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General introduction



2 GENERAL INTRODUCTION

In Europe, overconsumption and unhealthy diets cause a massive burden of 
non-communicable diseases, such as cardiovascular diseases, type 2 diabetes 
and various cancers. In 2017, the age-standardised mortality rate attributable to 
dietary risks in European adults was around 315 deaths per 100,000 persons 
[1]. While the European region faces an alarming prevalence of overweight and 
obesity [2], nutrient deficiencies are also observed, particularly among 
vulnerable population subgroups [3, 4]. Modern diets not only impact health, but 
also the environment. Currently, the land area needed to produce an average 
European diet is roughly around half the size of a football pitch per person per 
year [5]. There is thus an urgent need to transform both European food 
production systems and food consumption patterns [6, 7]. This thesis focusses 
on the design of healthier and more environmentally sustainable diets for 
European consumers. 
 

 

 

HEALTHY DIETS 
 
Healthy diets should provide adequate energy, nutrients and foods in order to 
prevent nutrient deficiencies and reduce non-communicable disease risk, and 
simultaneously maintain a healthy body weight [8]. In Europe, on average more 
than half of the adults are either overweight or obese [9, 10], and a quarter of all 
deaths are attributable to unhealthy diets [1]. This burden of disease is 
potentially preventable by improvement of the diet, as there is a gap between 
current and optimal intakes. In particular, high intake of sodium, low intake of 
whole grains, fruit and vegetables are the foremost factors, accounting for more 
than half of all diet-related deaths in Europe (Figure 1) [1, 11]. Comparisons 
between observed intakes and recommended intakes for a healthy diet are 
important to identify priorities in diet-related public health solutions. Dietary 
surveillance is therefore essential to assess the healthiness of dietary intakes. 
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Figure 1 Age-standardised proportions of deaths attributable to dietary risks in Europe, 2017 
(data source: Global Burden of Disease [1]).  

The percentages in each pie chart are the total proportion of disease-specific mortality attributable to 
dietary risk factors in the different regions.  
 

 

$�KHDOWK\�GLHW�IURP�QXWULHQWV�WR�IRRGV�
 
Healthy diets help maintain or improve overall health, and are compliant with 
nutrient recommendations and food-based dietary guidelines. Nutrient 
recommendations combine minimum recommended nutrient intakes, and are 
closely linked to healthy growth and development [12]. However, it is the sum of 
not only nutrients, but also bio-actives and the food matrix present in foods that 
affect non-communicable disease risk, and thus there is a need for a holistic 
approach that addresses foods, food groups and diets as a whole [13].  
 

Food-based dietary guidelines are evidence-based messages on healthy eating 
in terms of foods, food groups and dietary patterns, aimed at the general 
population for the prevention of non-communicable diseases [14, 15]. In most 
European countries, food-based dietary guidelines have been established for 
consumer education and information, and they serve as a basis for public health 
policies [15, 16]. Because diets are shaped by social, economic, agricultural and 
environmental factors that affect food availability and choice, these food-based 
dietary guidelines are tailored to country- or region-specific habits to enhance 
their effectiveness [16]. Still, in European countries, they include many generic 
dietary key elements [14, 15], i.e. increase the intake of whole grains, fruit and 
vegetables, nuts and seeds, and legumes, and decrease the intake of red and 
processed meat, and sugar-sweetened beverages, and salt [17]. �
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,QGLFDWRUV�IRU�D�KHDOWK\�GLHW�
 
A healthy diet relies on both the quantity and the composition of food consumed 
(Figure 2). From the nutritional point of view, the quantity of consumer diets 
considers the energy balance, i.e. the balance between energy intake and 
energy requirement. This balance between energy intake and energy 
requirement cannot be assessed directly, as energy intake cannot be properly 
assessed by methods of dietary assessment due to misreporting [18]. 
Nevertheless, a prolonged pattern of overconsumption leads to a positive 
balance, hence a higher body weight, and vice versa. A measure that reflects 
this is the body mass index (BMI), which is often used as a proxy for body 
fatness in adult populations [19].  
 
The quality of consumer diets is assessed by the comparison of both nutrient 
and food intakes with recommended intakes for a healthy diet. To allow for a fair 
comparison of diet quality between populations, it is important to apply the same 
standards for recommended intakes of nutrients and foods. For the European 
Union, compliance with nutrient recommendations can be assessed using 
dietary reference values as set by the European Food Safety Authority (EFSA). 
EFSA, however, does not set Europe-wide food-based dietary guidelines, 
because they include country-or-region-specific habits related to food 
availability and dietary preferences in the different Member States. Adherence 
to food-based dietary guidelines can thus be assessed using generic dietary 
food groups that are overarching the country-or-region-specific food-based 
dietary guidelines.  
 
Indicators on energy balance, compliance with nutrient recommendations and 
adherence to food-based dietary guidelines serve as a basis for the assessment 
of the healthiness of consumer diets [20]. Such indicators may be useful to 
communicate the current status of dietary intake in a descriptive way with the 
aim to better inform policymakers [21]. Quantifying the current status of dietary 
intake requires detailed data on consumer diets.  
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Figure 2 The assessment of healthy diets involves quantity and quality  

from a nutritional point of view.  
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Diet quantity
Balance between energy intake
and energy requirements
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ENVIRONMENTALLY SUSTAINABLE DIETS 
 
