direction of sustainable packaging

principles since sustainability has been regarded as absolute trend of development of packaging systems.

Generally, 'triple bottom line' principle has been adopted in journey of sustainable development. 14)

Concretely, the essence of the principles for sustainable packaging systems has been -addressed as

effective, efficient, cyclic, and safe, presented as follows, 15)

• It adds real value to society by effectively containing and protecting products as they move through

the supply chain and by supporting informed and responsible consumption.

• Packaging systems are designed to use materials and energy as efficiently as possible throughout

the packaged product life cycle including its interactions with associated support systems.

• Packaging materials are cycled continuously through natural or industrial systems.

• Packaging components do not pose any health or environmental risks to humans or ecosystems.

When in doubt the precautionary principle applies.

The principles indicate the responsibilities and performance of would-be sustainable packaging

systems, which combines social, economic and environmental considerations. Therefore, establishment of

multi-criteria for selecting optimum packaging systems have to be undertaken under direction from the

framework.

3.2 Multi-criteria embodying environmental impact data
In accordance with the aforementioned principles, the multi-criteria covering concern throughout

packaging life cycle commonly involves packaging strategy, packaging functionality, sustainabi]ity

characteristics (energy, emissions, etc.) of basic materials and components by package design, product

performance, life cycle impact data, material characteristics and consumption, distribution and transport

scenarios, production capabilities and efficiencies, and post-use waste management. Particularly,

evaluation with the multi-criteria has been developed to provide generic guidance and information on

typical technical and environmental characteristics for decision making in packaging materials and

systems. 4) 5) Life cycle assessments (LCA) method is then extended to incorporate a multi-criteria

evaluation of the environmental impacts defined as the criteria for selecting materials or optimizing

products and systems.

The complex LCA data and packaging waste management and recycling data have been considered

to be converted and incorporated into a tool in order to offer quick assessment for day-to-day business of

food and beverage packaging. 5)The quick assessment tool will report against a range of environmental

indicators including depletion of nonrenewable resources, generation of greenhouse gases, energy use,

landfill and litter, key performance indicators (KPIs) and environmental code of practice for packaging

(ECoPP) for companies. 5) An example of what data is being collected from the companies for entering

into the tool is shown by Fig. 2 and framework of the tool is illustrated by Fig. 3 5)
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Fig. 2 Case study data collection in the quick assessment tool

Quick
assessment

tool

Procurement
Tenders

Defining
Packaging Strategy

Material Selector

Environmental check] ist

System date e. g. Recycling rates

Fig. 3 Framework of the quick assessment tool

3.3 Multi-criteria indicating multidimensional functions

The assessment of functions is essential in applying LCA to packaging because LCA must be put

to use a tool for promoting technological development. 16) The basic packaging functions during

transportation, storage and distribution are protection, user-friendly and communication. However, it is

widely believed that there is a connection, between economic development and environmental burdens,

which must be served to realize our goal of sustainable development of packaging systems. At the same

time, it is worthwhile to consider the advanced functions of packaging and their social significance to our

society. So the multi-criteria for comprehensive evaluation in the research attempt to indicate

multidimensional functions (described by Fig. 4 of section 3.4) of modem packaging systems under

framework of sustainability.
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3.4 Evaluative model used in selection

3.4.1 AHP-based model

A comparative analysis between packaging systems or products or production in terms of the

multi-criteria is needed for arriving at a correct decision. Model of multi-criteria evaluation for selecting

packaging systems is constructed by methodology of AHP with considerations of 'triple bottom line'

principle, sustainable packaging principles and above-mentioned multi-criteria method.

The AHP-based model for evaluating packaging systems uses established procedures to capture the

best rank from judgments through weighting. The decision process is the synthesized into a hierarchy by

which it is used to compare alternatives, one at a time, in the context of priorities. The multi-criteria

evaluation adopted consists of identifying a list of alternative courses of actions and a set of evaluative

criteria as well as numerical weights reflecting the importance of these criteria in relevance to the

problem of packaging systems considered. The prominent and frequent use of multi-criteria evaluation in

finding suitable solutions for the various environmental problems has necessitated the consideration of

environmental impact as one among many primary criteria in the assessment of packaging products,

production and materials. The AHP-based model has then been considered incorporating with LCA data

of targets evaluated in related assessment procedures.

