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Accepted: 4 January 2017 This paper examines the application of life cycle assessment (LCA) as an approach to foster
the product and process oriented eco- innovation of enterprises, using the fruit and vegetable
processing plant as an example. LCA, which is traditionally used to assess the impacts of
a single product system on the environment, was applied in the enterprise context. This was
made possible by forming an indicator describing the environmental profile of an enterprise,
which is calculated by the sum of the multiplication of the environmental impact assessment
(LCIA) results for individual unit processes within a particular impact category and their
weights reflecting the structure of production in an enterprise. In order to distinguish and
indicate the direction in which an enterprise should undertake its eco-innovative actions (im-
plementing eco-innovations within the product or production process) the LCIA results are
presented individually for products and production processes. The research was conducted
in full compliance with the LCA methodology. LCA proved that the analysed enterprise has
the largest negative impacts on the environment in the following impact categories: marine
eco-toxicity, freshwater eco-toxicity, freshwater eutrophication, human toxicity and natural
land transformation. They result primarily from the consumption of thermal and electric
energy in the production processes. Therefore, to improve energy efficiency, the enterprise
should take eco-innovative actions in the processes applied.
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Introduction

The concept of innovation, aimed at reducing the
environmental impact is variously defined. It is very
complex and ambiguous, as it is subject to constant
evolution. Thus in practice, several terms referring
to the above-mentioned innovations coexist, namely:
environmentally friendly, green and eco- [1]. For the
purpose of this publication, the authors will use the
term eco-innovation, since this term implies a full-life
cycle analysis of input and output factors.

According to the OECD definition of innovation,
eco-innovation means “the production, assimilation
or exploitation of a product, production process, ser-

vice or management or business method that is novel
to the organisation (developing or adopting it) and
which results, throughout its life cycle, in a reduction
of environmental risk, pollution and other negative
impacts of resources use (including energy use) com-
pared to relevant alternatives” [2].

There are four fundamental types of eco-inno-
vations: product eco-innovation (innovations with-
in products), process eco-innovations (innovations
within processes), marketing innovations and orga-
nizational innovations.

The first two types of eco-innovations, i.e. eco-
innovations within products and processes (TPP)
are referred to as technological eco-innovations [3–5].
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Many technological eco-innovations may have the
characteristics of both product and process innova-
tions.

Product eco-innovations include goods and ser-
vices that are significantly improved in terms of their
negative impact on the environment throughout their
life cycle. These may involve: changing the compo-
nents and materials used, reducing the consump-
tion of natural resources at the manufacturing phase
and during the utilisation, extending the time of use
and/or reuse and recycling.

Eco-designing is an integral part of product eco-
innovations. It involves an early identification of the
environmental aspects associated with the product
and their incorporation in the design process [6].

Process eco-innovations mean the implementa-
tion of a new or essentially improved method of pro-
duction or supply in order to diminish the nega-
tive impacts on the environment. They usually in-
volve critical changes in the consumption of ener-
gy and other natural resources used in the produc-
tion process or logistics, and therefore are associated
with changes in technology, equipment and/or soft-
ware [6].

This paper aims to present the possibilities of the
application of life cycle assessment (LCA) for assess-
ing product and process oriented eco-innovations un-
dertaken by enterprises.

Literature review

LCA is the most commonly used method of life
cycle management (LCM), which enables us to as-
sess the potential impacts of a product system on
the environment throughout its life cycle, from the
extraction of raw materials, i.e. the cradle, through
production, distribution, use, until its final disposal,
or the grave [7, 8].

An overriding assumption of performing LCA
analysis is the increase in efficient use of resources
while reducing the environmental burden associated
with the product system. The product system means
“the collection of unit processes with elementary and
product flows, performing one or more defined func-
tions, and which models the life cycle of a product
(any goods or service)” [9].

The traditional use of LCA involves: the identifi-
cation of opportunities to improve the environmen-
tal aspects of products at different stages of their
life cycle, the comparative assessment of products or
their selected unit processes over time, as well as per-
forming relative comparisons between products on
the basis of the LCIA results. Currently, LCA is also
used to make decisions on strategic planning, pri-

oritising environmental management in enterprises,
eco-design of goods and making marketing decisions
concerning environmental statements, eco-labelling
schemes and drawing up environmental declarations
[10, 11].

