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The food industry is in the crossfire of increasing pressure of competition, consumer demands, and growing
importance of ecological sustainability considerations. Life cycle analysis is one of the most important methods for
evaluation of environmental effects of food industrial technologies and packaging systems. During the last decades
there have been an intense work to collect pieces of information on different environmental aspects of food packaging
systems all over the world, but there is a considerable gap between the amount of knowledge and its practical
application in decision making on the level of enterprises as well as in the process of determination of environmental
protection fee. Application of modern, freely available software frameworks for life cycle analysis offers a favourable
possibility for integration of environmental information into managerial and governmental decision making
processes. Based on case studies, the article demonstrates the possibilities of utilisation of cumulative environmental
burden indicators as well as expert decision-support systems for optimisation of product-portfolio, based on
environmental considerations.
Keywords: life cycle analysis, NIMBUS software, open-LCA

During the last decades three main factors have been emerging, increasing the importance of
food packaging system development: (1) rapid growth of long-distance food trade (BRUNELLE
et al., 2014); (2) emerging of new trends in consumption patterns (FLaNiGaN et al., 2013);
(3) continuous effort to better utilise the possibilities of the packaging: usage of the packaging
systems for promotion of products, increasing the value-added content of products by better
protection, containment, information, and convenience (PasQuaLiNo, 2011).

At the same time there is an increasing concern on environmental aspects of human
activities in general (Cooxk et al., 2013) and food processing in particular (TUKKER et al.,
2011). In the last two decades a considerable amount of scientific knowledge has been
accumulated on different environmental aspects of food packaging systems. In the opinion of
Brown (1993) as well as KrRoyER (1995), the environmental impact of food packaging can be
seen in several ways: (a) litter; (b) usage of raw materials for packaging purposes; (c) ecase
and consequences of packaging disposal; (d) adverse consequences of careless disposal of
packaging; (e) feasibility of recycling or reuse; (f) energy content.

Seacer and TrErs (2002) define six broad metrics of Life Cycle Assessment (hereinafter:
LCA): (1) financial metrics, trying to monetarize each and every aspects of LCA components;
(2) thermodynamic metrics, converting the different in- and output aspects and components
into thermodynamic units, (3) environmental metrics, (4) ecological metrics, attempting to
quantify the effects of production systems or services on the ecosystem functions; (5) socio-
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political metrics, evaluating the different production systems in light of political and/or
ethical goals of the society; (6) aggregated metrics, trying to combine the different aspects of
the above mentioned approaches.

In the last three decades a considerable amount of investigations has been carried out on
environmental consequences of different food packaging systems, but there has been a rather
weak link between these two communities, that is why there is a considerable knowledge gap
between them. This fact highlights the importance of knowledge management. One form of
this is the life cycle analysis. This is an especially important problem in emerging market
economies (e.g. in Hungary), where the application of LCA concepts have achieved some
considerable success (ToTH-SziTA & NANDORI-S1POS, 2010), but their application is just in a
rudimental phase of development (TOTH-SzITA, 2011).

The aim of the current article is twofold: (1) an integrated assessment of environmental
burden, caused by different packaging systems in packaging of the same product; (2) to
demonstrate the possibilities of application of data, obtained by LCA in optimisation of
production—structure of a food industrial plant, based on a multi-criteria approach.

1. Methods

Basic principles of our research were as follows: (1) system-based approach — the application
of food packaging is extremely complex, because there are different economic actors:
packaging material producers, food processors, recyclers, but the life cycle analysis analyses
all of these processes as a single system; (2) from cradle to grave — this refers to a holistic
assessment from raw-material production to manufacture, distribution, use, and disposal,
including all intervening transportation steps necessary or caused by the product’s existence;
(3) glass-box approach — we analyse each of the processes in detail; (4) integrated application
of global knowledge base, adapted to local conditions of a well-defined geographic area:
Hungary.