Food systems are held responsible for a total greenhouse gas emission of 8.7-
13.7Gt of carbon dioxide equivalents (CO2eq) per year [22-24]. This includes 
emissions of carbon dioxide from energy use in agricultural machinery and from 
conversion of natural ecosystems, and of non-carbon dioxide gases (methane 
and nitrous oxide) from agricultural production. Together this accounts for circa 
20-30% of total anthropogenic greenhouse gas emissions [22-24]. Greenhouse 
gases, including carbon dioxide, methane and nitrous oxide, are the gases in 
the atmosphere which absorb and re-emit heat, and thereby have an influence 
on the temperature of the earth’s atmosphere. CO2eq is a standard unit for 
expressing the quantity of different greenhouse gases, and it signifies for any 
greenhouse gas the amount of CO2 that would have an equivalent global 
warming effect. Food production is also the world’s largest water-consuming 
sector using 70% of freshwater for agriculture [25]. Furthermore, it is the largest 
driver of land use and land-use change, mainly through agricultural expansion, 
and it disrupts the nitrogen and phosphorous cycles [26]. Therefore, the need 
for a transition towards a more sustainable food production system has become 
widely recognised [5, 27]. This concept of a sustainable food production system 
has been expanded by the inclusion of planetary boundaries for impacts of food 
production, using the concept of a safe operating space for humanity [28]. 
Quantification of these planetary boundaries is still in its initial stages, and it is 
influenced by existing know-how and available measurement equipment. That 
is why studies assessing diet-related environmental impacts mostly consider 
greenhouse gas emissions [29]. 
 

 

,QGLFDWRUV�IRU�DQ�HQYLURQPHQWDOO\�VXVWDLQDEOH�GLHW�
Diet-related environmental impacts, such as greenhouse gas emissions and 
land use, are commonly assessed using life cycle analysis (LCA). LCA is a tool 
to assess environmental impacts accounting for emissions and resource use 
throughout all the stages of a product’s life cycle [30] (Box 1). Even though LCA 
has been defined and standardised through international guidelines, there is still 
a substantial degree of flexibility in the method which limits the comparability of 
food-item LCA studies. To allow a fair and meaningful comparison of 
environmental impact of consumer diets across Europe, a food-item LCA 
database that is applicable for a European-wide context is needed. 
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Box 1 Components of the life cycle assessment to assess the environmental impact 
of consumer diets.  

 

Life Cycle Assessment (LCA) is an internationally accepted standardised 
methodology that aims to assess environmental impacts associated with all the 
stages of a product’s life cycle [30]. The stages in a food product’s life cycle, from 
cultivation of (feed) crop to consumption at home, typically includes primary 
production, i.e. crop production and animal breeding, food processing, packaging, 
transportation, distribution and storage, preparation and consumption, and waste 
management [31].Thus, to assess environmental impacts of diets, each food in the 
diet is linked to its primary products. Starting from its primary products, impacts of all 
the life cycle stages are summed in order to obtain an overall estimate of the 
environmental impact of this food. Environmental impact of the total diet is 
subsequently calculated by multiplying for each food its intake with its environmental 
impact, and summed across all foods consumed. Methodological choices related to 
the functional unit, system boundaries, allocation methods, agricultural management 
practices as well as practices at other life cycle stages are important sources of 
inherent variability in food-item LCA data [32].  

 �
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(QYLURQPHQWDO�LPSDFW�RI�FRQVXPHU�GLHWV�
In European countries, studies in the consumer domain using individual-level 
intake data show that the greenhouse gas emissions of an average diet varies 
between 3 – 8 kg CO2eq per day [33, 34]. These studies on consumer diets 
consistently show that diets higher in animal-sourced foods, in particular meat 
from beef, have a higher environmental impact [34-36]. Although the internal 
validity of those studies might be good, comparison between studies and 
countries should be done cautiously. This is because of differences in not only 
the methods of dietary assessment, but also in the underlying food-item LCA 
databases [32]. For comparing and developing European policies, this highlights 
the need for standardised individual-level dietary intake data, as described 
below, and a need for standardised LCA databases to obtain comparable 
estimates of diet-related environmental impact.   
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METHODS OF DIETARY ASSESSMENT 
 
Assessment of the consumer diets can be done using food supply data at the 
national level, food purchases at the household level or food intake at the 
individual level [37, 38]. Food supply data represent the national quantity of 
primary commodities that are available for human consumption, such as rice, 
milk and meat, expressed as kilograms per capita per day. Food supply data 
include food losses at production level and food wastages at consumption level, 
and therefore represents food availability for consumption rather than actual 
food intake. Food purchase data provide information on the expenses and the 
purchased quantities of the foods and beverages in households. Food supply 
and food purchase data are indirect methods of dietary assessment and have 
little connection to the individual. On the other hand, dietary assessment 
methods on the individual level directly assess the individual intakes of foods 
and beverages, i.e. the food consumed and their consumption amounts and/or 
frequencies. Moreover, these individual-level methods include a wide variety of 
realistic food choices in the consumer domain that reflect individual dietary 
preferences. 
 
Methods to estimate an individual’s diet include diet records, 24-hour recalls and 
food frequency questionnaires (FFQ). Diet records and 24-hour recalls are 
usually applied in dietary surveillance aimed to obtain quantitative estimates of 
intake, such as amounts consumed, whereas large scale epidemiological 
studies usually use an FFQ to obtain frequencies of consumption [38]. These 
methods rely on self-report and are prone to bias, resulting from omission and/or 
inclusion of unconsumed foods and inaccurate estimation of portion size eaten. 
Yet, individual-level food intake assessments are the best available standards 
to assess consumer diets, as no independent reference methods are available 
[39, 40]. 
 
In this thesis, individual-level dietary data from national surveys are used to 
assess the healthiness of dietary intake across European countries. Cross-
country comparison of European dietary intake is, however, hampered by 
differences in dietary survey methodologies [41]. EFSA has set out to collect 
detailed, harmonised food consumption data in the European Union Member 
States by 2020 [42], for which it defined the following standards: 
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- Detailed dietary data should be collected on two non-consecutive days for 
each individual. 

