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Abstract

Purpose This article introduces the special issue “LCA of
nutrition and food consumption” and 14 papers selected from
the Ninth LCA Food Conference in San Francisco in October
2014.
Literature overview The scientific literature in the field of
food LCA has increased more than ten times during the last
15 years. Nutrition has a high contribution to the total envi-
ronmental impacts of consumption. Agricultural production
often dominates the impacts, but its importance depends on
the type of product, its production mode, transport, and pro-
cessing. Local or domestic products reduce transports, but this
advantage can be lost if the impacts of the raw material pro-
duction are substantially increased. Diets containing less meat
tend to be more environmentally friendly. Several studies con-
cluded that respecting the dietary recommendations for a
healthy diet would reduce the overall environmental impacts
in the developed countries, although this is not a universal
conclusion.

Contribution of this special issue Eight papers analyze the
environmental impacts of catering and in-house food con-
sumption and impacts on sectoral and national levels; four
papers presents tools and methods to better assess the impacts
of nutrition and to implement the results in practical decision-
making. Finally, two contributions analyze the impacts of food
waste and reduction options.
Challenges for the environmental assessment of nutrition (i)
Comprehensive assessment. Most studies only analyze cli-
mate impacts, although data, methods, and tools are readily
available for a more comprehensive analysis. (ii) Assessment
of sustainability. The social dimension remains the weakest
pillar. (iii) Data availability is still an obstacle, but significant
progress has been made in recent years. (iv) Lack of harmo-
nization of methodologies makes comparisons among studies
difficult. (v) Land use. Enhanced consideration of land use
impacts on biodiversity and ecosystem services is required
in LCA. (vi) Defining the functional unit including nutritional
aspects, food security, and health needs further work. (vii)
Consumer behavior. Its impacts are still little assessed. (viii)
Communication of the environmental impact assessment re-
sults to stakeholders including policy-makers and consumers
needs additional efforts.
Research needs and outlook (i) Development of holistic
approaches for the assessment of sustainable food sys-
tems, (ii) assessment of land use related impacts and
inclusion of ecosystem services, (iii) exploration of
LCA results for policy support and decision-making,
(iv) investigation of food consumption patterns in devel-
oping and emerging countries, and (v) harmonization of
databases.
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1 Introduction

Food production is responsible for a major part of the
environmental impacts in the developed countries
(Tukker et al. 2006, 2011) and its share of overall im-
pacts could be even more important in the developing
countries, where the absolute impacts per capita are
smaller and therefore the relative contribution of food
could gain importance.

The environmental consequences of food production and
consumption have gained a lot of attention in recent years.
From the first applications of life cycle approaches to agricul-
ture in the 1970s, it has successively evolved to the consider-
ation of the whole food chain. As more and more LCA data on
single food products became available, some studies consid-
ered the impacts of different meals or full diets. More recently,
environmental considerations were aligned with the analysis
of other aspects of nutrition such as health (Tilman and Clark
2014) or other wider sustainability aspects including the social
and economic dimensions.

Starting in 1996, the “LCA food” conferences dealt
with the analysis of the environmental impacts of the
agri-food sector. The conference has evolved from a
small meeting of several dozens of specialists to a
well-established conference with a wide audience of
300 to 400 participants for the last three conferences.
The Ninth International Conference on Life Cycle
Assessment in the Agri-Food Sector was held in San
Francisco, USA, on 8–10 October 2014. A special focus
was laid on the environmental assessment of the conse-
quences of food production and consumption during the
conference. This special issue of the International
Journal of Life Cycle Assessment presents 14 selected
papers from this conference focusing on the following
topics:

& Environmental impacts of consumption patterns, diets,
and nutrition

& Methodology, data, and tools for the analysis of nutrition
and food consumption

& Environmental impacts of food losses

This article gives an introduction into this special
issue and is structured as follows: The next section pre-
sents an overview of the developments in the field of
LCA of nutrition and food consumption over the last
decades. It is followed by a brief overview of the 14
articles in this issue. Section 4 presents the challenges
that practitioners are facing when they assess the envi-
ronmental consequences of food consumption. The last
section presents the research needs and priorities and
finishes with an outlook to the expected future
developments.

2 Literature overview

2.1 The development of environmental assessment

in the agri-food sector

The first life cycle approaches to the analysis of food produc-
tion with a focus on primary energy demand date back to the
1970s (Darnay and Nuss 1971; Pimentel 1973). About
17 years ago an overview of LCA studies dealing with food
production and consumption resulted in a list of 200 publica-
tions, which even included a range of grey literature reports
(Jungbluth 1999). At that time, the research was often focused
on Europe and many studies dealt mainly with the primary
agricultural production of basic food items. The research field
has grown rapidly and such a comprehensive overview related
to scientific articles, conference contributions, grey literature,
and internal studies related to LCA in the agri-food sector is
not feasible anymore. The number of publications in the field
rose dramatically. For example, a search in Scopus for publi-
cations with the keywords “life cycle assessment” and “agri-
culture” or “food” showed a more than tenfold increase from
25 in the year 2000 to 287 in 2014.

Several studies are related to methodological issues of
LCA for agricultural products, representing particular chal-
lenges. In agriculture, many emissions cannot be directly mea-
sured like end-of-pipe emissions, but they have to be estimat-
ed through models given their diffuse nature. Emissions
strongly depend on climate, soil, and topography and can vary
considerably, even within the same region. The differences of
production in different regions, using different agricultural
practices or the variability between individual farms are
highlighted in several research papers. Other LCA studies
look on the full life cycle of a single product from farm to
fork. In the last years, more and more research has also been
carried out in order to investigate complex products such as
ready-to-eat meals (Büsser and Jungbluth 2009, 2011; Davis
et al. 2010). Another part of the literature relates to newly
developed type of food products (Aiking 2011; Smetana
et al. 2015) or improved food processing.