The detailed multi-criteria within the AHP-based model are identified by integrating requirements

of traditional technical perfonnance with considerations of economical and environmental benefits as

well as advanced social functions, and with case studies demonstration on packaging products and

production, finally reaching a decision which points out one of alternatives performing better in all-round

evaluation of packaging sustainability. The AHP-based model is built and presented by Fig. 4.

As shown in Fig. 4, sustainable packaging system located at the highest level of the model is

general goal in the evaluation. The general goal must be allocated into criteria which match elements of

sustainability of packaging systems in three aspects, i.e. social, economical and environmental concerns.

The sub-criteria presenting environmental functions of packaging systems can be chosen in terms of ISO

14000 series standards and state of the art impact indicator methods. The others attempting to reflect

social and economic/commercial functions of packaging systems are chosen by well-known knowledge

and methodology in the field of packaging science and technology. Since the part mainly focuses on the

development of the comprehensive framework, the criteria and sub-criteria should be identified once

again under the framework when they are used in specific case studies. The general goal would also be

definite product or production expected to be the best in evaluation.

The evaluation in which the scores for each packaging system are determined by the performance

of the alternative against the various criteria and sub-criteria considered within the hierarchy of the model.

The total or the sum of the scores for each packaging system helps determine the ranking of the

alternatives and therefore arrive at the selection of the best possible option. The numerical value of CR of

the hierarchy should be calculated and controlled within range of less than 0.10 during making case
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studies demonstration in order to make them credible.

3.4.2 Case studies

Sustainable packaging system

Social Functions Economic/Commercial Functions Environmental Functions

Acidification

Consumed energy

Globe warming

Reuse and refill

Emission impacts

Waste management

Consumed resourcesShelf life

Logistics perfonnance

Production and operations

Cost of materials and production

Marketing

Graphical design

Shape des ign

Regulatory compliance

Hygiene in distribution and consumer use

Convenience and protection

Product presentation

Packaging system 1 Packaging system 2

Fig. 4 AHP-based model for selecting packaging systems
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The idea of AHP-based model was used in selection of pulp moulded packaging products as case

study demonstration. Seven steps were taken in the evaluation process: defining goal and scoping;

inventory analysis; environment impact assessment; weighing nine impact-factors within hierarchy of the

AHP-based model; building matrixes and checking out consistency; calculating scores of alternatives; and

making optimum option.

In concrete terms, alternatives located at the lowest level (Sn level) of the model were two kinds of

typical production of pulp moulded packaging products in China. The best choice needed to be obtained

by the assessment. However, multi-criteria indicating multidimensional functions of the targets must be

translated into definite indicators. As one kind of industrial products in practice, pulp moulded

packaging are mainly presented by cost, quality and environmental burdens. So we chosen economical

benefits (PI), technological performance (P2) and environmental impacts (P3) as indicators located at

intermediate Pn level under the highest level (A level) of the hierarchy. Sustainable pulp moulded

packaging placed at the A level was general goal of the assessment. The nine impact-factors were

identified as sub-indicators located at intermediate Mn level, which were investment(M t), running

cost(M2), consumed energy(M3), quality and stability(M4), acidification(Ms), global warming(M6),

handling wastes(M7), noise(Mg) and sensitive points(Mg).

During the assessment, functional unit was a set of pulp moulded packaging product for

transporting 25inch color TV set. System boundary started at collection of raw materials and ended at

obtaining of pulp moulded products. The general processes of the production included collection raw

materials, producing pulp, moulding, drying and handing wastes. But there were differences on source of

raw materials, source of energy, investment and location between the two targets (called them as No. 1

packaging and No. 2 packaging hereafter). We investigated inventory about input and output of the

production and then calculated environmental impacts (EB) of the targets. According to life cycle impact

assessment method, the EB of each type of environmental impact can be calculated by following

expressions,

EH = (WaxPFa) + (WbxPFb) + (WcxPFc)+ ...
Where: a", b", c--various chemicals contained by release

W--weight of various substances
PF--potential factors of environmental impact made by various

substances

The inventory and environmental impacts (EB) of the targets were shown at Table 1.