- Reported foods should be described in accordance with the EFSA 
FoodEx2 food classification and description system. 

- Additional information on less frequently consumed foods, food 
supplements, age, gender, weight, height and physical activity levels 
should be collected. 

 
The FoodEx2 food classification and description system by EFSA is an 
important step in the alignment of surveys across European Union Member 
States [41]. FoodEx2 is a hierarchical system of 21 main food groups, which are 
further divided into subgroups up to a maximum of six levels [43]. Several 
Member States have already linked intakes from their national dietary survey to 
FoodEx2 for the development of the EFSA Comprehensive European Food 
Consumption Database [41]. This database is thus built from available national 
food consumption data, and it is the best available source of food consumption 
information data on a European wide basis. However, in the absence of a 
uniform pan-European surveillance system, that accounts for the quality of 
dietary data collection, further harmonisation and standardisation of available 
dietary data are needed to allow cross-country comparisons [44].  
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DIETARY CHOICES 
 
Dietary choices are influenced by multiple complex factors involving an interplay 
of multilevel determinants (Figure 3) [45]. This complex network of determinants 
is therefore regarded as not only a potential barrier, but also a promising 
opportunity for encouraging healthy and environmentally sustainable diets. 
Understanding the question ‘why we eat what we eat?’ is a key issue for 
unravelling the triple malnutrition burden, and would provide a framework for 
evidence-based policy making [46, 47].  
 
Examples of important determinants for dietary choice at the individual level are 
taste preferences, visual appeal, familiarity, price, convenience, nutritional 
knowledge and skills, and habitual behaviour [48, 49]. Nevertheless, all the 
multilevel determinants of dietary choice play a role in the observed diversity of 
diets within and between consumers in a given population [45]. This diversity of 
diets provides valuable examples for consumers to choose healthier and more 
environmentally sustainable diets in different ways. In view of this, such dietary 
improvements that are based on existing diets are assumed to be realistic and 
feasible for the population under study. The assumption underlying this is that 
valid information about appropriate eating is provided by similar others or those 
with whom they affiliate [50, 51]. This highlights the possibility of using existing 
dietary patterns that are both healthy and environmentally sustainable as a 
practical guide for dietary improvement in a given population.  
 

 

Figure 3 Complex network of determinants at different levels influencing dietary choices - 
Adapted from Mozaffarian 2016 [45].  
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TOWARDS MORE HEALTHY AND ENVIRONMENTALLY 
SUSTAINABLE DIETS 
 
In 2010, the Food and Agriculture Organisation (FAO) proposed a definition of 
a sustainable diet: “Sustainable diets are those diets with low environmental 
impacts, which contribute to food and nutrition security and to healthy life for 
present and future generations. Sustainable diets are protective and respectful 
of biodiversity and ecosystems, culturally acceptable, accessible, economically 
IDLU� DQG�DIIRUGDEOH�� QXWULWLRQDOO\� DGHTXDWH� VDIH� DQG� KHDOWK\��ZKLOH� RSWLPLVing 
natural and human resources” [52]. This definition clearly illustrates the 
complexity of a sustainable diet, which goes beyond health and environment, 
and embraces the socio-cultural and economic dimensions of the diet as well. 
This thesis provides the first steps towards the design of such diets for European 
consumers, and hereby focuses on the dimensions of both health and 
environmental sustainability.  
 

*XLGHOLQHV�IRU�KHDOWK\�DQG�HQYLURQPHQWDOO\�VXVWDLQDEOH�GLHWs�
Several European countries have started integrating environmental 
sustainability aspects in their food-based dietary guidelines [53-57]. Such 
guidelines mostly emphasise the reduction of greenhouse gas emissions 
through promoting a shift towards plant-based foods at the expense of animal-
based foods. More recently, an integrated framework for the global adoption of 
a healthy reference diet, as proposed by the EAT-Lancet Commission, would 
provide essential support for feeding ten billion people a healthy diet within safe 
planetary boundaries for food production by 2050 [58]. This healthy reference 
diet outlines a global average and ranges of food group intakes that would 
benefit human health. Like for food-based dietary guidelines, these ranges of 
intakes are based on the best available evidence on healthy diets, which make 
it possible that not all diets within the healthy eating ranges meet environmental 
targets.  
 

&RQVXPHU�RSWLRQV�IRU�DQ�HQYLURQPHQWDOO\�VXVWDLQDEOH�GLHW�
The impact of consumer-oriented strategies to reduce diet-related 
environmental impact highly depends on the amount and type of meat included 
in the diet, but also on the environmental impact of the foods replacing the meat 
[34, 35]. Such replacements are beneficial for the intake of saturated fats and 
sodium, but put critical nutrients that are mainly derived from animal-sourced 
foods, such as zinc, vitamins B12 and B2, under pressure [59-61]. This suggests 
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that their contribution to diet quality could to some extent compensate for their 
higher environmental impact [62]. It is therefore worthwhile to explore potential 
trade-offs between health and environment when moving towards healthy and 
environmentally sustainable diets. 
 

