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Abstract
Diversity of food systems and their interaction with the environment has become a research topic for
many years. Scientists use various models to explain environmental issues of food systems. This paper
gives an overview of main streams in analyzing this topic. A literature review was performed by
analyzing published scientific papers on environmental impacts in the food chain. The selection criteria
were focused on different environmental approaches applied in the food chain and on the perspectives
of future research.
This review shows that on the one side there are generic environmental models developed by
environmental scientists and as such applied on food. On the other side, there are models developed by
food scientists in order to analyze food-environmental interactions. The environmental research in food
industry can be categorized as product, process or system oriented. This study confirmed that the focus
of product based approach is mainly performed through life-cycle assessments. The process based
approach focuses on food processes such as heat transfer, cleaning and sanitation and various
approaches in food waste management. Environmental systems in the food chain were the least
investigated stream analyzing levels of environmental practices in place.
Future research perspectives are the emerging challenges related to environmental impacts of novel
food processing technologies, innovative food packaging and changes in diets and food consumption in
connection with climate and environmental changes.
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1.0

Introduction

Describing the complex links between food and environment is a relatively recent research field, starting
from the so-called “ecology of food”, a university discipline taught in Germany since 1987 (Leitzmann,
2002; Schneider and Hoffmann, 2011). In other European countries, this research domain is integrated
in environmental science, agricultural science or in “agroecology” (Wezel et al., 2009). However the
“grey” literature started in the 1970s (Moore-Lappé, 1971), and one of the very first scientific
publications from the 1980s (Gussow and Clancy, 1986) was encouraged by the Stockholm environment
summit of the United Nations in 1972. Since then, environmental assessment methods have been
refined and applied to various food products, in order to help producers and industries improve food
production from an environmental point of view.
Recent European consumption studies show that food production is responsible for up to 50% of
environmental impacts (Notarnicola et al., 2012; Roy et al., 2012). The environmental regulations
directly or indirectly covering the environmental impact in food process design have increased in the last
years (Romdhana et al., 2016). As a consequence of this, the development of sustainable strategies for
food supply chains is in gaining importance and the number of companies involved in this subject is
increasing each year. There are a lot of methods and models, specifically developed and adapted to the
planning, processing and control from farm to retail and household. The focus is not only on reducing
costs, but also to achieve sustainability and environmental preservation (Akkerman et al., 2010; Battini
et al., 2014; Manzini and Accorsi, 2013).
The objective of this review paper is to present the main research streams for analyzing food chain’s
environmental performance and to identify future research perspectives. Section 2 performs an indepth survey of current state of progress, according to the existing environmental research
perspectives. Section 3 is devoted to future perspectives covering the emerging challenges related to
environmental impacts of novel processing technologies, innovative food packaging and changes in diets
and food consumption in connection with climate and environmental changes. Concluding remarks are
given in Section 4.

1.1

Literature review

Mathematical models describing food processes are very useful in engineering design and optimization.
They allow evaluation of different food processing alternatives (variety of raw material, optimization of
processing conditions, packaging…) in order to improve decision making. Thus this is a very interesting
3
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and useful research area, which is confirmed by the increase in the number of publications in this
subject in the last years. A literature review was performed by analyzing published scientific papers and
the major sources of information were the scholarly databases such as Web of Science, EBSCO, Springer,
ScienceDirect and Google Scholar. This research identified relevant articles, both review and research
papers, published in the domains of environmental/mathematical models (environmental models,
mathematical models, life cycle assessment (LCA), simplified LCA, specific impacts i.e. energy, water,
waste water, etc.) and approaches in the food chain (food, food chain, food processing, specific types of
food i.e. meat, dairy, etc.). There were no geographical restrictions applied. The selection criteria chosen
to identify the relevant articles were related to the objectives of this paper: (1) focus on environmental
models applied in the food chain; (2) focus on the potential for future research.
Within the above mentioned databases, 19,385 publications between 1991 and 2016 were found using
model, food and process as keywords in the Web of Science. Out of this number, 5,341 were included in
the research area Food Science and Technology and 2,595 in the research area Environmental Sciences
and Ecology (Figure 1), showing an increased trend during the considered period. The majority of
published research/studies related to the environmental impacts of the food industry were focused on
the following: (i) product-based research, mainly through life cycle assessment (LCA); (ii) process-based
research focused on specific food processes and their interaction with the environment; (iii) companybased research, based on various environmental management tools. The perspective of such research
was from an environmental point of view or from a food science point of view.
When keywords related to environmental impacts were added to the previous ones (food, process and
model) in the search engine of the Web of Science database (research area Environmental Sciences
Ecology) the number publications in the period 1991-2016 decreases (Table 1). Another important
question was to define the food sectors related with the publications. Table 2 presents, the main food
sectors found in the Web of Science database using model, food, process and environment as keywords
and considering only the research area Environmental Science and Ecology. As it can be observed, the
food sectors with the highest number of publications in modeling and environment are fish and seafood,
distribution and feed, while the number of publications on the other sectors is substantially lower.
The outcome of articles assessing the environmental impacts of the food chain depends not only on the
systems studied, but also on the environmental methodologies and evaluation methods used
(Reckmann et al., 2012). In concurrence with a review of environmental impacts in the meat chain
(Djekic and Tomasevic, 2016), three environmental research perspectives recognized in the food chain
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are food products, the manufacturing food processes and the environmental systems in which the food
companies operate, Figure 2.