The detailed guidelines, principles and require-
ments on the LCA method are regulated by the
ISO 14040:2006 and 14044:2006 standards estab-
lished by the International Organisation for Stan-
dardisation. Their Polish counterparts are PN-EN
ISO 14040:2009 – Environmental Management – Life
Cycle Assessment – Principles and structure and PN-
EN ISO 14044:2009 – Environmental Management –
Life Cycle Assessment – Requirements and guidelines
[9, 12].

According to the above standards the methodol-
ogy of LCA includes:

• goal and scope definition,
• life cycle inventory (LCI),
• life cycle impact assessment (LCIA),
• interpretation of the results (see Fig. 1) [13].

Fig. 1. Model of life cycle assessment (LCA) [13].

At the stage of defining the goal and scope of the
LCA analysis, the reason for conducting the research
as well as potential recipients of the results and the
adopted functional unit are determined. In practice,
the goal of the research is determined individually
for each LCA analysis. Then the system boundaries
are determined. They include unit processes that are
the subject of the analysis.

The next stage, which is the inputs and outputs
inventory (LCI), involves collecting and quantifying
the inputs (product, material and energy flows en-
tering the analysed system) and outputs (product,
material and energy flows coming out of the analysed
system). It includes the elementary flows (emissions
to air, water, soil, non material emissions) and activ-
ity flows (electricity, heat, products, auxiliary mate-
rials and waste to further treatment) [14].

The third stage, life cycle impact assessment
(LCIA), is focused on understanding and evaluating
the magnitude and significance of the potential envi-
ronmental impacts of the examined product system
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[9]. It involves a number of activities, which are divid-
ed into mandatory and optional. The mandatory el-
ements of that stage are: the selection of impact cat-
egories that represent the environmental problems,
category indicators and characterisation models, fol-
lowed by the assignment of LCI results to the impact
categories (classification), and finally the calculation
of category indicator results (characterisation). The
optional elements of that stage are: the expression of
the category indicator results relative to well defined
information (normalisation) and the assignment of
the category indicator results numerical factors ac-
cording to their relative importance (weighting). The
result of LCIA is the environmental profile of the
analysed product [10].

The final stage of the analysis, performed after
LCIA, is the interpretation of the results received in
the previous stages. It is a phase of the holistic as-
sessment, in which the interrelated results of the life
cycle inventory (LCI) are interpreted as well as the
results of life cycle impact assessment (LCIA). Next,
there are determined the areas in which the imple-
mentation of changes will reduce the environmental
burden of the analysed product.

Methodology

LCA is traditionally applied to examine the im-
pacts of individual goods, processes or services on
the environment, whereas the authors suggest trans-
ferring the so far applied solutions into evaluating
product and process oriented eco-innovation of en-
terprises. It requires rejecting the classical interpre-
tation of the LCA results in favour of creating an
environmental profile of an enterprise, taking into
account: the structure of production, the source of
impacts (product, process) and the reason for their
occurrence.

To do so a matrix (MATLCA) is formed on the
basis of the LCIA results for individual unit processes
(products and related to it manufacturing processes)
and their weights reflecting the structure of produc-
tion in a particular enterprise (1). The rows in the
matrix represent unit processes, whereas the columns
represent environmental impact categories. This no-
tation of the matrix (MATLCA) makes it possible to
determine the environmental profile of an enterprise.
It is a set of sums S of matrix elements aij for each
j = const (2).

MATLCA =









a11 a12 . . . a1m

a21 a22 . . . a2m

. . . . . . . . . . . .

an1 an2 . . . anm









(1)

Sj=const =
n

Σ
i=1

aij (2)

After designating the environmental profile of the
enterprise, the source of impacts (product, process)
and the causes of their occurrence are identified.
Therefore, it is proposed to analyse the results of the
LCA study separately for products and production
processes (see Fig. 2). This requires the division and
allocation of environmental data between the prod-
uct and related to it the production process. In case
of complex products this might be difficult and thus
this needs to be resolved individually from case to
case.

Fig. 2. Separate interpretation of LCA results for product
and process.

This assumption seems to be reasonable, since
the environmental impacts in enterprises result from,
on the one hand, the materials used for manufactur-
ing of goods, and on the other hand, the technol-
ogy applied in the production processes. This ap-
proach makes it possible to distinguish and indi-
cate the direction in which the enterprise should
undertake its eco-innovative actions (implementing
eco-innovations within the product or production
process).