Today LCA studies related to food are published for
and in all regions of the world. Nevertheless, the ma-
jority of studies still come from Europe and North
America. There are very few studies for eastern
Europe, Russia, Central Asia, and Africa. Between
2010 and 2014, 57 % of the publications in the field
of agricultural and food LCA originated from Europe,
20 % from North America, and 12 % from Asia.

Articles in scientific journals nowadays tend to focus on
more specific aspects, e.g., the impact assessment for water
use or fishing in order to be accepted for publication. LCA
case studies, representing mere applications of the LCAmeth-
odology, are often not innovative enough to be accepted either
for a PhD, or for journal publication. Many of such studies
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published as grey literature, e.g., by consultancies or food
companies.

With the availability of LCA data for all types of food
items, it is also possible to carry out more complex analyses.
Organizational LCA studies look on all food products pur-
chased, e.g., by an international food company, distributor,
canteen operator, or restaurant. Full diets and food consump-
tion patterns are also investigated through detailed LCA
studies.

The environmental impacts of food consumption patterns
can be investigated from different perspectives, with different
goals and basic data on the quantity (or expenses) of food
consumed, for example:

& food consumption compared to total impacts of final con-
sumption based on input–output analysis and expenditure
statistics,

& food produced and imported for the market in a given
country (based on production and foreign trade statistics),

& food sold by a distributor, restaurant, or canteen (internal
documentation of the company),

& food purchased by customers (reported in questionnaires
with information for the mass or expenses),

& food eaten by customers (reported in questionnaires),
& dietary recommendations for customers (theoretical calcu-

lations based on nutritional values of different products),
and

& nutritional value of single food items as part of a diet.

2.2 Lessons learnt from research

We now summarize the main results of LCA studies for food
consumption.

2.2.1 Contribution of different life cycle phases

For most simple food products, the further stages such as
processing, transportation, packaging, and distribution are
generally of lower importance (Foster et al. 2006).
Agricultural production dominates many of the impacts.
This is particularly true for impacts related to land use such
as biodiversity and soil quality, impacts related to the use of
pesticides (aquatic and terrestrial ecotoxicity), and impacts of
the use of fertilizers and nutrient losses (N and P) in general.
Eutrophication is dominated by the agricultural phase. This
phase is also important for acidification related to ammonia
emissions, although emissions from transport and combustion
of fossil fuels also contribute a significant share of this impact.
About 70 % of the global water use by humans is caused by
agriculture (The Crop Site 2015), primarily for irrigation.
Thus, in food products coming from irrigated land, irrigation
will dominate the water use. There are many examples of

rivers no longer meeting the sea because of anthropogenic
withdrawals. On the other hand, processing, storage, transport,
and distribution of food products play an important role for
impacts which are more related to industrial processes.
Cumulative energy demand, global warming potential, photo-
chemical ozone formation, and ozone depletion are typical
impact categories where the processes after the farm gate are
significant. The contribution of the agricultural phase further
depends on several factors. Generally, food products such as
meat have a high impact per product unit in the agricultural
phase, and this phase largely dominates the food impacts. The
impacts of processing, storage, distribution, and transport are
generally of less importance (Alig et al. 2012). A notable
exception are products transported by air freight, since this
mode of transport has a very high impact.

For some beverages such as mineral water the packaging
and transportation causes a major part of impacts. This holds
also true for products with a high water content, e.g., canned
beans. Impacts of food products with a high degree of pro-
cessing are sometimes dominated by the food industry stage.

Production in heated greenhouses has high environmental
impacts and therefore seasonal products are generally environ-
mentally preferable, unless they come from areas with water
scarcity (Stoessel et al. 2012) or the greenhouse is heated with
clean renewable energy.

2.2.2 Local and alternative food supply systems

Many consumers are sensitive to the origin of the food they
purchase and consume. Preference is often given to local,
regional, or domestic production. In addition to aspects such
as cultural value and food security, regional specialties and
support for regional and domestic economies, environmental
considerations play an important role. It is argued that local
production needs shorter transport distances and is therefore
preferable and the concept of “food miles” has been put for-
ward some years ago as an indicator for environmental pref-
erability. However, 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.

The absolute contribution of transport depends on the trans-
port distance, the mode of transport, and the type of transport
(e.g., cooled or uncooled). Generally the impacts per tonne-
kilometer increase in the order freight ship< rail< road<< air
freight. The relative importance of the transport depends further
on the impacts per product unit for the production (see 2.2.1).
For example, fruits and vegetables have high fresh yields per
area unit and generally low impacts per product unit. For these
product categories, because production environmental impacts
are low, the relative impact of transport is significant (Robertson
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et al. 2014; Stoessel et al. 2012) while, e.g., for meat products it
has a much lower relative relevance.

With the exception of transport by air freight and very long
distances, the mode of agricultural production is more impor-
tant in determining whether domestic or imported products are
preferable (Alig et al. 2014; Bystricky et al. 2014b;Webb et al.
2013).

Alternative food systems such as community supported
agriculture, food processing, and distribution directly from
farms have gained popularity in the last decades and have
been shown to have better resource efficiency in some cases
(Markussen et al. 2014; Schramski et al. 2013) and were also
proposed as solutions to reduce food waste (Caputo et al.
2014). However, compared to industrial large-scale produc-
tion, such systems often lack efficiency, so that in many cases
they have higher impacts on the environment than standard
systems (Kulak et al. 2015).