2.0

Environmental issues in the food industry

2.1

Food product-based perspective

Life Cycle Assessment is the main methodology applied to assess the environmental impact of products
and it has been increasingly applied to products of the agri-food sector (Arzoumanidis et al., 2017;
Jacquemin et al., 2012; Nucci et al., 2014). It is a scientific method that includes the following steps
outlined in ISO 14040: mapping the process, setting the scope and boundaries, collecting data,
calculating, evaluating and interpreting the results with the aim to propose environmental
improvements (ISO, 2006).
Food systems are sufficiently different from other product systems, mainly because of the agricultural
stage, which implies a close interlink between nature and the technosphere. Consequently, the
application of LCA to these systems introduces new methodological issues (Milà i Canals et al., 2006;
Perrin et al., 2014). The first LCAs on food products began in 1990s and in the last 16 years it has been
commonly applied to this sector covering an extensive range of foods, mostly meat, dairy, fish, fruit and
vegetables as well as wine and other beverages.
Since the meat chain is widely recognized as one of the main polluters in the food sector, several
reviews have been carried out on the application of LCA to this sector (de Vries and de Boer, 2010; De
Vries et al., 2015; Djekic and Tomasevic, 2016; McAuliffe et al., 2016). Although vegetable products are
generally considered to have a lower environmental impact potential than other foods in western diets,
many studies agree that field production stage is one of the greatest contributors to environmental
pollution. In this sense, Bessou et al. (2013), Perrin et al. (2014) and Cerutti et al. (2014) reviewed
different LCA aspects of the agricultural stage of vegetables. Fish products have been tackled in the
studies of Henriksson et al. (2012) for aquaculture, and Pelletier et al. (2007) for seafood. Among drinks,
the environmental impact of wine production in different countries and origin appellations has been
assessed and therefore some reviews focused on the LCA and carbon footprint of this product have
been carried out (Rinaldi et al., 2016; Rugani et al., 2013).
Mapping the process and setting the scope and boundaries are important in order to clarify parts of the
food chain analyzed from the “farm to fork” perspective. Most of the LCAs on food products apply
“cradle-to-gate” systems boundaries, that is, they are mainly focused on the farm level. Nevertheless,
5
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other system boundaries are applied in the literature, such as “cradle-to-market” in which the
distribution and commercialization phase is also involved, or the so called “cradle-to-use“ in which
impacts from the consumer phase are assessed, although these are scarce. An important point when
defining the system boundaries of agricultural systems is whether the whole plant cycle must be
included or not. In the case of perennial crops, as Bessou et al. (2013) and Cerutti et al. (2014) point out,
most published LCAs are based on one productive year. But perennial systems, unlike annual crops,
involve plants with very variable duration. As regards to the temporal representativeness, most of the
reviewed studies are focused on one farming season, and only few studies cover the temporal variability
of perennial crops (Bessou et al., 2016; Vázquez-Rowe et al., 2012).
A generic model of the food product's life cycle system boundaries is presented in Figure 3. The system
boundaries in animal origin food chain cover at least four subsystems (Djekic et al., 2014a; Djekic and
Tomasevic, 2016). Subsystem 1 – 'Farm' includes all livestock activities which take place in a farm,
including production of raw milk. It may include contribution of feed production and waste/manure
management. When such subsystems are covered within a LCA, they enable comparing different
methods of livestock production such as organic vs. conventional or indoor vs. outdoor animal
husbandry (McAuliffe et al., 2016). Activities such as reception of live animals, livestock handling, animal
welfare, slaughtering and chilling (Djekic et al., 2015) or activities like collecting and distributing raw milk
in the dairy sector (Djekic et al., 2014a) are either a part of subsystem 1 or 2. Subsystem 2 – 'Processing
plant' in meat sector covers all activities from reception of carcasses, thermal processing, waste
handling up to the storage of final meat products (Djekic et al., 2015). In the dairy sector, this subsystem
covers activities from receipt of raw milk to production of dairy products (Djekic et al., 2014a).
In wine production, we observe similar subsystems as vineyard planting and viticulture and grape
growing contribute to subsystem 1 while wine making is within subsystem 2 (Rugani et al., 2013). In fruit
production the nursery phase and orchard establishment may be considered as subsystem 1 (Cerutti et
al., 2014). Further fruit processing to various food products is within subsystem 2.
Subsystem 3 – 'Retail' comprises of activities that take place where food products are sold. These sales
spots may be either in supermarkets and grocery shops or may be in specialized shops. Subsystem 4 –
'Household use' comprises of refrigeration of food (Coulomb, 2008), food preparation and cooking (Xu
et al., 2015).
The functional unit (FU) is a key aspect when performing an LCA, as it is the unit to which the results are
expressed and a basis for comparisons. The FU must take into account the function of the systems and a
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proper choice of the FU is of central importance because different functional units can lead to different
results for the same product systems (Djekic and Tomasevic, 2016). Most of the LCA studies on food use
a FU quantified by physical units, mainly mass or volume based for drinks whereas area (e.g. ha) is also
widely use in agricultural LCAs. However, we must not forget that the main function of food is providing
nutrients. Heller et al. (2013) reviewed different kinds of FUs based on this nutritional function, and as
stated by the authors, no consistent solution emerged.
The economic value is another criteria taken into account to define the FU in food LCAs (e.g. (Dutilh and
Kramer, 2000; Mouron et al., 2006a). According to Dutilh and Kramer (2000) economic value captures
the “emotional value” of food. van der Werf and Salou (2015) recommend this kind of FU because it
considers product quality through the product's price. Ponsioen and Van Der Werf (2017) argue that this
FU reflects the way a consumer values the different functionalities of food and takes into account the
possible rebound effects of spending saved money on other environmentally damaging activities into