,GHQWLI\LQJ�GLHWV�WKDW�DUH�KHDOWK\�DQG�HQYLURQPHQWDOO\�VXVWDLQDEOH��
Integrating health with environmental sustainability aspects of a diet in a realistic 
way requires advanced modelling tools [63, 64]. Commonly used modelling tools 
for designing diets are mathematical optimisation models. In mathematical diet 
optimisation, the aim of the diet problem is to compose a diet that is (more) 
optimal according to certain criteria, such as satisfying guidelines for a healthy 
diet, minimising the environmental impact, and minimising deviations from the 
current diet [65, 66]. However, to arrive at diets that are acceptable to 
consumers, there is a need to introduce additional constraints on food intake to 
the diet optimisation model [67]. Defining these food intake constraints involves 
arbitrary expert-based choices on basic food interrelationships and acceptable 
food quantities. This highlights the need for a diet model that formulates diets 
that implicitly fit dietary preferences, thus without specifying additional 
constraints. The key challenge for such a diet model is therefore to design future 
diets that not only meet guidelines for a healthy diet, but also reduce 
environmental impact of the diet.  
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OUTLINE OF THIS THESIS 
 
The main challenge facing nutrition research is to design a diet that integrates 
health and environmental sustainability, and at the same time takes dietary 
preferences into account. For this journey towards more healthy and 
environmentally sustainable diets, there is a need for a consumer-oriented diet 
model that implicitly accounts for dietary preferences. Box 2 and Figure 4 
summarise the aim, objectives and outline of the thesis. In addition, the context 
of the thesis in the SUSFANS- and the SHARP-project is briefly described.  
 

 

Box 2 Aim and specific objectives of this thesis.  
 

Main aim of this thesis: 

To develop a methodology to design the first steps towards more healthy 
and environmentally sustainable diets that are acceptable for European 
consumers. 

 

Specific objectives: 

1. To operationalise the methodology for assessing health and 
environmental sustainability of European diets  
(Chapter 2 and Chapter 3). 

2. To assess the current status of European diets in terms of health and 
environmental sustainability  
(Chapter 4 and Chapter 5). 

3. To identify options for dietary improvement in Europe that integrate 
health, environmental sustainability and dietary preferences  
(Chapter 6 and Chapter 7). 

 

 

 

Figure 4 depicts the outline of this thesis. The basic idea is to compare diets 
with respect to healthiness (Y-axis) and environmental sustainability (X-axis), 
and this comparison is made for the observed and for modelled consumer diets.  
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Figure 4 Outline of this thesis “Towards healthy and environmentally sustainable diets  

for European consumers”.  
Chapter 2 gives an overview on how previous studies addressed the health aspect of environmentally 
sustainable diets. In Chapter 3, Chapter 4 and Chapter 5, observed diets are addressed in terms of 
environmental sustainability and its association with health (Chapter 3), in terms of health (Chapter 4), 
and in terms of environmental sustainability (Chapter 5). Chapter 6 introduces a diet model that is 
applied to dietary intake data of the four European countries in Chapter 7. 

 

 

 

The first objective, related to the assessment of health and environmentally 
sustainability in consumer diets, is addressed in Chapter 2 and Chapter 3. In 
Chapter 2, current approaches to operationalise health aspects in the context of 
environmentally sustainable diets are reviewed. In Chapter 3, the performance 
of a food frequency questionnaire for estimating the environmental impact of the 
diet is compared with that of a 24-hour recall. In addition, the association 
between environmental impact and dietary quality is investigated in observed 
consumer diet. 
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Chapter 4 and Chapter 5 address the second objective of this thesis, related to 
assessing the current status of European diets. Using four European countries, 
i.e. Denmark, Czech Republic, Italy and France, the current status of observed 
diets is studied with regard to health (Chapter 4) and environmental 
sustainability (Chapter 5). 
  
The topics of health and environmental sustainability are integrated in Chapter 
6 and Chapter 7, related to the third objective of this thesis. Chapter 6 provides 
a description of the diet model for the design of improved diets that fit within the 
range of existing diets. In Chapter 7, more healthy and environmentally 
sustainable diets that fit within dietary patterns of European diets were identified 
using a diet model. In addition, this diet model provides insight in trade-offs 
between dietary preferences against health and environmental sustainability.  
 
Chapter 8 summarises the main findings of this thesis, followed by a discussion 
of the methodological considerations and implications for future research and 
public health policies. 
 

 

 

&RQWH[W�RI�WKLV�WKHVLV�
 
The present thesis was embedded in the SUSFANS project (European Union’s 
H2020 Programme) and the SHARP-BASIC project (TiFN). The database for 
environmental sustainability indicators and the benchmarking diet model were 
developed in the SHARP-BASIC project, and the applications to the dietary data 
were conducted within the SUSFANS project.  
 
SUSFANS’ overall objective was to develop the conceptual framework, the 
evidence base and analytical tools for underpinning European-wide and 
Member State food policies with respect to their impact on consumer diets and 
their implications for public health, environmental, economic and social 
outcomes [68]. The project is based on three inter-related pillars of the 
assessment, modelling and foresight of sustainable food and nutrition security. 
In particular, the project integrates macro-level agricultural, trade and 
environmental impact analyses with micro-level consumer diet and health 
analyses. This thesis addresses all three pillars at the micro-level of consumer 
diets. 
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The SHARP-BASIC project’s overall objective is to provide a scientifically 
underpinned knowledge and data platform to build models for deriving SHARP 
diets, i.e. environmentally Sustainable, Healthy, Affordable, Reliable and 
Preferred. Related to the project’s objective is to provide standardised high 
quality data and the modelling tools in order to create a common ground for 
addressing the SHARP dimensions of consumer diets.  
 
Central to both projects is the assessment of consumer diets and the 
identification of more healthy and environmentally sustainable diets that fit within 
the cultural context of European consumers. The European context focussed on 
four European Union Member States that have made their dietary survey data 
available to EFSA and represents the diversity of food habits in Europe (Figure 
5). Included are national survey data from Denmark (2005-2008), Czech 
Republic (2003-2004), Italy (2005-2006), and France (2006-2007).  
 