Goal and scope definition

The study aims to evaluate the eco-innovation
through the identification and prioritisation of envi-
ronmental impacts of a fruit and vegetable process-
ing plant, in terms of manufactured goods and ap-
plied production processes. In the long term, the ob-
tained results will make it possible to raise the level
of eco-innovation in the analysed enterprises through
optimising the use of raw materials, minimizing the
amount of waste and improving the energy efficiency
of individual production processes identified in the
enterprise.
Following the adopted goal of the research, the

scope of the analysis includes the products and pro-
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duction processes applied in the fruit and vegetable
processing plant. It belongs to a group of large en-
terprises: has about 600 employees and an extensive
machine park. It manufactures a wide range of food
products, including frozen fruit and vegetables, fruit
preserves (jams, marmalade) as well as fruit and veg-
etable juices and nectars.
In line with the applied technological instructions

of the enterprise, three production lines were listed in
the analysed enterprise: the production line of frozen
fruit and vegetables, the production line of fruit pre-
serves, and the production line of fruit and vegetable
juices and nectars (see Fig. 3).
The production process of frozen fruit and

vegetables consists of the four main stages: pre-
processing (washing, sorting, purifying, peeling, slic-
ing), final processing (drying with compressed air,
blanching, re-sorting), freezing to the temperature
below 25 degrees and preparing for transport by plac-
ing in the containers with capacity of 150–180 l.
Large amounts of water are used at the stage of
pre-treatment of fruit and vegetables, which after
a single use, in the form of sewage, lands direct-
ly in the sanitary sewage system. The next two
stages, i.e. final processing and freezing are extreme-
ly energy-consuming. Frozen fruit and vegetables are
not placed in unit packages.
The production process of fruit preserves consists

of three interrelated stages: preparation of fruit and
vegetables (sorting, washing and purifying), concen-

trating and mixing (cooking of fresh or frozen fruit
with sugar, gelling agent and optionally citric acid)
and packing in glass unit packaging with capacity of
0.33 l. Processing fruit creates wastewater as a re-
sult of washing it as well as organic waste (pomace,
fruit and vegetable bits, rotten fruit, sorted out fruit,
peelings) and packaging waste (foil and waste paper).
The production process of fruit and vegetable

juices and nectars consists of four interrelated stages,
which include: pre-processing of fruit and vegetables
(sorting, washing and purifying), disintegration, pas-
teurizing and packaging. In the process of disintegra-
tion, fruits are exposed to the pressure of rollers of
a belt press in order to obtain pulp, from which the
semi-dry pomace (organic waste) is transported to
the waste box and the juice passes through a sieve
belt and then into the buffer tank. In the pasteur-
ization process the juice is heated to a temperature
of 78–85 degrees, in order to preserve the manufac-
tured product. At the next stage, the juice is filled
into unit packages (glass bottles and PETs with ca-
pacity of 0.5 l, 0.33 l and 0.2 l cartons), which are
sterilized with hot air prior to use. The post-process
wastewater goes directly to the sanitary sewage sys-
tem.
In this LCA study, the functional unit of the sys-

tem is defined as 1 Mg of final product. Consequent-
ly, 1 Mg of final product was the point of reference
in the inventory of environmental input and output
data.

Fig. 3. The scope of LCA analysis and its unit processes.
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Inventory analysis

In the second stage of the LCA analysis all en-
vironmental inputs and outputs were collected and
quantitatively determined for individual products
and production processes within the system bound-
aries. As a result a comprehensive catalogue of el-
ementary and activity flows of the analysed enter-
prise was achieved including, inter alia, used mate-
rials (fruit and vegetables), energy (electricity and
coal) and water, emissions into air, soil, water (i.e.
dust, SO2, NOx, CO2 and CO) and final waste (fruit
and vegetable waste, packaging, slag) (see Figs. 4
and 5). Relevant environmental data was obtained
from the examined enterprise by means of a direct
interview and a questionnaire.

Fig. 4. The general scheme of product inventory analysis.

Fig. 5. The general scheme of process inventory analysis.