account. Summarizing, although mass-based FU is by far the most dominant FU in LCA of food products,
using several other FUs allows the multifunctionality of foods to be captured (Mouron et al., 2006b; van
der Werf and Salou, 2015).
Many LCA studies agree that life cycle inventory (LCI) is the most time consuming step since it implies
data collection from the subsystems, aggregation and validation. Collecting data from the subsystems is
crucial for LCA, since the uncertainty of these data may cause imprecise calculation of various
environmental indicators (Djekic, 2015). Both primary and secondary data sources are used to carry out
a LCI. Primary sources are mainly used for the foreground system, the core of the studied system.
Therefore representativeness of the primary data is crucial. The type and sources for the foreground
data and the scale can vary from local to regional or even global (Avadí et al., 2016; Bartl et al., 2012)
and the data source cover from surveys to one or small samples of representative producers (VázquezRowe et al., 2014) to large ones (Ribal et al., 2016b). Other studies model the foreground system based
on representative scenarios built from surveys and other sources as statistics or interviews with experts
or multivariate statistics tools (Avadí et al., 2016). Ribal et al. (2016b) analyze the variability of the
foreground system data and that of the subsequent impacts by using non parametric statistics,
specifically by means of a bootstrap technique. Analysis of these inventory data requires calculation of
specific environmental impacts defined in the goal and scope of the LCA (McAuliffe et al., 2016). In case
of multifunctional systems and for the purpose of conversion from the 'whole of subsystem basis' to a
'functional unit basis', allocation of inputs and outputs is needed (Djekic and Tomasevic, 2016). There
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are three main allocation methods: economic allocation, physical allocation and system expansions (de
Vries and de Boer, 2010).
Several authors have tried to simplify data collection in order to make LCA easier to perform, especially
for small and medium-sized enterprises (SMEs) (Arzoumanidis et al., 2014; Hochschorner and
Finnveden, 2003; Masoni et al., 2004). Arzoumanidis et al. (2017) presented a simplified LCA model for
three different product types such as coffee, lemon juice and olive oil. The presented work has a
relevant approach in order to make LCA easier to perform in SMEs, which usually lack resources. They
used three simplified LCA tools and made a detailed analysis and proposed solutions for improving the
applied tools.
The studies mentioned above are built on the traditional LCA framework, also known as attributional
LCA, which calculates the environmental impacts associated with the delivery of a specific amount of
product. However, this approach fails when estimating the indirect effects associated with a change in
the demand for the same amount of product engendered in the markets by the underlying actions
(Vázquez-Rowe et al., 2014). In view of this limitation, a new approach has emerged in the last few
years: the consequential LCA. The main idea of this is that the assessment includes the consequences of
a change affecting the initial product system studied, and which may affect other life cycles non
connected by mass or energy flows to the studied system (Dandres et al., 2011). The consequential LCA
has been successfully applied in the evaluation of the indirect changes of land use leaded by the
cultivation of raw materials for biodiesel production e.g. (Escobar et al., 2017; Schmidt et al., 2015). The
consequential approach could also be suitable to elucidate whether the introduction of normative
measures to change food consumption (such as taxes to meat consumption) really leads to a decrease of
the environmental impact of the whole food chain by assessing.
A literature review of LCA in the food chain has enabled grouping published papers according to the
following criteria: types of LCA model, impact focus, subsystems analyzed, product type, and
environmental impact. The LCA, simplified LCA or non-LCA models have the objectives to quantify the
environmental performances in the whole food product chain. Regarding the approach three main types
occur: LCA, variations of LCA and non-LCA models. Depending on the model, the following criteria apply:
(i) if the model is generic or specific for food industry; (ii) if it is user friendly/or not; (iii) if it is
free/payable; (iv) if it is focused on one environmental impact or several; (v) besides environment, if it
focuses on some other sustainability dimension (economic, social) (vi) if it requires specific
environmental knowledge, etc. As for subsystems, authors divide subsystems at farms, at processing
plants, and upon distribution of final product (retail and/or household). Depending on the LCA
8
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methodology applied, different environmental impacts are calculated, Figure 3. The common
denominator is the global warming potential due to the importance that this environmental impact has
on the society. Nevertheless, other environmental impacts can be evaluated. For example, dairy industry
is mainly focused on global warming, potential, acidification potential, eutrophication potential, and
ozone layer depletion (Djekic et al., 2014a). In meat industry, global warming potential, acidification and
eutrophication potential prevail (Djekic and Tomasevic, 2016) while poultry industry besides these
potentials also calculates land use (Skunca et al., 2016). Wine industry covers also resource depletion
(Rugani et al., 2013). Except in specific cases like Nucci et al. (2014), the common denominator is the
global warming potential.
Motivation of food companies to use LCA and generally apply modeling of environmental impacts of
their products, including processing, is increasingly attractive in order to obtain environmental labels for
the food they produce. The pressure on eco-labeling brings us to the necessity of creating and using
user-friendly LCA models, especially from the perspective of SMEs. Grunert et al. (2014) confirmed that
sustainability labels still do not play a major role in consumers’ food choices, but future use of these
labels will depend on consumers’ general concern about sustainability. Recent publication of an
environmental labeling standard brings a new dimension in food labels and declarations (ISO, 2016a).
Different simplified models and tools for assessment of environmental performance in food companies
were developed in order to enable wider and easier application in food companies with limited
resources. In this sense further research should include variability in LCA results considering different
assessment methods and to introduce more environmental impacts.