 

Figure 5 Included in this thesis were dietary data from Denmark, Czech Republic, Italy, France. 

Countries with a dotted pattern represent the four countries included in this thesis. Western (purple), 
Central (blue) and Eastern (yellow) European regions are based on the regions as defined by the World 
Health Organisation. 
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ABSTRACT 
 
Objective: Shifting towards a more sustainable food consumption pattern is an 
important strategy to mitigate climate change. In the past decade, various 
studies have optimised environmentally sustainable diets using different 
methodological approaches. The aim of this review is to categorise and 
summarise the different approaches to operationalise the health aspects of 
environmentally sustainable diets.  
 
Design: Conventional keyword and reference searches were conducted in 
PubMed, Scopus, Web of Knowledge and CAB abstracts. Inclusion criteria were 
���� (QJOLVK� ODQJXDJH� SXEOLFDWLRQ�� ���� SXEOLVKHG� EHWZHHQ� ����� DQG� 2FWREHU�
����������GLHWDU\�GDWD�FROOHFWHG�IRU�WKH�GLHW�DV�D�ZKROH�DW�WKH�QDWLRQDO��KRXVHKROG�
RU�LQGLYLGXDO�OHYHO������FRPSDULVRQ�RI�WKH�FXUUHQW�GLHW�ZLWK�GLHWDU\�VFHQDULRV��DQG�
����IRU�UHVXOWV�WR�FRQVLGHU�WKH�KHDOWK�DVSHFW�LQ�VRPH�ZD\�� 
 
Setting: Consumer diets 
 
Subjects: Adult population 
 
Results: :H�UHYLHZHG����VWXGLHV�WKDW�FRPELQHG�WKH�KHDOWK�DQG�HQYLURQPHQWDO�
aspects of consumer diets. Hereby, Five approaches to operationalise the 
KHDOWK�DVSHFW�RI�WKH�GLHW�ZHUH�LGHQWLILHG������IRRG�LWHP�UHSODFHPHQWV������GLHWDU\�
JXLGHOLQHV������GLHWDU\�TXDOLW\�VFRUHV������GLHW�PRGHOOLQJ�WHFKQLTXHV��DQG�����GLHW-
related health impact analysis. 
 
Conclusion: Although the sustainability concept is increasingly popular and 
widely advocated by nutritional and environmental scientists, the journey 
towards designing sustainable diets for consumers has only just begun. In the 
context of operationalising the health aspect, diet modelling might be considered 
as the preferred approach since it captures the complexity of the diet as a whole. 
For the future, we propose SHARP diets: environmentally Sustainable (S), 
Healthy (H), Affordable (A), Reliable (R) and Preferred from the consumers’ 
perspective (P).  
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INTRODUCTION  
 
To provide an adequate diet to the growing world population, estimates indicate 
that an increase in the global food production is needed, at a rate of 1.2% per 
year [1]. At the same time, the food production system is recognised as a major 
threat to the environment, including climate change and depletion of the planet’s 
natural resources [2]. This is partly driven by the habitual consumption patterns 
tending towards a higher consumption of animal-based products [3]. It is thus 
an important global challenge to secure adequate diets within a sustainable food 
production system [4]. In this regard, an adequate diet implies that it meets 
energy requirements and provides sufficient nutrients in line with the dietary 
guidelines for healthy growth and ageing [5]. Because the diet is an important 
modifiable factor for well-being and disease prevention [6], both the adequacy 
of nutrient intake and the observed or projected prevalence and/or occurrence 
of health-disease outcomes are of importance. 

Shifting towards a more sustainable food consumption pattern is 
considered as an important factor to tackle the challenge of harmonising the 
rapidly changing food demand for the larger and more affluent population and 
its supply [7]. A recently published review suggested that a reduction of up to 
50% in diet-related greenhouse gas emission and land use can be realised by 
dietary changes in areas with affluent diet[8]. Especially the reduction of animal-
based products is often regarded as the main option for lowering diet-related 
environmental impact [2, 7, 8]. However, severe reductions without an inclusion 
of appropriate meat- and/or dairy-substitutes might lead to inadequacies of 
several nutrients (e.g. vitamin B12, zinc, iron, etc.) across the population groups 
[9]. Therefore, the concept of a sustainable diet, as defined by the Food and 
Agriculture Organisation (FAO), is briefly described as a diet that has a low 
impact on the planet’s resources and the environment, including respectfulness 
for biodiversity and animal welfare, and contributes to an adequate diet that is 
promoting a healthy life. Sustainable diets are also featured by characteristics 
such as cultural acceptability, accessibility, economic fairness and affordability 
[10]. This definition highlights the connection between the health, the 
environmental sustainability and the food production aspects of a diet, with the 
dietary pattern of consumers as a common denominator. The design of those 
diets asks for a collaboration between nutritional and environmental sciences 
along with the agricultural food chain [11].  
 The aim of this review is to categorise and summarise the different 
approaches that are currently used to operationalise the health aspects of 
environmentally sustainable diets. Also, the relevance of these approaches for 
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UHVHDUFK�RQ�HQYLURQPHQWDOO\�VXVWDLQDEOH�GLHWV�ZLOO�EH�GLVFXVVHG��HDFK�DSSURDFK�
DGGUHVVHV�D�SDUWLFXODU�UHVHDUFK�TXHVWLRQ��EXW�LV�EXLOW�XSRQ�VRPH�DVVXPSWLRQV�
ZKLFK� VKRXOG� EH� WDNHQ� LQWR� DFFRXQW� ZKHQ� XVLQJ� WKH� DSSURDFK�� 7KLV� UHYLHZ�
SURYLGHV�DQ�overview of the way in which such diets have been addressed in 
UHVHDUFK�� SDUWLFXODUO\� the relation between health and environmental 
sustainability of a dLHW� 2Q�WKH�EDVLV�RI�WKLV�RYHUYLHZ��UHFRPPHQGDWLRQV�IRU�IXWXUH�
research on designing VXVWDLQDEOH�GLHWV�DUH�JLYHQ�DQG�GLVFXVVHG� 
 