Results and discussion

Life cycle impact assessment (LCIA) of the fruit
and vegetable processing plant was performed us-
ing specialised software SimaPro 8.1 and the ReCiPe
Midpoint (H) method. In developing the above

method the following assumptions were made: the
impacts on the environment are assessed in the long
term, environmental data is classified into 18 im-
pact categories and the environmental damages are
reversible, if proper technological changes are intro-
duced. The indicator values of impact category were
normalised in relation to the average load per one
inhabitant in Europe.
Comparative analysis of a normalised environ-

mental profile of 1 Mg of analysed products, i.e.
frozen fruit and vegetables, fruit preserves and fruit
and vegetable juices and nectars has shown that the
greatest negative environmental impacts occur in the
following impact categories: natural land transforma-
tion (1.32), marine eco-toxicity (1.1), freshwater eco-
toxicity (0.95) and human toxicity (0.53) (see Fig. 6).
The environmental impacts in the above categories
come primarily from fruit preserves.
Comparative analysis of a normalised environ-

mental profile of the production processes of 1 Mg
of analysed products, i.e. the production process of
frozen fruit and vegetables, the production process
of fruit preserves and the production process of fruit
and vegetable juices and nectars has shown that
the greatest negative environmental impacts occur in
the following impact categories: marine eco-toxicity
(4.6), freshwater eco-toxicity (3.96), freshwater eu-
trophication (3.75) and human toxicity (1.7) (see
Fig. 7). The environmental impacts in the above cat-
egories come primarily from the production process
of fruit and vegetable juices and nectars.
Sum of normalised environmental impact profiles

of analysed products, i.e. frozen fruit and vegeta-
bles, fruit preserves and fruit and vegetable juices
and nectars and their production processes proved
that the utmost negative environmental impacts oc-
cur in the following impact categories: marine eco-
toxicity (5.7), freshwater eco-toxicity (4.91), fresh-
water eutrophication (4.25), human toxicity (2.23)
and natural land transformation (1.78) (see Fig. 8).
The environmental impacts in the above categories
come primarily from fruit and vegetable juices and
nectars and their production process.
In order to reflect the production structure of the

fruit and vegetable processing plant, individual prod-
ucts and their production processes were assigned
weights reflecting the relative proportion of a partic-
ular good in the enterprise production. Consequently,
frozen fruit and vegetable, fruit preserves and fruit
and vegetable juices constitute 73%, 7% and 20% re-
spectively of the yearly production of the analysed
company.

64 Volume 8 • Number 3 • September 2017



Management and Production Engineering Review

Fig. 6. Normalised environmental profile of 1 Mg of frozen fruit and vegetables, fruit preserves and fruit and vegetable
juices and nectars.

Fig. 7. Normalised environmental profile of the production processes of 1 Mg of frozen fruit and vegetables, fruit
preserves and fruit and vegetable juices and nectars.

Volume 8 • Number 3 • September 2017 65



Management and Production Engineering Review

Fig. 8. Normalised environmental profile of 1 Mg of frozen fruit and vegetables, fruit preserves and fruit and vegetable
juices and nectars, and their production processes.

The environmental profile of the fruit and veg-
etable processing plant was presented as a matrix;
the rows correspond to individual products and their
production processes whereas the columns corre-
spond to particular impact categories (3). In the
case of the analysed enterprise rows are respectively:
frozen fruit and vegetables, fruit preserves, fruit and
vegetable juices and nectars. Due to the fact that
the ReCiPe Midpoint (H) method was used in this

study the columns represent the following impact
categories: climate change, ozone depletion, terres-
trial acidification, freshwater eutrophication, human
toxicity, photochemical oxidant formation, particu-
late matter formation, terrestrial ecotoxicity, fresh-
water ecotoxicity, marine ecotoxicity, ionising radia-
tion, agricultural land occupation, urban land occu-
pation, natural land transformation, water depletion,
metal depletion and fossil depletion.