2.2

Process based perspective

Modeling in food processing has been mostly used in order to optimize the manufacturing process and
increase yields and productivities or to simulate energy and mass transfer phenomena in food during
processing. Nevertheless, the process optimization can have a significant effect on the environmental
performance of food. The processing step, as part of a food supply chain, has been most often studied
as a “black box” in LCA of food products due to the lack of data or confidentiality issues (Avadí et al.,
2015; Del Borghi et al., 2014). Furthermore, modeling as well as comparison of different processing
techniques within similar technologies was difficult. Similar constraints are present and important for
analyzing novel food processing methods and introduction of new / improved / modified products.
Generic “food processing” model is presented in Figure 5.
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Mathematical models have also been widely used to simulate all aspects of bioenergy in production
systems including the growth kinetics of energy crops, conversion processes, production economics,
supply logistics and environmental impacts. Those models can provide powerful tools to design a
bioenergy system and evaluate its technical feasibility, economics and environmental impacts. In food
industry, a combination of process models and reaction kinetics provides advanced computational tools
for the design and optimization of various biomass conversion processes.
Thermal processing is among the most often used methods in food industry and it has been examined
first in terms of modeling and optimization. For instance Teixeira et al. (1969), studied model-based
computational methods to design and/or optimize thermal processing of food to more recent stochastic
and deterministic global optimization methods (Banga et al., 2003). These models were not mainly
developed in order to address the environmental impacts of the studied thermal processing method,
but because of the significant amount of energy used in this process. LCA was applied for comparison of
thermal (conventional pasteurization) and non-thermal processing technologies (microwaves, high
hydrostatic pressure, modified atmosphere packaging) and it has shown that emerging technologies are
lower in CO2 production and energy demand as well as in water consumption under the defined
conditions of up to 30 days shelf life (Pardo and Zufía, 2012).

2.2.1

Water-energy-food nexus

Although in many studies energy and water inputs in processing were optimized or studied separately,
water, energy and food (WEF) are inextricably interrelated. This nexus has a significant environmental
impact and should be considered together. Effective planning and management of limited WEF
resources to meet current and future socioeconomic demands for sustainable development is
necessary. Nexus management for WEF security necessitates integrated tools for predictive analysis that
are capable of identifying the tradeoffs among various sectors, generating cost-effective planning and
management strategies and policies. To address these needs, Zhang and Vesselinov (2016) have
developed an integrated model. It provides a multi-period socioeconomic model for predicting how to
satisfy WEF demands based on model inputs representing productions costs, socioeconomic demands,
and environmental controls.
Al-Ansari et al. (2014) integrated WEF systems in one resource model described by a series of subsystems (food sub-system, water sub-system, energy sub-system). It was shown that the food subsystem produces the largest emissions, followed by energy and water. Garcia and You (2016) identify
10
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engineering opportunities to appropriately model and optimize the WEF. Various uncertainties appear
at all scales of the WEF and this issue must be considered.
A typical food processing step is cleaning and sanitation, related to the high water consumption and
production of significant amounts of wastewater. It is a prerequisite program outlined in international
food safety standards that intends to ensure good hygiene practice (CAC, 2003; ISO, 2005). It prevents
the development of biofilms and reduces the possibility of food contamination (Campdepadrós et al.,
2012). A typical cleaning method is “cleaning in place (CIP)” that cleans solely by circulating and/or
flowing chemicals and water rinses by mechanical means onto and over surfaced to be cleaned (BSI,
2008). CIP process requires large amounts of water, chemicals and energy. Energy usage varies,
depending on the process and importance of optimization is considered crucial. It is estimated that milk
plants are likely to use 13% of its energy on CIP, whereas a powered milk, cheese and whey process will
use 9% of its energy on CIP (Prasad et al., 2005). In some plants, combined efforts to decrease water
consumption, wastewater production and energy savings through optimization were proposed.
Installment of heat exchangers on processing lines, introduction of a system to optimize accurate
chemical and water usage during cleaning, optimization of CIP procedures in general and other
strategies for improvement of eco-efficiency are means of improvements (Pagan and Prasad, 2007).
Other employed strategies included generation of estimation tools for the energy demand of a range of
food process unit operations, as developed by Sanjuán et al. (2014). In a similar manner, Walker et al.
(2017) provide methods to determine water use in order to calculate the water required for unit
operation of food processing. These tools were tested through case studies and the measured energy
and water results proved its accuracy.