2.2.3 Environmental impacts of different diets

Animal products and in particular meats have higher impacts
than food originating from plants (Pelletier et al. 2011; Tilman
and Clark 2014). Raising and feeding animals introduces an
additional trophic level in the food chain, and each trophic
level leads to losses of energy and nutrients, thus reducing
the efficiency of the production. The agricultural production
of feedstuffs and animal husbandry make a significant contri-
bution to the overall impact (Alig et al. 2012; Jungbluth 2000).
There are, however, significant differences among the animal
products. Per kilogram of edible protein, the impacts generally
decrease in the order beef>pork>poultry meat (de Vries and
de Boer 2010; Eshel et al. 2014; Flachowsky 2011; Tilman
and Clark 2014). The differences in environmental impacts
run in parallel with different feed conversion ratios and cycle
lengths. Dairy products have considerably lower impacts than
beef per kilogram of protein, which are of the order of
magnitude of poultry meat. When comparing animal species,
one should bear in mind that only roughage feeders such as
ruminants can feed on grasslands, which make up two thirds
of the agricultural areas worldwide, while monogastric species
like swine and poultry cannot make use of it. Fish may have
either relatively low or very high impacts, depending on
whether they originate from aquaculture or wild catch, how
efficient the aquaculture production is and how rare a caught
species is, influences the fuel use for its catching.

These differences in environmental impacts of various food
items imply differences in the environmental impacts of whole
diets. A growing literature has been devoted to the study of
these impacts.

Hallström et al. (2015) suggested dietary change as a way
to reduce environmental impacts of human nutrition. They
identified a potential of up to 50 % for GHG reduction and
land use demand in areas with affluent diets. The reduction of

meat consumption played a major role. The highest reduction
potentials were identified for vegan and vegetarian diets, but
the reduction potential of a diet according to the recommen-
dations for healthy nutrition was also significant.

The environmental impacts of the Average Danish Diet
(ADD) were compared with the New Nordic Diet (NND),
which was defined as containing 35 % less meat, more
whole-grain products, nuts, fruit, and vegetables as well as
locally grown food in season, and over 75 % organic produce
(Saxe 2014). The NND proved to have lower environmental
impacts in all categories. Reducing meat consumption and
avoiding long-distance imports were favorable in the NND
compared to ADD. Organic products showed advantages or
drawbacks as compared to conventional products, depending
on the impact category and the food product. Combining the
NND with short transport distances and organic produce
decreased the advantages of the changed diet and the local
production.

Heller et al. (2013) reviewed 32 studies using an LCA
framework to assess the environmental impacts of diets or
meals. Studies with an efficiency-oriented (production) per-
spective and a demand-restraint (consumption) perspective
are distinguished. They discussed ways to include nutritional
aspects into the analysis based on diet quality indices, nutrient
profiling, and epidemiologic studies.

Auestad and Fulgoni (2015) reviewed 31 articles about the
environmental and economic impacts of dietary patterns. The
authors identified a need for a more complete assessment of
environmental, social and economic impacts and called for a
strong inter-disciplinary collaboration to achieve this goal.

The effects of meeting dietary requirements on GHG emis-
sions were evaluated by Macdiarmid et al. (2012). An opti-
mized diet respecting acceptability constraints resulted in a
reduction of 36 % of the GHG emissions related to the nutri-
tion of the population in UK. The change would imply a shift
from meat, high fat- and sweet food towards more fruit and
vegetables as well as starchy food. Meat consumption in the
alternative diet would be reduced to 60 % of current dietary
levels, that of red meat to 48 %, while the consumption of
dairy products would remain at a similar level. The study
showed that a diet with lower GHG emissions would be pos-
sible without increasing costs to consumers.

Vieux et al. (2013) analyzed GHG emissions associated
with self-selected French diets and their relationship with the
nutritional quality. The energy density, the mean adequacy
ratio (MAR), and the mean excess ratio (MER) were used as
criteria. MAR is an indicator for good nutritional quality,
while MER indicates bad nutritional quality. MAR was posi-
tively correlated and MER negatively correlated to GHG
emissions. The authors concluded that although the self-
selected diets with high nutritional quality contained large
amounts of plant-based food products, they did not have the
lowest GHG emissions.
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Masset et al. (2014) analyzed 363 food items, representing
the most commonly consumed products in France. The envi-
ronmental criteria were GHG emissions, acidification, and
eutrophication. The nutritional quality was characterized by
the ratio of the score for nutritional adequacy (SAIN) and
the score for disqualifying nutrients (LIM). The ratio
SAIN/LIM was used as an indicator of nutritional quality.
Meat, fish, eggs, and dairy products had the higher
environmental impacts, while starchy products, legumes,
fruits, and vegetables had the lowest impacts. High
nutritional quality was correlated to lower GHG emissions
and lower prices.

Tom et al. (2015) investigated the energy and water con-
sumption and the greenhouse gas emissions from different
diets in the US population. Reducing caloric intake to the
recommended levels reduced the impacts on energy and water
use as well as climate, while the change of the diet to the 2010
USDA Dietary Guidelines led to an increase of energy use by
38 %, blue water footprint by 10 %, and GHG emissions by
6 %. The authors explain this by the USDA dietary recom-
mendations, leading to higher consumption of fruits, vegeta-
bles, dairy, and fish/seafood, which have relatively high ener-
gy and water demand and GHG emissions per calorie.
Furthermore, the consumption of added sugars, solid fats
and oils is reduced; these food components have relatively
low impacts per calorie.

Environmental impacts found in the literature, e.g., for the
kg CO2-eq per person and day can vary considerably between
different studies. This can be partly explained by different
geographical or situational boundaries. Differences in data
sources or allocation rules can also influence the results.
Furthermore, household structure and consumer behavior
have a major influence on the results (Saner et al. 2015).
Some overview studies look more systematically at all the
relevant differences among such studies, e.g., Fantin et al.
(2014) for single products or Heller et al. (2013) for dietary
choices.

The growing evidence stemming from LCA studies is in-
creasingly considered in dietary recommendations (e.g., SGE
(2014)).