 
METHODS 
 
7KH� OLWHUDWXUH� VHDUFK�ZDV�SHUIRUPHG� LQ�2FWREHU� �����DQG� LGHQWLILHG� UHOHYDQW�
articles through conventional keyword searching strategies using the search 
terms ‘diet’ or ‘food’ and ‘climate’ or ‘greenhouse gas’ or ‘land’ or ‘sustain’ in 
3XE0HG�� 6FRSXV�� :HE� RI� .QRZOHGJH�� &$%� DEVWUDFWV� DQG� WKURXJK�
ELEOLRJUDSKLHV� RI� SXEOLVKHG� SDSHUV�� $UWLcles included in this review met the 
IROORZLQJ�ILYH�LQFOXVLRQ�FULWHULD������(QJOLVK�ODQJXDJH�SXEOLFDWLRQ������SXEOLVKHG�
EHWZHHQ������DQG�2FWREHU������� ���� GLHWDU\�GDWD�FROOHFWHG� IRU� WKH�GLHW�DV�D�
ZKROH�DW�WKH�QDWLRQDO��KRXVHKROG�RU�LQGLYLGXDO�OHYHO������FRPSDULVRQ�RI�WKH�FXUUHQW�
GLHW�ZLWK�GLHWDU\�VFHQDULRV��DQG�����IRU�UHVXOWV�WR�FRQVLGHU�WKH�KHDOWK�DVSHFW�LQ�
VRPH�ZD\��7KH�VHOHFWLRQ�RI�DUWLFOHV�WKDW�PHHW�WKH�LQFOXVLRQ�FULWHULD�ZDV�EDVHG�
RQ�LQIRUPDWLRQ�DYDLODEOH�LQ�WLWOHV�DQG�DEVWUDFWV�RI�WKH�DUWLFOHV��ZLWKRut restrictions 
RQ� WKH� JHRJUDSKLFDO� ORFDWLRQ��*LYHQ� WKH� DLP�RI� WKH� UHYLHZ� WR� FDWHJRULVH� DQG�
VXPPDULVH� WKH� GLIIHUHQW� PHWKRGRORJLFDO� DSSURDFKHV�� VRPH� DUWLFOHV� WKDW�
LQDGYHUWHQWO\�PD\�KDYH�EHHQ�PLVVHG�ZHUH�QRW�H[SHFWHG�WR�LQIOXHQFH�WKH�UHVXOWV�
RI�WKH�DSSURDFKHV�LGHQWLILHG�� 
 
 
RESULTS  
 
,Q�WKH�SHULRG������– ������ZH�LGHQWLILHG����SDSHUV�WKDW�VWXGLHG�GLHW�DV�UHODWHG�
WR�KHDOWK�DQG�HQYLURQPHQWDO�VXVWDLQDELOLW\�  

Dietary data collected for the diet as a whole included food availability 
HVWLPDWHV�DW�WKH�SRSXODWLRQ�DQG�KRXVHKROG�OHYHO��DQG�DFWXDO�IRRG�LQWDNH�DW�WKH�
LQGLYLGXDO�OHYHO��7KH�IRRG�DYDLODELOLW\�HVWLPDWHV�LQFOXGHG�GDWD�RQ�WKH�IRRG�VXSSO\�
DW� WKH�SRSXODWLRQ� OHYHO� XVLQJ�)RRG�%DODQFH�6KHHWV�RI� WKH�)$2 RU�(FRQRPLF�
5HVHDUFK�6HUYLFH�>��-27] and data RQ�WKH�IRRG�SXUFKDVHV�DW�WKH�KRXVHKROG�OHYHO�
XVLQJ�+RXVHKROG�%XGJHW�6XUYH\V� >������-��@��5HJDUGLQJ� LQGLYLGXDO-level food 
intake assessments��GLHW�UHFRUGV�ZHUH�WKH�PRVW�IUHTXHQWOy used dietary survey 
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method [20, 33-49] ZLWK�UHFRUGLQJ�UDQJLQJ�IURP���WR����GD\V��followed by a single 
or replicated 24-hour recalls[49-56], and Food Frequency Questionnaires 
(FFQs) [57-60]. The number of food items in these dietary assessments 
generally ranged from 25 to 100 in Food Balance Sheets, and from 130 in FFQs 
to 1314 in diet records or 24-hour recalls. However, sustainability indicators (e.g. 
greenhouse gas emission, land use) were only available for a limited number of 
foods, meaning a higher food aggregation level has been used. This food 
aggregation level was specified in 45 studies, of which only 17 studies applied 
a more precise level of aggregation into food items, with the number of food 
items ranging between 7 and 391 food items [12, 13, 16, 35-41, 43, 45, 52-54, 
56, 60]. For two studies, it was specified that this covered 71% of the total food 
weight intake (including all solid foods and excluding foods typically consumed 
as beverages, such as milk, juices and other drinks), and 66% of total energy 
intake of all the foods and beverages [37, 38]. In most studies, food items without 
a sustainability value were assigned a value from a similar food item within the 
same food group to cover the total food consumption. Sustainability was mainly 
operationalised by greenhouse gas emission [12, 15, 21, 25, 26, 29-38, 40-42, 
44-48, 51-57, 60]��IROORZHG�E\�ODQG�XVH�[14-16, 40, 41, 43, 50, 52, 60] and other 
sustainability indicators including livestock production, biodiversity and use of 
planet’s resources [12-15, 17-30, 39, 42, 49, 52, 58, 59], which is partially biased 
towards the search terms used to define sustainability. 