2.2.2

Food waste management

Different types of solid waste and wastewater generated throughout the food chain contribute
significantly to the environmental footprint of food industry. Food waste, food loss and other terms
used to address remains not suitable for consumption as food are used inconsistently in the literature as
also observed by Cerutti et al. (2014). In crops, vegetables and fruit processing, major food losses are
related to low productivities, inefficiency in processing, contamination, damage of products during
packaging, while there are also unavoidable amounts of products which have to be discarded during
processing (bones, seeds, skin, etc.). Depending of the type of food loss (avoidable or unavoidable) and
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the amount generated in food processing, different scenarios that variously affect the environmental
impact of the food chain were proposed by Corrado et al. (2017).
Utilization of by-products and process modifications to prevent excessive amount of food waste along
the entire food chain were proposed and studied by different researchers (Chen et al., 2017; Mourad,
2016). Some proposed strategies are based on revalorization through extraction of high-value
ingredients from waste generated during fruit and vegetables processing (Baiano, 2014;
Hernández-Carranza et al., 2015). Remains from other links of the food chain are used mostly as
substrates for the production of platform chemicals and biofuels, like lactic acid and other low volatile
organic acids (Dahiya et al., 2015; Djukić-Vuković et al., 2015; RedCorn and Engelberth, 2016). Other
possibilities for utilization of food waste is for feed (San Martin et al., 2016) providing revalorization of
nutrients still present in food waste or anaerobic digestion, composting, incineration and landfill as the
most abundant strategies for organic waste in general. The influence of process parameters and
pretreatment of food waste on environmental indicators was also studied. The biogas production,
volatile solids’ degradation and chemical oxygen demand degradation during anaerobic digestion of
food waste were examined depending on the pretreatment as the most prominent parameter that
contributes towards output responses followed by pH, solids’ concentration, temperature and carbon to
nitrogen ratio (Deepanraj et al., 2016).
Efforts to address sustainability of these strategies as well as to compare them in terms of
environmental impacts were modeled by using LCA. Works of Kim and Kim (2010), Palmieri et al. (2017),
Salemdeeb et al. (2017), Salomone et al. (2013), and Salomone et al. (2017) have shown that
improvement in environmental performance of studied processes when food waste is used as feed for
animals and insects were seen as the best strategy. Comparative analysis of the LCA of different food
waste management strategies (landfill, anaerobic digestion, incineration and composting) showed that
the main differences between strategies in GHG emission are related to the assumptions made for the
background systems, more than to the emissions generated in each studied process (Bernstad Saraiva
Schott et al., 2016). Also, systematic analysis of LCA of different food waste management strategies has
shown high variations in the absolute values of GHG emission depending on the applied strategy and
study although landfill disposal emerges as the least favorable option in overall environmental impact
(Bernstad and la Cour Jansen, 2012). Based on several studies, current modeling of environmental
impacts is very inconclusive, with significant differences in the setup of boundary conditions of systems
between studies making it very difficult to compare and extrapolate results as well as to make general
conclusions (Bernstad and la Cour Jansen, 2012; Bernstad Saraiva Schott et al., 2016; Kim and Kim,
12
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2010). Capability to minimize the food waste in all parts of the food chain, as requested by the EU Waste
Framework Directive, could significantly affect energy efficiency, reduction of raw material use,
reduction in water consumption and increasing reuse and recycling on site (EC, 2008). It is of note that
consumers in western countries produce more food waste than the food industry and other
stakeholders earlier in food supply chain so the food waste management strategies in households and
analysis and inclusion of these approaches in overall environmental assessment of the food chain should
be addressed in the future (Beretta et al., 2013; Gustafsson et al., 2013).
In the food waste sector, Saravia-Pinilla et al. (2016) showed an overview of separation and collection
practices of household food waste in Sweden. They propose two systems for collection of food waste in
households (a) use of food waste disposers in kitchen sinks and (b) collection of food waste in paper
bags for further treatment. The comparison was made in relation to greenhouse gas emissions as well as
primary energy utilization. Other similar studies were conducted in order to address the impacts of
different household management strategies (Hebrok and Boks, 2017; Xu et al., 2016).
In the area of biomass use, La Villetta et al. (2017) discussed the possibility of opening the way to the
use of biomass as alternative fuels. Among thermo-chemical treatments of biomass, gasification is
particularly attractive for its release of syngas, suitable of being used in various combustion systems,
including internal combustion engines. They demonstrated the operational feasibility and effectiveness
of gasification technologies and proved long-term sustainability of this technology through the
enhancement of fuel flexibility. Another model was used by Fitamo et al. (2016) modeling anaerobic
bioconversion for simulating the anaerobic co-digestion of various types of urban organic waste, in
order to develop strategies for controlling and optimizing the co-digestion process.

2.3

System-based perspective

The system-based perspective analyzes environmental management systems (EMS) and other types of
environmental practices that exist on-site in the food chain. Latest ISO survey on ISO 14001 certification
shows that more than 320,000 EMS certificates were issued in 200 countries, where the food chain
participates with less than 4% (ISO, 2016b). An EMS is often a part of an integrated management system
(Labodová, 2004) where in the food industry quality and food safety systems co-exist (Djekic et al.,
2014b).
Djekic et al. (2014b) identified three time dimensions of EMS research in the food chain: ex ante (prior
to implementation of an EMS), ongoing/mid-term (during implementation) and ex post (upon
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implementation). Ex ante dimension of research are drivers and motivation in implementing EMS;
during EMS implementation, companies mainly report costs and financial issues while ex post dimension
of research comprises of benefits and achieved effects of implemented EMS, regardless of the
certification status. Environmental awareness is as an important trigger in implementing an EMS mainly
due to its relation with environmental practices on-site (Djekic et al., 2016a). Gomez and Rodriguez
(2011) recognize two types of companies depending on their level of awareness. The ones that develop
competences to fulfill environmental legal requirements and the others that consider environmental
performances in all decision-making processes. Nevertheless, the awareness about environmental issues
is increasing and consumers are demanding healthier and more environmental friendly food products.
Various models were developed to assess the implementation of EMS. Basic models are questionnaires
for evaluating levels of implementation and/or fulfilling environmental requirements. They vary from
on-line questionnaires (off-site) to face-to-face interviews conducted by trained interviewers including
on-site tours. In order to collect data, authors usually create structured questionnaires comprising of
general demographic information of food companies as well as questions related to the reasons for
implementing an EMS, effects, benefits and outputs, practices, etc. Assessment methods use various
numeric tools to identify level of fulfilling of requirements (Djekic et al., 2016a), Likert scales from
‘strongly disagree’ to ‘strongly agree’ (Boiral and Henri, 2012; Chan and Wong, 2006; Jabbour, 2010) and
ranking from 1 ‘the most important’ to 10 ‘the least important’ (Djekic et al., 2014b). Last but not least,
there are also cases with open questions (Van Herzele et al., 2011). Modeling is essential in order to
analyze the results provided by the questionnaires to obtain conclusions how to improve the food
production systems from an environmental point of view.
Two directions of research can be found in this area. So called “top-down”, where the perspective is the
company and its environmental management. The other is a “bottom-up” approach by analyzing
environmental practices on-site that provide added value regarding analysis of the current
environmental practices in the food chain (Djekic et al., 2016a). Latest revision of ISO 14001 shifts
environmental impacts towards sustainable resource management and climate change mitigation
including life-cycle approach and effective communication with all stakeholders (ISO, 2015). It is
expected that this will affect future trends towards improving environmental performance in the food
industry (Djekic and Tomasevic, 2016).
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3.0

Environmental models in food industry – future perspectives

Majority of environmental models were developed by environmental scientists and are generic
regardless of the type of companies or products with limited environmental models for the food
industry. Expanding the perspective and including specific food issues (Figure 6) enables a powerful tool
for defining a holistic perspective of environmental food industry models. This widening of the
perspective is important in relation to the socio-economic dimensions of the food chain and food safety
/ food quality dimensions of food.
The food industry itself has its research challenges. Consumer as the last link in the food chain becomes
more demanding in terms of diet requirements. Food preservation technologies introduce novel nonthermal technologies, while the food packaging industry offers innovations in delivering fresh food
products of high quality with a longer shelf life. Global economies enable global food retailing where
food transportation becomes a vital issue. Finally, the consequences of climate change on the food chain
are studied, mainly from a food safety point of view. In this section, these food industry challenges are
explored in terms of future perspectives of environmental models in food systems.