2.2.4 Food waste

Food that is not consumed increases the impact per unit of
consumed food as all its upstream impacts are allocated to
the food consumed. The contribution of food waste to the
increase of environmental impacts of the food sector has come
into the public focus during the last years. FAO (2011) esti-
mated that roughly one third of the edible parts of food gets
lost or wasted globally, corresponding to 1.3 billion tons per
year. The wastage at the consumer level is higher in industri-
alized than in developing countries, while in the latter pre- and

post-harvest losses are dominating. Data on food waste are
generally sparse and highly uncertain.

Grizzetti et al. (2013) estimated that 2.7 Tg of nitrogen per
year are lost at the global scale due to food waste at consump-
tion. Heller and Keoleian (2015) showed that food losses con-
tribute 1.4 kg CO2eq per capita and day to the overall carbon
footprint of the average US diet.

The role of packaging in the reduction of food losses and
related environmental impacts is elaborated by several studies
(e.g., Grant et al. 2015). The environmental impacts of pack-
aging cannot be analyzed by considering merely the impacts
of packaging production, transport, reuse, recycling, or dis-
posal, but must also include the evaluation of the effects on
food quality and storage life. Nothing will be gained for the
environment, if food waste is considerably increased by re-
ducing packaging.

Different treatment options for food waste have been ana-
lyzed in the literature (Chiew et al. 2015; Eriksson et al. 2015;
Vandermeersch et al. 2014), but this topic is not further
discussed here, since it is out of scope for this article.

Bernstad Saraiva Schott and Andersson (2015) analyzed
the potentials of food waste minimization in households to
reduce environmental impacts in a case study in southern
Sweden. They noted that it is important to distinguish between
avoidable and unavoidable food waste. Their analysis of the
waste composition indicated that only 35 % of the household
food waste was avoidable. Nevertheless they found that re-
ducing food waste could considerably reduce environmental
impacts, which proved to be far more beneficial than an opti-
mized incineration or anaerobic digestion of food waste.

Bernstad Saraiva Schott and Cánovas (2015) estimated in
their review that the potential saving of avoiding food waste
lies between 0.8 and 4.4 kg CO2eq per kg of waste. The
emissions from avoided food production dominated the re-
sults. In addition, consumer transport and end-consumer food
preparation can have a large impact as well. They stated con-
siderable differences in the methodologies applied, which
makes the comparison of the different studies tedious.

Generally the impacts of food losses are higher if they
occur later in the food chain, since all processes occurring
before that stage are wasted.

3 The contribution of this special issue

3.1 Environmental impacts of consumption patterns, diets,

and nutrition

3.1.1 Catering and in-house food consumption

Pulkkinen et al. (2015) present a study about the communica-
tion of carbon footprints in the hospitality sector. Other criteria
than carbon footprint are not considered, due to lack of data.
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“Climate Choice” labels were given for meals with lower than
average climate impacts. These labels raised the awareness of
the restaurant staff and of consumers, but the effect of the short
campaign remained limited; a long-term concept for
informing the customers would therefore be needed. Other
aspects such as taste, attractiveness, and price were more
important decision criteria for customers than the carbon
footprint.

Ribal et al. (2015) describe an optimization model (goal
programming), which was used to design meals for school
canteens by taking into account nutritional, climate change,
and economic aspects. Reductions in carbon footprints and
prices of meals were possible while maintaining the nutrition-
al properties of the meals. It is feasible to define meals with
simultaneously lower carbon footprint and lower price, thus
avoiding trade-offs between these two criteria. The tool allows
school canteens to improve the sustainability of their meals.

The environmental impacts and carbon footprint of 240
Swiss canteens were analyzed by Jungbluth et al. (2015).
The global warming potential of food purchases was about
four times higher than the direct impacts due to the operation
of the canteens. The most impacting product groups were
meat and dairy products. The authors derived recommenda-
tions for the reduction of the overall environmental impacts.
Among them was the reduction of food waste in the canteens,
avoidance of vegetables from heated greenhouses and air-
freighted products, as well as the reduction of the average
amount of meat per meal. For achieving these goals, cooper-
ation between suppliers, canteen operators, canteen owners,
and guests is necessary.

Saner et al. (2015) present a “FoodPrint” of households.
They used data from the Swiss household budget survey and
applied multiple linear regressions based on generalized linear
models to quantify food and beverage demand of individual
households. Carbon footprints of individual household of a
single Swiss municipality were calculated from these data.
The authors found a large variability of results, which was
however smaller than the variability in the climate impacts
of housing or mobility of these households. The differences
were primarily explained by different consumption patterns of
meat and dairy products. The paper highlights the importance
of analyzing the behavior of individual households, since
large differences exists, which imply a large improvement
potential.

3.1.2 Analysis at sectoral and national level

Sonesson et al. (2015) analyzed the supply chains of six com-
modities, i.e., milk, cheese, beef, pork, chicken, and bread,
from a Swedish region and presented the pork chain as an
example. Three scenarios addressing different environmental
goals (reduce local impact on ecosystems, optimize plant nu-
trient use and supply, and reduce climate impact and energy

use) were investigated. Their consequences for products and
systems from the food safety, sensory quality, animal welfare,
consumer appreciation, and (for primary production only) cost
perspectives were assessed. Reductions of up to 54 % for
climate change and up to 45 % for marine eutrophication
could be achieved by improving supply chains. A high pro-
ductivity was important to achieve large reductions.

How many people could be potentially supported by the
agricultural area available in The Netherlands and which diet
would make such nutrition possible? This question was ad-
dressed in a study by van Kernebeek et al. (2015), using a
linear programming model. As expected, reducing the propor-
tion of animal products (i.e., shift to plant-based diet) would
allow to nourish a larger population. However, a minimum
amount of about 12 % of animal products should be main-
tained in the diet, in order to allow the use of land which is
unsuitable for crop production. On this land, mainly dairy
products would be produced, with beef being a co-product
of the dairy sector.

van Dooren and Aiking (2015) analyzed the historical
Dutch diet and calculated its climate, land use, and health
impacts (assessed by a health score). This traditional diet
was optimized by linear programming in order to reduce its
environmental impact and to increase the health score. The
optimized diet was compared to a Mediterranean and the
New Nordic Diet showing that it had the same nutritional
characteristics in respect to health, while it resulted in a
lower environmental impact, expressed by a combined
greenhouse gas emission and land use score. The authors
argue that an optimized diet based on the traditional diet
would have a better cultural acceptability to the Dutch
population than a foreign diet.