Approaches for operationalising the health aspect could be categorised 
into three main categories representing how the health aspects of the diet were 
operationalised (Figure 1 and Table 1): simple approaches focussing on a single 
QXWULWLRQDO�DVSHFW��$���DSSURDFKHV�FDSWXULQJ�WKH�FRPSOH[LW\�RI�WKH�GLHW��%���DQG�
approaches evaluating the health impact (C). More specifically, the simple 
approach refers to food item replacements. Three approaches were identified 
to capture the complexity of the diet: dietary guidelines (B1), dietary quality 
scores (B2), and diet modelling techniques (B3). For diet-related health impact 
one approach was identified. Studies generally did not address policy options to 
achieve dietary changes, the time dimension for environmental effects to occur 
(except for direct greenhouse gas emission), or the robustness of alternative 
dietary options in different socio-economic and ecological contexts.  
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Figure 1 Conceptual overview showing the approaches used to operationalise the health 
aspect of environmentally sustainable diets when using population-, household- or individual-
level food intake assessment. 

 
 

• Food item replacement 10 studies Table 2

A. Simple approaches

• B1. Dietary guidelines 17 studies Table 3
• B2. Dietary quality scores 7 studies Table 4
• B3. Diet modelling techniques 8 studies Table 5

B. Approaches capturing the complexity of the diet

• Diet-related health impact analysis 7 studies Table 6

C. Approaches evaluating the diet-related health impact
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Simple�approach��IRRG�LWHP�UHSODFHPHQWs�
 
Food item replacement is a ready-to-use and illustrative approach that 
addresses the question “What would be the change in environmental 
sustainability when replacing a particular food item or food group in the diet by 
a more environmentally sustainable alternative food item or food group?” Ten 
studies used this approach and replacement of food items was either food 
weight based [50], protein based [14] or energy based [12, 13, 15, 28, 33-36] 
(Table 2). To develop a more environmentally sustainable diet, all studies 
focussed on a replacement of the animal-based products in the diet, varying 
from a shift to a moderate reduction or a total elimination of these products. In 
some replacement diets, total meat consumption was kept constant, shifting the 
consumption from higher carbon-intensive meats (i.e. beef and lamb) to less 
carbon-intensive meats (i.e. pork and poultry) [12, 34]. More commonly used 
replacement diets were those in which the total meat consumption was 
moderately reduced [14, 15, 28, 34, 35, 50] or completely eliminated [12-14, 28, 
33, 34, 36, 50]�� WKH� IRUPHU�GHFUHDVLQJ� WKH�PHDW� LQWDNH�E\�NHHSLQJ� WKH�VDPH�
types of meat in the diet and the latter being vegetarian or vegan options 
depending on their dairy content. In these replacement diets, meat (and dairy) 
substitutes can include either a single food group (e.g. dairy or fruit/vegetables, 
cereals etc.) [15, 33, 35, 36] or a combination of different food groups (e.g. 
pasta, rice, pulses, cereals, breads, salads, fruit and vegetables, dairy, eggs, 
nuts and seeds, etc.) [12-14, 28, 33, 34, 36, 50].  

However, simple replacement is seldom possible in practice, not only 
because physiological feedback loops interfere with the total amount of food 
HDWHQ�DQG�RU�HQHUJ\� LQWDNH�� EXW�DOVR�GXH� WR�EHKDYLRXUDO� IHHGEDFN� ORRSV� WKDW�
affect food choices, nutrient composition and/or energy density of the diet as a 
whole. Food item replacement is thus likely to modify the dietary pattern as a 
whole. For example, decreasing the meat consumption and replacing it by plant-
based substitutes might be beneficial for the environmental sustainability aspect 
of the diet, but raises concerns about the health aspect, in particular the intake 
of micronutrients that are largely derived from animal-based products (e.g. 
vitamin B12, D, iron, zinc, selenium).  

Also, from a consumers’ perspective, questions have been raised about 
the acceptability of replacing meat, because meat is usually an embedded food 
item in a consumer’s habitual dietary pattern. Nevertheless, nowadays, a 
substantial number of consumers belongs to the segment of meat reducers or 
flexitarians, showing the feasibility of adopting a lower-level meat consumption 
[61]. In particular, potential change strategies incorporate the inclusion of 
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meatless days with or without meat substitutes, and the promotion of a smaller 
SRUWLRQ�RI�PHDW��DQG�LI�SRVsible a combination with using sustainably produced 
(meat) products and/or a larger portion of plant-based products, i.e. fruits and 
vegetables [61-63].  