The most important steps of our analysis have been as follows: (1) outlining the system-
boundaries for analysed food production systems. In this process, we have taken into
consideration the total life cycles of food packaging system, but omitted the environmental
aspects of establishment of production infrastructure as well as the environmental burden
caused by food products (which is filled into the packaging); (2) determination of packaging
alternatives; (3) determination of basic technological phases and parameters (e.g. number of
recycling). In our case — in line with international practice (DETzEL & Boss, 2006) — we have
calculated by one round of recycling and 50% of re-collection; (4) determination of
environmental burden of different packaging alternatives by Open-LCA software
(GReeNDELTA, 2013); (5) determination of relative importance of different factors of
environmental burden; (6) multiobjective analysis of different packaging technologies.

For the comparison of different factors, causing ecological consequences we have
applied two approaches:

(1) first we applied the eco-factor method, developed in Switzerland nearly ten years
ago (FRISCHKNECHT & BUSSER, 2013). The eco-factor is a measure of the environmental burden
of different products and activities.

(2) another method of comparison of environmental consequences has been the expert
estimation. We have involved nine specialists from fields of ecology, agriculture, and food
science into analysis. All of them had a firm scientific background and international experience.
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To create an interval scale for comparison of different types of environmental burden, we have
asked the respondents to carry over a Thurson-type pairwise preference test (Hurst, 1955;
Nicotic, 2012). In this way, we have been able to measure (a) the consequentness of individual
specialists; (b) the level of concordance between the experts; (c) the relative importance of
different environmental burden factors, expressed on values of an interval scale.

Based on pairwise comparison, we have determined the weights of different ecological
effects of packaging systems. Optimisation of product-portfolio with purpose to minimise the
total environmental burden is a multi-objective optimisation problem, with more than one
goal-function. Solving of such type of programming task is a complex task mathematically
(MARLER & ARORA, 2004). To study the possibilities of multicriterial optimisation application,
we have chosen a freely available, theoretical tool: the Nimbus (Nondifferentiable Interactive
Multiobjective Bundle-based Optimisation) Software (MIETTINEN & MAKELA, 2006). Our aim
has been to optimise the set of functions {f|(x), ...f,(x)} subject to

g®)<0,j=1,.., m, ()

Ax<b 2
i 1

X<yt 3

where

k number of objective functions;

x decision variable (production of different types of packaging);

b, [ dimensional vector of maximal level of environmental burden factors;
A, is the matrix of environmental burden coefficients.

The solution of this equation system enables us to determine the intervals of feasible
solutions for different packaging alternatives under given economic conditions.

2. Results and discussion

As the first step, we have been able to determine the most important characteristic features of
liquid food packaging alternatives for different technologies from the point of view of their
environmental burden. In this way we have obtained a large matrix, consisting of four
columns (one-way glass; beverage cartoon, PET bottle, and aluminium can), and more than
500 rows, indicating the value of different pollutants. As an example, we present the
environmental burden of pet bottle and aluminium can. Due to space-limitations, just one
part of the results is presented in Table 1.

To make the results, obtained by this detailed analysis, comparable, we have applied the
eco-point method. Results of this analysis for PET bottle and aluminium can are presented in
Table 2. It is obvious, that the eco-point method is a suitable, practical approach of comparison,
but it is an open-ended question, whether it is enough simply to summarise the eco-points to
compare the environmental effects of different packaging technologies.

To compare the different aspects of environmental burden we have applied the pairwise
preference test. From nine respondents two have not been able to give a consequent ordering
(at P=0.05% level of confidence) according to the Kendall and Babington test (Iipa, 2009),
so they have been excluded from the further investigations. The value of Kendall coefficient
of concordance has been 0.724, which can be considered as significant at P=0.05% level of
confidence.
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Table 1. Environmental effects of alu-can and PET-bottle (example-abstract, values in kg for 1 kg packaging
material, contamination of air)

Components Alu-can PET-bottle =~ Components Alu-can PET-bottle
2-Chloro-1- 2.76E-12 9.68E-14 BTEX (Benzene Toluene 3.82E-06 2.88E-06
phenylethanone Ethylbenzene and Xylene).