Tyszler et al. (2015) optimized diets for Dutch women be-
tween 31 and 50 years by means of linear programming. The
purpose was to identify diets meeting the nutritional require-
ments, but with lower environmental impacts than the present
diet. As a further criterion, a penalty score expressed the de-
viation from the current diet. The authors concluded that sim-
ply following the dietary guidelines does not guarantee an
improved environmental profile. It was possible to find less
restrictive solutions than vegetarian or vegan diets, still satis-
fying all nutritional requirements and with less environmental
impact than the current one.

3.2 Methodology, data, and tools

A simplified web-based tool should enable small and medium
size enterprises (SMEs) in the food and drink sector to calcu-
late the environmental impacts of their products. It has been
developed in the European project SENSE (Ramos et al.
2015). For this purpose, cooperation with and data entry by
suppliers is necessary. Data for key environmental perfor-
mance indicators must be collected to calculate ten
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environmental impact category indicators. The SENSE tool
can be used for (i) environmental impact assessment of the
product, (ii) food chain hot spot identification, (iii) compari-
son of hypothetical or real improvement scenarios, (iv) assess-
ment of the environmental impact development over the years,
(v) benchmarking opportunity for the companies, and (vi) a
business to business communication strategy.

The exposure of humans to pesticides by the food route is a
matter of public debate, but is generally ignored in agricultural
LCAs. Fantke and Jolliet (2015) present a framework for char-
acterizing human toxicological impacts associated with pesti-
cides applied to agricultural crops in the frame of life cycle
impact assessment. Intake by residues on food varies widely
between the different active ingredients, but crop
characteristics and pesticide application times have a strong
influence as well. Intake fractions and characterization factors
for human toxicity according to the USETOX method were
made available for 875 active ingredients and six crops.

Stylianou et al. (2015) developed a novel Combined
Nutritional and Environmental Life Cycle Assessment
(CONE-LCA) framework that evaluates and compares
in parallel the environmental and nutritional effects of
food items or diets. Beneficial and detrimental impacts
of the nutrition on health were included in the assess-
ment of human health impacts (measured in disability
adjusted life years, DALYs). The method was illustrated
by the example of adding one serving of fluid milk to
the present American adult diet. This led to an increase
of environmental impacts on human toxicity of the total
diet, but this was more than outweighed by the benefi-
cial impacts on health. This effect was even increased,
when the milk addition was iso-calorically substituted
for sugar-sweetened beverages, which have negative
health effects. This methodological extension moves
LCA nearer to the social impact assessment.

van Zanten et al. (2015) present a method to account for the
suitability of land for the cultivation of food crops. The land
use ratio (LUR) is defined as the maximum amount of human
digestible protein (HDP) derived from food crops on the land
used to cultivate the animal feed over the amount of HDP in
the animal product. The LUR was 2.08 for laying hens, 2.10
for milk production on sandy soil, where arable crops also can
be grown, and 0.67 for milk production on peat soil, not suited
for arable crops. LUR values <1.0 show animal production
systems contributing to global food security, as they allow an
increase in the overall protein production.

3.3 Environmental impacts of food losses

Eberle and Fels (2015) analyzed the environmental impacts of
German food consumption and food losses. The losses made
up between 11 and 17 % of the environmental impacts of in-
house food consumption; for out-of-home food consumption

they were even more important with 28 to 33 % losses, de-
pending on the impact category. The life cycle phases agricul-
ture and consumption caused the highest impacts; together
they were responsible for over 87% of the total environmental
burdens. Animal products had a relatively high share in the
total impacts. The study showed that food production and
consumption as well as food losses along the value chain are
important drivers of environmental impacts.

Gruber et al. (2015) showed that substantial reduction
of environmental impacts could be achieved through the
reduction of food losses. Main food losses occur in the
consumer phase. Three different types of consumer be-
havior were modeled: baseline, environmentally con-
scious and careless. This resulted in considerable differ-
ences in the total life cycle impacts, which shows how
the environmental impact of food consumption can be
reduced by an environmentally conscious consumer.
Important improvement potentials have been identified
during shopping, in the reduction of electricity con-
sumption for food storage or preparation and by
avoiding wasting of food. The authors emphasize the
importance of including the consumer stage in LCAs
of food products.

3.4 Main achievements at the conference and in this

special issue

The following main steps forward have been made during the
LCA Food 2014 conference. Parts of them are reflected by the
selection of papers presented in this special issue. Key
achievements from the point of view of the authors are the
following:

& Methodological developments such as emission modeling
and impact assessment (toxicity impacts of pesticides, sa-
linization, odor impacts, soil quality)

& Assessment of land use and land use change impacts and
more detailed assessment of the food production poten-
tials of land

& Assessment of the impacts of food consumption at home
and out of home, including aspects of consumer behavior

& Quantification of environmental impacts of nutrition at
national or global levels

& An increasing number of studies focused on the analysis
of food waste, related environmental impacts and mitiga-
tion options

& Progress in the development of tools and databases for
analysis and decision-making

& Communication of environmental and sustainability as-
pects to different stakeholders

& Studies showing the benefits of cooperation between
stakeholders in the food chain.
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4 Challenges for the environmental assessment

of nutrition

While performing assessments of the environmental impacts
of food consumption and nutrition, the practitioner faces a
number of challenges. Some of the main challenges are de-
scribed in the following.