3.1

Food diets and the environment

From a systemic viewpoint, analyses from production to consumption have questioned the compatibility
of environmental concerns and other aspects of food, such as nutrition or budget. Moreover, consumers
are the last link in the value chain, therefore the adoption of sustainable diets by consumers will
contribute to boost the sustainability of all the food chain. In fact, there is an increasing number of
studies about the environmental consequences of diets. Among several diets tested by (Duchin, 2005),
the Mediterranean-type vegetable-based diet was shown to satisfy both nutritional and environmental
requirements, while reducing the pressure of agri-food systems on the environment. Moreover, Goulet
et al. (2008) confirmed its compatibility with price concerns. Hallström et al. (2015) conclude from a
review of 14 studies that changes in diet can lead up to 50% reduction of greenhouse gases and land use
change. As a consequence of this research many countries are including sustainability or environmental
criteria when defining their nutritional guidelines; for instance in the Netherlands (van Dooren and
Aiking, 2016).
There is an increase of the overall consumption as a result of growth of world's population and increase
of the consumption of meat per capita (Henchion et al., 2014). Nevertheless, many studies are appealing
for a decrease of meat consumption, favoring the consumption of fruits and vegetables (Baroni et al.,
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2006; Carlsson-Kanyama, 1998; Pimentel and Pimentel, 2003). Such changes in diet would imply deep
changes in the occupation of agricultural surfaces (Young and Kantor, 1999). In particular, a transfer of
surfaces in favor of fruit, vegetable and legume production would be required. Eating meat is not only a
nutritional need in respect to 'nutritional transition' of dietary patterns and consumption of foods with
higher content in animal protein (Hawkesworth, et al., 2010; Mathijs, 2015). It is determined by taste,
odor, and texture, as well as by geographical area, culture, ethics, religion beliefs and wealth (Font-iFurnols and Guerrero, 2014; Richardson et al., 1993).
The evaluation of diets is complex due to, on the one hand, the great variety of foods involved (because
there no available LCA for all of them), and on the other hand to the system boundaries involved (some
studies are from cradle-to-farm gate, others from cradle-to-retailer, etc). Pernollet et al. (2017)
developed an approach that provides guidance for obtaining the best trade-off between available
resources and the robustness of LCA results when assessing diets.
A customized LCA for protein rich food was performed by Head et al. (2014). These authors made
database models and life cycle impact assessment results for protein rich foods, including the
incorporation of recent developments in land transformation methodology. The authors developed an
application, which was directly accessible to the consumer in the supermarket. The results have shown,
that there were large differences between the product groups and also within the product groups.
Perignon et al. (2016) analyzed the compatibility of nutritional, financial and acceptability aspects of
food products with the reduction of greenhouse gases emissions. They constitute a step in the
multicriteria approach of food products (Bourguet et al., 2013; Thomopoulos et al., 2015), although
based on aggregated statistical data rather than on specific well-described products. In Seconda et al.
(2017), the environmental issue is approached in relation with organic food consumption. Ribal et al.
(2016a) developed a model to design diets taking into account nutritional, climate change and economic
aspects. To achieve this aim, these authors used an optimization technique, specifically integer goal
programming.
Among the potential consequences of changes in diet, the direct and indirect land use change should be
taken into account. Therefore, beyond the studies addressed to design and evaluate diets, there is a
need to tackle the complexity of this issue both at regional and global scale and consequential LCA is a
suitable and operational tool. In this sense, a recent study of de Oliveira Silva et al. (2016) explores the
consequences of changes in beef consumption on GHG emissions by considering two alternative
scenarios under a consequential LCA approach. In the decoupled livestock–deforestation (DLD) scenario,
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baseline deforestation rates controlled by effective policy are assumed; the second scenario, coupled
livestock–deforestation (CLD), implies that shifts in beef demand alter deforestation rates. Results show
that in DLD scenario, increased production leads to more efficient systems with boosted stocks, reducing
GHG emissions. The analysis contributes to the sustainable intensification debate, highlighting the role
of effective deforestation policies.