unspecified ratio
Acenaphthene 1.55E-11 9.5E-12 Butadiene 5.99E-11 2.3E-11
Acenaphthylene 7.57E-12 4.66E-12 Cadmium 2.16E-09 1.23E-09
Acetaldehyde 1.4E-09 4.6E-10 Carbon dioxide 0.001626 6.66E-05
Acetic acid 1.38E-08 Carbon dioxide, biogenic 8.29E-05 0.001887
Acetophenone 5.92E-12 2.07E-13 Carbon dioxide, fossil 0.244195 0.111434
Acrolein 8.87E-09 5.45E-09 Carbon disulfide 5.13E-11 1.8E-12
Aldehydes 3.45E-08 6.38E-08 Carbon monoxide 0.001629 1.7E-06
unspecified
Ammonia 8.92E-09 9.47E-08 Carbon monoxide, fossil 9.15E-05 3.66E-05
Ammonium 8.45E-09 5.37E-08 Carbonyl sulphide 2.69E-05
chloride
Anthracene 6.36E-12 391E-12 CFCs and HCFCs, unspecified  2.88E-06 5.4E-16
Antimony 5.45E-10 3.35E-10 Chloride 6.35E-14 1.45E-12
Arsenic 1.34E-08 7.89E-09 Chlorine 4.32E-07 5.4E-14
Benzene 7.86E-08 2.65E-08 Chloroform 2.33E-11 8.16E-13
Benzene, chloro- 8.69E-12 3.04E-13 Chromium 8.84E-09 5.24E-09
Benzene, ethyl- 3.71E-11 1.3E-12 Chromium VI 2.39E-09 1.47E-09
Benzo(a) 2.42E-12 1.49E-12 Chrysene 3.03E-12 1.86E-12
anthracene
Benzo(a)pyrene 1.15E-12 7.08E-13 Chrysene, 5-methyl- 6.67E-13 4.1E-13
Benzo(b.j.k) 3.33E-12 2.05E-12 Cobalt 7.24E-09 2.75E-09
fluoranthene
Benzo(ghi) 8.18E-13 5.03E-13 Copper 1.21E-10 3.63E-11
perylene
Benzyl chloride 2.76E-10 9.68E-12 Cumene 2.09E-12 7.33E-14
Beryllium 7.17E-10 4.16E-10 Cyanide 9.87E-10 3.46E-11

Source: Own calculations, based on OpenLCA output

Transforming the values to an interval scale, we have determined the relative importance
of different environmental factors (Table 3). It is obvious, that the experts have attached the
highest importance to the greenhouse gas emission, and the relatively lowest weight to
marine ecotoxicity. This can be explained by the fact that, under Hungarian conditions, even
the relatively well-informed decision makers do not face with problems of environmental
pollution of the world sea.
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Table 2. Eco-factors of alu-can and PET bottle (values for 1 kg packaging materials)

Components Alu-can PET bottle =~ Components Alu-can PET bottle
PAH, polycyclic aromatic ~ 0.052544 1.39E-06 Fluoranthene 4.95E-05 3.04E-05
hydrocarbons
CFCs and HCFCs 0.024481 4.59E-12 Methane dichloro- 1.79E-06 8.82E-07
unspecified HCC-30
BTEX (Benzene Toluene  0.007637 0.005752 Phenol 4.61E-05 4.24E-07
Ethylbenzene and Xylene)
Carbon monoxide 0.001173 1.22E-06 Mercury 4.36E-05 1.91E-05
Cadmium 0.000995 0.000564 Icosane 2.95E-05 2.2E-05
Mercury 0.000878 0.000345 m-Xylene 1.96E-05 1.46E-05
Carbon dioxide 0.000748 3.07E-05 Chromium 1.52E-05 2.72E-06
Hydrogen fluoride 0.00067 9.5E-05 Sulfur 1.05E-05 7.07E-06
Lead 0.000342 0.000183 Hexanoic acid 7.61E-06 5.69E-06
Fluoride 0.000178 1.81E-05 Silver 4.99E-06 3.73E-06
Arsenic 0.000134 7.89E-05 Lead-210/kg 2.94E-20 2.2E-20
Furan 0.000117 6.7E-05 TOC. Total Organic 0 2.49E-07
Carbon