Environmental impacts considered There are three ways to
address the environmental impacts of nutrition and food con-
sumption: with a single environmental issue (e.g., carbon or
water footprint), by discussing several midpoint impact cate-
gories separately (e.g., ILCD) or by weighting several impact
categories into a final single score at the endpoint (e.g.,
ReCiPe, ecological scarcity). Each of these approaches has
pros and cons and the choice depends on the goal and scope
of each study. The use of a single environmental issue is the
easiest approach. It needs less data in the life cycle inventory
analysis as several types of emissions or resource uses need
not be accounted for. The interpretation of results is much
easier as there is one type of result and no diverging results
for several indicators. Many studies focus on a single environ-
mental issue, which is mostly the climate impact assessed by
the carbon footprint methodology (Auestad and Fulgoni 2015;
Heller et al. 2013). This choice is driven by the high relevance
and attention to the issue in the public debate, the relatively
important share of the food sector in greenhouse gas emis-
sions, and the good availability of data. The contributions to
this special issue confirm this finding. While carbon footprint
is undoubtedly of high environmental relevance and gives a
first important insight into the impact of nutrition on the envi-
ronment, it is clearly insufficient to describe the full range of
environmental impacts of food systems. Some studies assess
the use of fossil energy only, which was found to be a good
indicator for the total environmental impact in general, but
notably with the main exception of agricultural products
(Huijbregts et al. 2010). Agricultural production has a number
of environmental impacts not related to fossil energy use or
climate impacts. Important examples are the impacts on bio-
diversity, soil quality, water resources, nutrient emissions to
water (mainly nitrogen and phosphorus), or toxic impacts on
ecosystems through pesticides and other pollutants such as
heavy metals. Jungbluth et al. (2011) showed that the nutrition
of the Swiss population is responsible for 12 % of the non-
renewable energy use, while it generates 17 % of the global
warming potential and 29% of the total environmental impact
assessed by the Swiss ecological scarcity method 2006.
Similar trends were found in a European study (Tukker and
Jansen 2006). These examples clearly show that considering
merely fossil energy or greenhouse gas emissions is not suffi-
cient to address the range of environmental impacts of nutri-
tion, since the impacts related to agricultural production in
general dominate the impacts of nutrition (Foster et al.

2006). ISO standards 14040 and 14044 (ISO 2006a, b) require
the assessment of all relevant environmental impacts by
discussing results for several impact categories (e.g., accord-
ing to ENVIFOOD (2012)) and the tools and databases to
implement this are available. Thus, we see an important chal-
lenge to consider all relevant environmental impacts also in
the assessment of diets and food styles.

Assessing different sustainability dimensions Applications
of a life cycle sustainability assessment in the food sector—
i.e., considering the environmental, economic, and social im-
pacts altogether—remain very rare. The social dimension is a
particularly weak point of this assessment, where reliable da-
tabases and a well-accepted methodology even after more
than 20 years of discussion are still widely missing. A strong
investment in further development is needed to achieve a prac-
ticable methodology for the food sector and to fill this gap
(Smith and Barling 2014). Development of guidelines in the
last years (UNEP 2009) and the build-up of relevant databases
(Benoit-Norris et al. 2012) laid a basis for further progress in
this field. Agriculture being at the base of human development
and often at the base of many global value chains, there is a
growing interest among food companies to ensure adequate
prosperity of their suppliers (often smallholder farmers) in
order to secure their own supply base. In this sense, develop-
ing adequate indicators that can show progress in the social
dimension through the products’ life cycles is of paramount
importance. Trade-offs between the different sustainability di-
mensions are quite common, so that adequate compromises
are needed. For example, production systems with costly pol-
lution prevention or intensive animal production systems may
be efficient from an environmental point of view, but may be
less favorable in respect to animal welfare (Alig et al. 2012);
some low input farming systems may also generate low envi-
ronmental impacts but also low returns and profitability for
farmers, which may result in low social development scores.
In addition to environmental, social, and economic issues,
sustainability assessments of food systems should measure
attainment of the outcomes of such systems, i.e., food security
and nutrition (avoiding both undernourishment and overcon-
sumption, which lead to new health issues such as non-
communicable diseases) (Westhoek et al. 2014).

Data requirements A human diet is composed of many food
products and each food product may be composed of many
different ingredients. Each ingredient may have a different
degree of processing, and the raw materials used may origi-
nate from different countries. Therefore, one faces a high data
demand and level of complexity, when trying to assess the
environmental impacts of the diet of a whole population.
The environmental impacts of a food product depend on the
country of origin (Bystricky et al. 2014a; Webb et al. 2013)
and on the production system (Payen et al. 2015). Publicly
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available LCI databases such as ecoinvent (ecoinvent Centre
2014) contain limited data regarding the agricultural and food
sectors and allow differentiation of production systems and
countries of origin only in some cases. Recent database initia-
tives such as the French AGRI-BALYSE (Koch and Salou
2013), the Dutch Agri-Footprint (Blonk 2014), or the US
LCI (NREL 2012) partly remedy this situation. Private con-
sultants also offer databases covering a large range of food
products in several countries (JRC 2015). Thus, today a lot
of different LCA databases for food products are available.
Combining different databases, however, is problematic as
they may use different methodological standards and back-
ground data. Many research groups also have their own data-
base used in LCA studies. Large data gaps exist if one wants
to distinguish the environmental impacts of several similar
food items that can be found in the shop. In this context,
methods to fill these data gaps for ingredients and food prod-
ucts of minor importance such as using direct proxies,
upscaled proxies, averaged proxies (Milà i Canals et al.
2011), or extrapolation (Roches et al. 2010) offer feasible
alternatives in many cases.