3.2

Novel food technologies

Food processors are increasing their interest in novel technologies not only to provide food products
with improved quality, but also to reduce the environmental footprint of the products and the
processing cost (Pereira and Vicente, 2010). Novel technologies, such as pulsed electric field treatment
or high-pressure treatment, have been developed for the food industry (Jermann et al., 2015), in order
to replace energy consuming techniques like sterilization or pasteurization, and to achieve microbial
inactivation under mild conditions and in shorter time (Toepfl et al., 2006) or to inactivate certain
enzymes and prevent undesired changes in food. Other promising novel technologies are high power
ultrasound, low temperature drying and the use of supercritical CO2 for extraction or microbial
inactivation (Ortuño et al., 2014; Santacatalina et al., 2016).
Analysis and comparison of environmental impacts of novel processing techniques as well as novel
products can pose a challenge mainly because of the differences in the scale of the facilities and food
processed (meat, egg, fruit, vegetables, liquid food...). In most of the cases, these techniques are not
implemented in large scale industrial facilities and are often studied on lab scale or pilot level without
deep analysis of the complete process (Hospido et al., 2010).
LCA has a great potential for driving the development of products and processes. Through LCA, novel
processing technologies can be compared with existing commercial alternatives and environmental
hotspots can be also identified (Hetherington et al., 2014). According to Hospido et al. (2010), when
novel technologies are evaluated from an environmental point of view the main difficulties are: (i) the
lack of real data for the inventory phase, which is often based on lab scale information or theoretical
data; (ii) the definition of the FU for comparative studies since new products or processes might have
unique properties and (iii) manufacture of products or processes can be expected to start several years
ahead and assumptions on surrounding systems will be required. These authors proposed an approach
for the environmental analysis of novel food technologies. The working procedure defined is a starting
point for the evaluation of novel food technologies through LCA.
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Comparative LCA studies of conventional and novel technologies can be found in the literature. Pardo
and Zufía (2012) evaluated the environmental impacts of some traditional and novel food preservation
technologies with the aim to contribute to the development of more sustainable food products. Some
general improvements were identified and environmental criteria were provided in order to select the
more adequate preservation method when designing new food products. Valsasina et al. (2017)
compared ultra-high pressure homogenization with common thermal treatment for milk. The upscaling
showed a decrease in carbon footprint up to 88% achievable with improvements in efficiency.
High energy consumption process of superheated steam drying (SSD) was studied by Li et al. (2016). This
study presents a comprehensive overview of state-of-the-art of design aspects, energetic performances,
and mathematical modeling. SSD is presented as an efficient drying method because of its high energy
efficiency, safety, high drying rate, and high quality of final product. The research results show that the
energy consumption in SSD is lower compared with conventional hot air drying method. However, the
available data on comprehensive analysis and modeling of environmental impacts of this technique in
comparison to traditional ones are still limited.
Aganovic et al. (2017) studied the energy balance and LCA of pulsed electric fields and high pressure
processing technologies in comparison to conventional thermal processing applied to the preservation
of tomato and watermelon juices. At pilot scale, both pulsed electric field and high pressure processing
technologies presented higher energy consumption expressed per liter of juice, indicating the necessity
for further development of models for assessing the overall performance of the process and its
environmental impacts.
In the future, more studies related to comparison of environmental impacts of novel and conventional
techniques will be needed aiming at improving the environmental performance of food industry.
Nevertheless, comparisons must cover not only the environmental aspects of the process, but also other
factors as the quality of the final product or investment costs.

3.3

Environmental perspective of food packaging

The food packaging technologies are being improved in response to the demands toward fresh, mildly
preserved, convenient, delicious, safe, wholesome and quality food products with a longer shelf life
(Realini and Marcos, 2014). Innovations in packaging are a tool for increasing the global sustainability of
food production and reducing food loss and waste achieved through shelf life (Gutierrez et al., 2017).
Licciardello (2017) emphasizes that various LCA studies show different environmental impacts of food
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packaging. In some occasions, food packaging holds 1 – 10% of overall environmental burden (Silvenius
et al., 2014) while in other it is pointed as the most significant impact polluter in the food chain
(Manfredi and Vignali, 2015). When determining which package is more environmentally friendly, the
whole life cycle of the package system must be considered. There are four main dimensions of research
that must be taken into account: (i) type of food packaging material; (ii) disposal methods related to
food packaging; (iii) potentials in extending shelf life and reducing food waste and (iv) balancing
priorities (Marsh and Bugusu, 2007).
Sustainability of food packaging can be achieved at three levels: (i) at the materials level, by using
environmental friendly packaging materials; (ii) at the production level, through more energy-efficient
processes for production of food packaging materials; and (iii) at the waste management level,
considering reuse, recycling and biodegradation (Peelman et al., 2013). Food packaging in most
occasions consists of primary packaging (in direct contact with food) and secondary packaging that
contains a number of primary packaging units (Wikström et al., 2014). Food packaging innovations, such
as development of functional packaging, should have the potential to increase food shelf life and reduce
the possibility of food to turn into a waste (Licciardello, 2017).
The most explored strategy for decreasing the environmental impact of food packaging is by minimizing
the packaging material impact through light-weighting of packaging materials and/or removal of
excessive packaging (van Sluisveld and Worrell, 2013). Another approach is the selection of more
renewable materials, and enhancing the efficiency and energy consumption associated with sourcing,
producing and converting packaging materials (Wikström et al., 2014). However, putting prevention as a
waste hierarchy principle into practice can be observed in the promotion of zero-packaging grocery
stores (Beitzen-Heineke et al., 2017).
In the last years, an issue related to packaging that has been tackled is consumer behavior and its
relation with food waste and the end of life stage. Williams and Wikström (2011) deploy environmental
impacts of food packaging and explore recycling possibilities to modeling food waste reduction. An
additional perspective is in improving packaging attributes that influence behavior such as “easy to
empty”, easy to clean”, “easy to separate into different fractions”, “easy to fold” and “information on
how to sort” (Wikström et al., 2016). Integration of behavioral sciences into LCA to improve packaging
and provide valuable insights to eco-design is a future challenge (Gutierrez et al., 2017; Williams and
Wikström, 2011).
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3.4

Food transportation

Although present in all industries, transportation of food has been identified as a specific “food process”
and an increased attention to the environmental impact of transportation in food systems became a
tool in environmental and food policies, mainly focused on the reduction of global warming potential
(Coley et al., 2009). According to Pretty et al. (2005) national road transport for food distribution and
shopping is an important part of food-related environmental costs in Great Britain. Some authors
assume that transportation of trade goods enhances over 20% of total global CO2 emissions (Davis and
Caldeira, 2010; López et al., 2015). Global warming potential is the major environmental impact
connected to transport food mile (Coley et al., 2009). Nevertheless, a growing number of LCA studies
showed that local or domestic production does not necessarily have advantages over imports from an
environmental point of view and that transport mode is more important than transport distance
(Nemecek et al., 2016).
Some trade-offs have been found when studying the impact of transport. Schlich and Fleissner (2005)
insist on the importance of the organization and size of the production-processing-distribution chain on
the energetic efficiency. On a per unit basis, supply chains relying on extensive use of small capacity
vehicles are likely to be less energy efficient than their larger-scale counterparts (Wakeland et al., 2012).
Another aspect to be taken into account is food seasonality. According to Sim et al. (2007) if fresh
products are to be offered all year round, two sourcing strategies are essentially available: import
produce from overseas, or create an artificial environment (usually through heating and lighting
greenhouses) and produce locally. Some studies show that the energy used for greenhouse production
mitigates the energy used in transportation thus justifying a strategy of overseas sourcing (Hospido et
al., 2009; i Canals et al., 2008). A classic challenge for supply chain managers is to strike the right balance
between transportation and storage costs (Wakeland et al., 2012).
Supply chains are complex, and food supply chains are especially challenging because of seasonality,
freshness, spoilage, and sanitary considerations. In spite of different approaches to this issue many
authors conclude that transportation of food becomes a challenge, especially due to the fact that import
of food is growing (Schnell, 2013; Webb et al., 2013).
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3.5