Source: Own calculations, based on data from Table 1 and FriSCHKNECHT & BUSsSER (2013)

Table 3. Relative importance of ecologic burden factors, caused by different packaging materials, measured on
interval scale

Ecological burden type Relative importance
Acidification potential 70
Greenhouse gas emission 86
Terrestrial euthrophication potential 48
Aquatic euthrophication potential 21
Freshwater aquatic ecotoxicity 64
Human toxicity 85
Marine aquatic toxicity 17
Stratospheric ozone depletion 34
Terrestrial ecotoxicity 34
Photochemical oxidation 25

Source: own calculations

To determine the optimal production structure of an actual food processing plant, we
have applied the cumulated data on greenhouse gas emission, photochemical oxidation,
acidification potential as well as euthrophication potential obtained by DeTzEL and Boss
(2006).

Greenhouse gas emission (kg CO, equiv/1 litre product) function
95xx,+170xx,+220%x, —min. 4)

photochemical oxidation (g ethene equiv./1 litre product) function
34xx +15%x,+20xx, —min. 5)
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acidification potential (g SO, equiv./1 litre product)
318%x,+455%x,+365xx, —min. (6)

terrestrial euthrophication potential (g PO, equiv./1 litre product)
28xx +11xx +35%x, —min. 7

aquatic euthrophication potential (g PO, equiv./litre product)
18xx,+8xx,+25%x, 1085.0 —min. ®)

profit rate (HUF/I product)
25%x,+14xx,+31xx, —max. )

Based on a multicriterial analysis, in first round we had been able to determine the
boundaries of scope of decision-making (feasible sets, determined by ideal values and nadirs).
Within these limits we have weighted the importance of different goal-functions according to
weights, determined by Table. In case of 1000 t production, if the demand for products in
beverage carton (x, ) can be described by: {30< x, >55}, one way glass-bottle (x,): {15<x,
>45}, and PET bottle (xp): {17< X, >58}, taking into considerations the equations 4-9, there
are four solutions (Table 4).

Table 4. Four feasible (Pareto-optimal) solutions for problems, determined by equations 4-9

Factors Alternative No.1 ~ Alternative No.2  Alternative No.3  Alternative No.4
Greenhouse gas emission 17387 15777 9823 9140
Photochemical oxidation 2645 2819 1829 1585
Acidification potential 40852 338765 24857 22570
Terrestrial euthrophication

potential 2832 2869 1801 1600
Aquatic euthrophication

potential 1942 1942 1214 1085
Profitability 2645 2645 1666 1487
Combined beverage carton 43 55 37 30
One-way glass bottle 30 22 15 15
PET package 37 31 17 17

Source: own calculations
3. Conclusions

As a result of our research we have been able to prove, that the application of open-source
LCA software offers a favourable possibility to life-cycle analysis even under conditions of
relatively low level of resource endowment. Results of LCA in itself cannot be used in a
direct way for the practical decision-making process, because comparison of different
environmental burdens needs a further consideration. This comparative analysis should be
based on modern methods of application of decision support systems. Results of analysis
should form a sound basis for product-portfolio optimisation, which — in itself — is a
multicriterial process. Comparing different packaging alternatives, our results prove that
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(1) the achievable profit is considerable determined by the regulations, set to environmental
burden of different packaging alternatives; (2) approximately the same environmental burden
can be achieved by considerably differing production structures.

As a summary it can be stated that the multiobjective optimisation should be considered
as a necessary tool in estimation of the optimal product portfolio at the level of enterprises
and for the fine-tuning of regulatory environment on level of governmental policy.

Research has been supported by OTKA 81594 project.
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