Methodological aspects System boundaries are defined
based on the goals of the single study. As a minimum, the
analysis of food consumption should cover the production
chain up to the point of sale including agricultural production,
processing, transport, and distribution. Studies often focus on
the agricultural phase and ignore further stages, because they
only address the improvement in this stage. However, if the
downstream stages contribute significantly to the overall im-
pact and differ between the products compared, such studies
cannot address the full impacts of food production. Additional
stages after the point of sale might be considered depending
on the goal and scope of the analysis, e.g., home transporta-
tion, chilling, cooking, treatment of wastes, and effluents.
However, for a broader analysis of household consumption,
e.g., by input–output analysis, these aspects are not assigned
directly to the field of food purchases as they are covered in
other consumption domains such as mobility or energy use.

The inclusion of food waste at the different stages is highly
relevant (see sections 2.2.4 and 3.3), but in practice it is often
difficult to quantify because data cannot be collected directly
from the stakeholders. Furthermore, waste during consump-
tion depends on consumer behavior, which can be highly
variable.

A further issue is the choice of an attributional or conse-
quential modeling approach (EC-JRC-IES 2010). Within at-
tributional modeling, there are other important choices, e.g.,
the allocation approach. The allocation principle (e.g., eco-
nomic, mass, product properties, etc.) is a matter of debate,
but within an LCA study, a consistent approach must be ap-
plied. Some food industry sectors propose a recommended
methodology that can cover all their products in a harmonized

way (e.g., IDF (2010), or sectors covered in the EC’s Product
Environmental Footprint, European Commission (2015)).
Some LCA studies use consequential modeling to assess the
overall impacts of a diet (e.g., Schmidt and Merciai 2014). In
this case, the assumption on consequences, which normally
cannot be observed directly, is quite relevant for the final
results.

Link to land use Contrary to many other economic sectors,
the food sector is strongly dependent on land use, with the
main exception of seafood, which is of course dependent on
sea area or volume. The availability of land with high suitabil-
ity to agricultural production as well as water available for
irrigation put a serious constraint on global and local food
production (Fischer et al. 2010). Increasing the agricultural
production area has strong environmental impacts; this
constrained resource availability, compounded with the in-
creased demand from the growing world population, chal-
lenges future agricultural production. Changes in food pro-
duction systems or diets have consequences on other food
systems or related sectors, such as biofuel production and vice
versa. Direct and indirect land use change may have a strong
effect on the impacts of food products and diets. UNEP-IRP
(2014) assesses land as a resource and suggests several op-
tions to a sustainable land use, including: (i) Reducing exces-
sive food consumption, notably by reducing food waste and
shifting to more plant-based diets in high meat consuming
countries. (ii) Restoration of degraded soils and avoiding
building activities on fertile land. (iii) Promote research and
extension of best agricultural practices to maintain soil quality,
increase yield, and thus reduce pressure for deforestation. (iv)
More efficient use of biomass and its substitutes through better
cooperation to improve supply chains, better communication
between manufacturers and consumers, enhanced internation-
al efforts toward global resource management (e.g., toward
soil restoration), and a better framework for sustainable re-
source management at the scale of countries, regions, and
cities. (v) Decoupling markets for food and fuel. In addition,
certification schemes may play a significant role in driving the
uptake of sustainable agriculture practices if coupled with per-
formance indicators that demonstrate their positive effects
through the value chain. Adequate indicators for land use im-
pacts on biodiversity and ecosystem services are required
(Koellner et al. 2013) to provide a basis to develop land use
strategies, with enough granularity capable of differentiating
sustainable agriculture practices such as those promoted by
certification schemes.

Functions of food and choice of functional unit Assessing
the environmental impacts of food products and nutrition is a
complex issue, since food has to fulfill many functions.
Human nutrition is the most obvious function, but the quanti-
fication of the contribution of a single food product to this
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function remains a challenge (Nicklas et al. 2014). The choice
of the functional unit strongly depends on the goal and scope
of the study and on the perspective applied (production or
consumption perspective) with increasing complexity from
the comparison of agricultural productionmethods to the eval-
uation of full diets (Heller et al. 2013). Kendall and Brodt
(2014) compared several food products by using different
functional units including mass, serving size, energy content,
protein content, and a composite nutrient score. The environ-
mental impacts vary considerably according to the choice of
the functional unit, which was also found by Van Kernebeek
et al. (2014). In addition to nutrition, food also has further
functions and aspects such as taste, pleasure, aesthetics, cul-
tural value, impact on health, local economy, etc. It is not
possible to capture all these aspects in a single functional unit.
Therefore, in each study, the considered functions should be
clearly stated—together with the aspects that were not includ-
ed—and the consequences of this choice should be discussed.
Not only the intrinsic quality of a food product is relevant for
the consumer’s choice, but other aspects are too, including its
origin (consumers often prefer locally produced or domestic
food) and its mode of production (e.g., meat from production
systems respecting animal welfare or fair-trade products).
Ideally, these aspects should be evaluated in a comprehensive
life cycle sustainability assessment.

Consumer behavior The environmental impacts of the diet
strongly depend on consumer behavior. Which food products
are consumed and the type of diet have a strong effect on the
outcome as shown for example by Tilman and Clark (2014)
and several contributions in this special issue (see Section 3).
Food wasted at home can considerably increase the impacts
on the environment (Gruber et al. 2015). The mode of prepar-
ing the food can create a large variability in environmental
impact (Saner et al. 2015), in particular when considering
the decreasing size of households and accordingly the smaller
batches of food prepared. Cooking small amounts of food uses
considerably more energy per kilogram than preparing larger
amounts (Sonesson et al. 2003). Food storage at home can
also have a strong influence on the energy use as well as on
the generation of food waste. Due to higher mobility and
changing eating habits, food is increasingly consumed out of
home, which creates a new level of complexity. Thus data,
e.g., on preparation and serving in restaurants are necessary
in order to assess the full environmental impacts of food
consumption.