Climate change and food safety

Figure 6 points out the importance of the relationship between food safety, quality and environmental
aspects in food systems. Manzini et al. (2014) through a case study about edible oils, demonstrated the
importance of conducting safety and quality assessments combined with environmental analyses for the
development of sustainable food supply chains. Climate change and climate variability are among the
multiple factors that can provoke changes in the nature and occurrence of food safety hazards. (Tirado
et al., 2010). Holvoet et al. (2014) and Miraglia et al. (2009) confirmed that climatic conditions have an
impact on food safety, incidence and prevalence of foodborne diseases. Temperature and precipitation
patterns are related with contamination pathway, growth and survival of bacteria (Liu et al., 2015).
Several papers explored the effects of climatic conditions on the production of fresh fruit and vegetables
(Holvoet et al., 2014; Kirezieva et al., 2015; Liu et al., 2013; Uyttendaele et al., 2015). Climate change on
agriculture includes variations in the seasons, modifications of the areas suitable for growing crops,
grazing of livestock, production efficiency of livestock and changes in plant pests (Miraglia et al., 2009).
Various assessment models provide evidence that climate change will affect agricultural yields and
earnings, food prices, reliability of delivery, food quality and food safety. As a result, low-income
producers and consumers of food will be more vulnerable to climate change owing to their
comparatively limited ability to invest in adaptive technologies under increasing climatic risks
(Vermeulen et al., 2012). Extreme weather events such as floods and droughts may lead to
contamination of soil, agricultural lands, water and food and animal feed with pathogens, chemicals and
other hazardous substances, originating from sewage, agriculture and industrial settings (Tirado et al.,
2010). Djekic et al. (2016b) confirmed a relationships between hygiene indicators in take-aways and
climatic conditions, mostly temperature and precipitation concluding that changes in average
temperature directly affect hygiene indicators in open work environments. As an answer to the threat of
climate change on food safety, Liu et al. (2015) developed a climate change tool for food safety scenario
analysis with the potential of using this tool with other impact models, such as bacterial and mycotoxin
growth and pesticide models. Uyttendaele et al. (2015) in their review on the impacts of climate change
on food safety concluded that climate change has an impact not only on crop production or food
security but also on food safety, incidence and prevalence of foodborne diseases. For that reason the
inclusion of all these aspects when modeling environmental food processes is important.
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4.0

Conclusion

Due to the worldwide diversity of food systems and their interactions with the environment,
environmental aspects of food are very complex to tackle. Models developed to explain environmental
issues of food systems are representatives of different approaches. On one hand, generic environmental
models developed by environmental scientists are used in the food industry. On the other hand, models
have been developed by food scientists in order to analyze environmental interactions on a smaller
scale.
In general, main stream environmental research in food industry can be categorized as product, process
or system oriented. Product based perspective focuses on a specific food and its environmental impact
throughout the food chain/life cycle. On the other side, perspectives of research can go from the
company level, analyzing environmental impacts of main stakeholders in the food chain, to specific
process activities like water treatment or energy consumption. However, when widening the panorama
additional dimensions are revealed. Food diets highlight the consumer's role in influencing the
environmental impact. Novel food technologies and food packaging uncover an environmental outlook
to food quality and food safety aspects related to preservation of nutrients and sensory characteristics
and prolonging shelf-life. Environmental issues of food transport point up the necessity of selecting the
transport mode and optimizing transportation routes to deliver food to consumers world-wide. Finally,
as a result of climate change, feedback from this environmental concern also influences food production
from a food safety perspective.
A future extension of this study will consist of comparing, integrating and validating the results of these
researches. However, given the great diversity of food technologies and the complexity of food chains,
eating habits and cultural specificities, the promotion of environment-friendly models and solutions is
the utmost challenge.
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Table 1. Number of publications (database Web of Science, research area Environmental Sciences (Ecology)
about food, process and model and environmental issues between 1991 and 2016.
KEYWORD
Environment
Environmental impact
Waste water
Water consumption
Life Cycle Assessment
Energy consumption
Global warming
Air emissions
Cleaner production
Fuel consumption

FOOD

PROCESS

SYSTEM


































NUMBER OF PUBLICATIONS
500
262
126
85
71
70
58
40
16
14

Legend: “Food”, “Process” and “System” refer to the three environmental research perspectives in the food chain.
Symbols show the main focus of publications:  strong focus (70-100% of publications);  moderate focus (3070% of publications);  weak focus (0-30% of publications).

ACCEPTED MANUSCRIPT

Table 2. Number of publications (database Web of Science, research area Environmental Sciences (Ecology)
about food sectors related to food, process and model and environmental issues between 1991 and 2016.
FOOD SECTOR
Fish and seafood
Distribution
Feed
Egg
Oil and fat
Milk and dairy
Cereal and grains
Fruit and vegetables
Meat and poultry
Additive

NUMBER OF PUBLICATIONS
89
83
81
19
17
15
13
10
8
6