MATLCA=







0.049 0.001 0.085 0.756 0.189 0.382 0.028 0.059 0.121 0.851 1.003 0.003 0.071 0.014 0.272 0.019 0.093

0.009 0.001 0.017 0.083 0.006 0.049 0.006 0.012 0.005 0.101 0.117 0.001 0.005 0.001 0.054 0.002 0.017

0.028 0.001 0.048 0.397 0.041 0.197 0.015 0.033 0.008 0.446 0.518 0.002 0.021 0.005 0.123 0.007 0.055






(3)
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Overall environmental profile of the fruit and
vegetable processing plant shows that it generates
the largest negative impacts on the environment in
the following impact categories: marine ecotoxicity
(1.64), freshwater ecotoxicity (1.40), freshwater eu-
trophication (1.24), human toxicity (0.63) and nat-
ural land transformation (0.45) (see Fig. 9).
Taking into consideration the specificity of the ex-

amined enterprise, i.e. types of manufactured prod-

ucts, applied production processes and the structure
of production, the production process of frozen fruit
and vegetables is the predominant source of negative
impacts on the environment (see Fig. 10). As second,
there is the production process of fruit and vegetable
juices and nectars. Finally, the remaining production
process of fruit preserves and the manufactured food
products have the smallest negative impacts on the
environment (see Fig. 11).

Fig. 9. Overall environmental impact profile of the analysed fruit and vegetable processing plant.

Fig. 10. Weighted normalized environmental impact profile of the production processes of 1 Mg of frozen fruit and
vegetables, fruit preserves and fruit juices.
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Fig. 11. Weighted normalized environmental impact profile of 1 Mg of frozen fruit and vegetables, fruit preserves and
fruit juices.

Using the LCA methodology one can learn not
only where the largest impacts on the environment
occur, but also the reason for their occurrence. The
research has shown that the energy consumption in
the production processes is the primary source of en-
vironmental impacts in all crucial impact categories.
For example, the energy consumption is responsible
for 76.2% of all impacts generated in the category of
freshwater eco-toxicity in the production process of
frozen fruit and vegetables (see Fig. 12). The results
are not surprising, given the fact that technologies
applied in the studied enterprise are very high energy
consuming. Thus, the greatest demand for thermal
energy (steam) is attributed to the following process-
es: blanching raw materials, cooking fruit preserves
and the pasteurization. While the processes of fruit
and vegetable sorting, blanching, peeling, pasteur-
ization, freezing and storage are the main receivers
of electric energy. The large consumption of energy
in the analysed enterprise and using coal for its pro-
duction is also responsible for significant emissions to
the air, in particular CO2, CO, SO2, NOx and dust.

The production processes are not the only source
of environmental contamination, but also materials
used for manufacturing of products. The research has
shown that there are the impact categories where raw
materials and packaging are the dominant source of
environmental impacts. For example, in the case of
fruit and vegetable juices and nectars, glass packag-
ing and labels account for 48.24% of all environmen-
tal impacts generated in the category of natural land
transformation (see Fig. 13).

Fig. 12. The process tree of the frozen fruit and vegeta-
bles in the category of freshwater eco-toxicity.

Fig. 13. The process tree of fruit and vegetable juices in
the category of natural land transformation.

Conclusions

The presented research on life cycle assessment
of the fruit and vegetable processing plant proved
high applicability of the proposed methodology for
evaluating and introducing the technological eco-
innovation. In fact, it allows linking the environ-
mental impact assessments of individual products
and processes into a single aggregated indicator de-
scribing the environmental profile of an enterprise.
In addition, it shows directions for implementing
the eco-innovative actions, either product or process
oriented.
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The study of the technological eco-innovation lev-
el of the fruit and vegetable processing plant has
shown that it should, in order to minimize its nega-
tive impacts on the environment, optimise the pro-
duction methods, in particular improve the energy
efficiency. It can be done, inter alia, by switching off
automatically the defrosting evaporators at the time
when the cooling tunnels are empty, using proper
thermal insulation of pipelines, equipment and build-
ings, and finally heat recovery from the processes
of evaporation, cooking and drying [15]. It ought to
be also emphasized that the implementation of the
above process oriented eco-innovations will bring the
enterprise not only tangible environmental benefits,
but also economic ones by reducing production costs.
The methodology proposed by the authors can

be applied both at the micro and macro level. On
the one hand, though, it might be used by a sin-
gle enterprise, in order to diagnose its impacts on
the environment and indicate the direction of imple-
menting the technological eco-innovative actions. On
the other hand, it might be used to make an analysis
of enterprises from the same sector from the given
region, in order to make a comparative analysis of
their impacts on the environment within a given im-
pact category. Consequently, the proposed methodol-
ogy and our results should be an impulse for further
and more detailed analysis of the technological eco-
innovation of enterprises, including other products
and production processes.
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