Communicating environmental assessment results In prac-
tice, complex studies evaluating multiple environmental indi-
cators and several dimensions of sustainability are difficult to
communicate to consumers or other stakeholders in the food
chain. To inform final consumers, the information must be
reduced in a meaningful way in order to help them address

the environmental impacts of their consumption patterns cor-
rectly and especially guiding them to consumption patterns
causing less environmental impact (Finkbeiner 2014;
Jungbluth et al. 2012). Trade-offs between indicators are reg-
ularly observed. Different methodologies are available which
weight different types of environmental impacts and summa-
rize them to a single score (e.g., Frischknecht et al. 2013;
Goedkoop et al. 2009; Tukker et al. 2006). These methods
consider a wide range of environmental impacts and ensure
that the interpretation of results does not depend too much on
the value choices of a single researcher. However, they apply
the value system of the method developers and commissioners
which is, e.g., based on user surveys or political regulations.
According to the ISO standard 14044, “weighting shall not be
used in LCA studies intended to be used in comparative as-
sertions intended to be disclosed to be public.” However, this
requirement is a matter of debate. Depending on the goal and
the target group, the need to present a single score result exists.
Some institutions try to overcome this situation by further
investigating the possibilities for single score weighting
(e.g., the PEF guidelines of the EU, European Commission
2013), where normalization is a recommended step, while
weighting to a single score can be applied optionally.

5 Research needs and outlook

A few key areas requiring improvement in the next years can
be extracted from the discussions in the LCA Food 2014
Conference, mostly addressed in the sections above:

Development of holistic approaches for the assessment of
sustainable food systems requires not only the development of
the assessment of environmental, social, and economic im-
pacts of such systems; on the output side, i.e., the functional
unit, not only the provision of food but also food security
itself, health, and nutrition should be considered. This latter
aspect requires a proper consideration of consumption habits
and lifestyles, which go beyond the assessment of food itself,
but are of paramount importance to address key drivers of the
lack of sustainability of food systems, such as food wastage
and overconsumption.

In some of the environmental impacts being considered,
such as those related to land and water use, there is already a
marked tendency to incorporate the regional conditions in the
assessment. This is in line with a need to incorporate potential
effects at the landscape level, a consideration of scale that is
commonly ignored in LCA (Milà i Canals and de Baan 2015).
The growing interest for impacts on ecosystem services and
biodiversity, and the use of LCA to inform policy makers and
other stakeholders, justify exploration of possible links be-
tween landscape and conservation ecology approaches and
the LCIAmethods, which to some extent is already happening
(Curran et al. 2016).
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The full potential of LCA as a tool to support policy mak-
ing may only be realized with a proper exploration of how the
results of LCA studies (usually at farm or field level) may be
extrapolated to inform scenarios at the landscape level.
Indeed, even if product comparisons may already inform the
benefits of specific agricultural production techniques at the
field level, policy will usually be designed to generate benefits
or reduce impacts at higher scale. There is good potential to
mainstream the use of LCA in the agricultural sector if its
results are linked to the indicators being designed to inform
targets in the Sustainable Development Goals (SDGs) en-
dorsed by the United Nations in September 2015 (United
Nations General Assembly 2015). In particular, LCA may
inform which practices contribute to the environmental sus-
tainability of agriculture (target 2.4).

In relation to the assessment of diets so far most studies
focus on the investigation in developed countries. Food styles
in these countries are often related to overconsumption and
health issues due to this. But, in many countries of the world,
people face problems due to insufficient supply of food.
Impacts due to the present food supply in these countries
and possible issues linked to providing a healthy and afford-
able diet to these populations should also be monitored. In this
context, a better investigation of small-scale farming and local
food supply with its challenges and opportunities is needed.

In-between the developed and developing countries are
emerging societies with a rapidly changing and growing econ-
omy like China and India. With growing affluence, food con-
sumption patterns are evolving towards including more
animal-based products and thus also increased impacts. The
challenge here is to guide development to a more sustainable
future without increasing environmental impacts.

In terms of the data challenge, significant international ini-
tiatives are underway to bridge gaps; as with all other sectors,
it is crucial that the required data are generated, documented,
and stored in an interoperable manner, so initiatives do not
remain unconnected but rather synergize with each other.
The Global Network of Interoperable LCA Databases is
attempting such goal. In the field of food LCA, in addition
to the aspects of interoperability that are common to any LCA
dataset (such as the nomenclature used for environmental and
technical flows, or the metadata descriptors), the modeling
criteria used may differ significantly between data sources.
This must be addressed to enhance the usability of data be-
yond the databases and studies for which they were collected.

Another important issue is the communication of LCA re-
sults to consumers. What constitutes environmentally sound
behavior in terms of diet is complex, and guidance should
focus on the most impor tant dr ivers of impact .
Simplification of the messages to general rules is needed,
but these rules need to be supported by scientific evidence
and be applicable to the respective situation. The communica-
tion needs to be adapted to the target group, which implies

various degrees of detail ranging from a full list of relevant
single indicators to single scores. National guidance on nutri-
tion is an area where LCA-based information is already being
coupled with nutritional studies (e.g., in the Netherlands, the
USA, see Merrigan et al. (2015)); these make use of recurrent
evidence that some food groups or products are preferable
over others both in terms of sustainability and nutrition (e.g.,
plant-based over excessive animal-based products). However,
given the high economic stakes in the food sub-sectors, for
LCA evidence to effectively influence policy and nutritional
guidance, stronger links to higher level political objectives
such as contribution to the UN’s Sustainable Development
Goals would be useful.

Agriculture and the food sector are key drivers of environ-
mental and social impacts worldwide, but they may also hold
the key for the contribution of the economy to reduced im-
pacts, enhanced biodiversity and ecosystem services, and im-
proved livelihoods. LCA and life cycle thinking more gener-
ally have the potential to identify more sustainable business
models in food production and consumption systems. This
paper and special issue provide some clear directions for the
methodological research and implementation needs to achieve
such more sustainable food systems.
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