Quantitative and qualitative evaluation methods were used to determined comparative importance of

elements in the analytic hierarchy. Standardization degrees (SO) of estimation matrix A-Pn and Pn-Mn

were given by qualitative evaluation methods. The SD of estimation matrix Mn-Sn were given by

quantitative evaluation methods.
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Table 1 Inventory and environmental impacts (EB) of the evaluative targets

Items No. 1 packaging No. 2 packaging

Equipments (10000 RMB Yuan) 700 800
Factory district Construction (10000 RMB Yuan) 400 600

Sensitive points Far Close

Raw materials
Price (RMB Yuan/t) 1000 1200
Impurities (percentage) 0.8 0.1

Producing pulp
Solid wastes (kg/d) 30.058 3.639
Waste water (kg/d) 7.900 7.900
CO2(t/d) 4.186 4.582
S02 (t/d) 0.005 0.068

Moulding and Drying CO (t/d) 0.00004 0.00159
N02 (t/d) 0.00035 0.00166
NOx (t/d) 0.00314 0.01493
Consumed electricity 2.896 3.084
Consumed water 0.006 0.007
Consumed fuel 1.663 0.469

Running cost Materials 3.100 3.604
(RMB Yuan/set) Equipment depreciation 1.610 2.300

Salary 1.440 0.600
Maintenance fund 0.150 0.188
Management 0.375 0.375

Environmental impact Global wanning 1423.305 1512.181
(EB) Acidification 1.854 22.887

Conforming product (percentage) 98% 98%

The technological performance (P2) of targets was regarded as the most important indicator for pulp

moulded packaging and its SO was set as the highest grade. Since producers must control the costs within

acceptable scope according to marketing requirements, environmental benefit (P3) was set in second

position within the hierarchy. The estimation matrix A-Po was as follows:

Estimation matrix A-Po
A PI P2 P3 W
PI 1 1/5 1/3 0.106
P2 5 1 3 0.634
P3 3 1/3 1 0.261

Through calculation, most latent root of A-Po, Amax=3.036, eigenvector W=[0.106, 0.634, 0.261]T. SO

the three indicators ofPn level were weighed as 0.106, 0.634 and 0.261. Then the consistency of A-Pn was

checked out by formulas: eR = CI/RI, Cl = (Amax -n)/(n-1). The calculation showed CR=0.092<0.1, such

that the weighing were feasible. The authors also established Pn-Mn, Mo-Snand checked up consistency of

the matrixes by the same method. The weighing of general ranking of the alternatives with considerations

of nine impact-factors were shown at Table 2.
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Table 2 Weighing of general ranking of alternatives

~
M1 M2 M 3 M4 M5 M 6 M7 Mg M9 Weighing of

0.088 0.018 0.106 0.528 0.043 0.128 0.065 0.009 0.0]6 general
rankin~

SI 0.652 0.475 0.516 0.500 0.925 0.515 0.500 0.167 0.833 0.540
S2 0.348 0.525 0.484 0.500 0.075 0.485 0.500 0.833 0.167 0.460

The above-mentioned analysis emphasized on technological performance, at the same time taking

account into environmental and economical benefits of targets. The weighing of genera] ranking of No.1

and No.2 packaging were 0.540 and 0.460 respectively. The results showed that the No.l packaging had

advantage over No.2 packaging. The results coincided with practical situation. So the No.l packaging

could be recommended as priority for new design or innovation on existing production of pulp moulded

packaging products by using the AHP-based model.

4. Conclusions

The use of multi-criteria methods has been noticed in evaluating and comparing the various

packaging technologies and materials. They are particularly relevant in the valuation stage in the life

cycle assessment of processes or methods that are being considered for comparison.

The multi-criteria used in current evaluation cover concerns throughout packaging life cycle and a

wide range of environmental indicators of individual packaging are reported. Further, multi-criteria

evaluation tool for making a choice in selection of packaging systems can be applied widely in practice.

The model adopting the methodology of AHP for selecting package systems with incorporation of LeA

data and sustainable packaging elements is set up and has been demonstrated with case studies. The

method pf comprehensive evaluation for packaging systems is regarded as credible by calculating and

comparing the numerical value of eR of related hierarchy. Moreover, the model incorporates elements of

sustainable packaging principles so that it can be used to make it implemental in developing sustainability

of packaging systems. It is proven that the method is feasible but needs to be simplified in practice.

As for the ongoing research, the next key step would add additional criteria for sustainable

packaging systems with emphasis on synthesizing and interpreting the large amounts of complex data into

user-friendly indicators.
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