Apart from changing the dietary composition, just proportionally reducing 
food intake has been shown to lead to fewer calories while keeping the same 
overall nutrient density, as applied in one study [35]. A shortage of energy is not 
a common problem in Western countries where overconsumption is contributing 
to overweight, obesity and related diseases [64]. However, adequate 
micronutrient intake is still a major challenge in these Western-oriented diets 
due to its non-optimal composition [65], and micronutrient intake is often 
neglected in the nutritional evaluation of the ‘less meat’ diets. 
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2

ApproacheV�FDSWXULQJ�WKH�FRPSOH[LW\�RI�WKH�GLHW:�
 

(B1) Dietary guidelines 

Dietary guidelines are considered as a descriptive approach that addresses the 
question “What would be the change in environmental sustainability when 
dietary guidelines are met?” Seventeen studies used this approach to compare 
current diets with the recommendations for a healthy diet with regard to their 
health and environmental sustainability aspects (Table 3). Dietary 
recommendations initially provided dietary guidance with the aim to promote 
health and well-being, and to prevent diet-related conditions and chronic 
diseases [6], without considering the environmental sustainability of these diets 
- until recently [66, 67]. The design of the recommended diet (e.g. the inclusion 
of food groups and the quantification of portion sizes) is highly dependent on the 
dietary guidelines used. However, when studying recommended diets in relation 
to environmental sustainability, the contribution of the following food groups was 
usually captured by the various recommended diets: bread, pasta, cereals and 
SRWDWRHV�� IUXLW� DQG� YHJHWDEOHV�� PLON� DQG� PLON� SURGXFWV�� PHDW�� ILVK� DQG� HJJ�
SURGXFWV��OHJXPHV��QXWV�DQG�VHHGV��IDWV�DQG�RLOV��DQG�VXJDU��ZKHUHDV�DOFRKRO�
was only included in the Mediterranean diets. Two studies additionally included 
WKH�JXLGHOLQHV�RQ�WRWDO�HQHUJ\�LQWDNH��DQG�PDFURQXWULHQW�FRPSRVLWLRQ� [16, 42], 
and nine studies constructed multiple recommended diets standardised for 
HQHUJ\�LQWDNH��DQG�SURWHLQ�LQWDNH� [18, 19, 22-26, 58, 59], however one study 
only focussHG�RQ�JXLGHOLQHV�IRU�WRWDO�HQHUJ\�LQWDNH�DQG�PDFURQXWULHQW�LQWDNH�WR 
design the recommended diet [27]. None of these studies explicitly addressed 
the advice on lowering salW�LQWDNH��ZKLOH�WKLV��LQ�WXUQ��PLJKW�KDYH�DQ�LPSDFW�RQ�
food production, processing and consumption, hence environmental 
sustainability. This is because salt possesses certain crucial technological 
functions in food processing and preservation, and an important sensory 
function[68]. Additionally, when using the approach of dietary 
recommendations, the food aggregation level was quantified at a high level of 
food aggregation (ca. 20 food groups) which allowed for a rough estimation of 
the environmental sustainability for a broader range of indicators, not only 
including greenhouse gas emission but also the use of natural resources such 
as land, water, phosphorous and primary energy.
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 Most studies have found that the recommended diet might have a lower 
environmental impact than the current diet, and thus a shift in the direction of 
the recommended diet might have beneficial impacts on both health and 
environmental sustainability. However, it is still open to debate whether the 
recommended diet might be the ideal solution for health and environmental 
sustainability combined.  
 
 

(B2) Dietary quality scores 

A dietary quality score (e.g. diet score [69] or nutrient profile [70, 71]) is a 
summary measure of adherence to a set of dietary guidelines for nutrients 
and/or food groups. Using this score can be regarded as an application of the 
dietary guidelines with the aim to identify whether different diets and/or groups 
of the population are consuming a diet that is close to the dietary guidelines. 
Seven studies used this score to address the question “How is dietary quality – 
as assessed by a score – related to environmental sustainability?” (Table 4). In 
these studies, this approach was merely applied for descriptive purposes as the 
aim was to compare nutritional quality of the diet by a score [39-41, 51] or by 
population strata [37, 38, 57], and subsequently to assess the environmental 
sustainability of the different diets or population strata. Out of these seven 
studies, three studies directly investigated the combination of a healthy and an 
environmentally sustainable diet by applying a dietary quality score and a 
sustainability score [38, 40, 41]. This sustainability score was either calculated 
with a composite score including diet-related greenhouse gas emission and land 
use [40, 41] or based on strata for the diet-related greenhouse gas emission 
[38, 54]. For example, Masset et al. [38] identified the “more sustainable” diets 
by applying both a diet score and a sustainability score, dividing the population 
into strata of nutritional quality and strata of greenhouse gas emission in order 
to describe the diets that were ranked high on both the health and the 
sustainability aspect of the diet. 

While this approach expresses the health aspect of the diet in one overall 
score, the interpretation is limited by score-related limitations e.g. the inclusion 
of a selected number of dietary components, arbitrary penalties for unmet 
criteria, and the failure of the overall score to accentuate specific nutrient 
deficiencies. However, although such scores summarise pre-existing 
knowledge of diet-disease relationships, they are considered as less detailed 
indicators to assess dietary quality which might result in misclassification of 
diets, and hence weakened associations. 
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(B3) Diet modelling techniques 

Integrating the health aspect into environmental sciences in a more advanced 
way involves the application of mathematical modelling techniques, which 
allows for the design of optimised diets on multiple diet-related factors. Eight 
studies used mathematical modelling techniques, including quadratic modelling 
[27, 43], smooth nonlinear programming [46] and linear programming [44, 45, 
52, 53, 56] to address the question  “What would be the food composition of a 
diet when aiming at the optimisation of multiple diet-related factors?” (Table 5). 
These studies all aim at optimising the food composition of the diet based on 
objectives for health and environmental sustainability, while minimising the 
deviation from the habitual food composition of the current diet regardless of the 
modelling techniques and mathematical assumptions. 

In diet modelling, nutritional constraints are used to ensure nutritional 
adequacy, and are built upon the physiological nutrient requirements often with 
the addition of a few food-based dietary guidelines (e.g. on fruit and vegetables, 
and fish). Additional constraints are added to the model to derive diets that are 
DFFHSWDEOH�WR�FRQVXPHUV��WKHVH�DFFHSWDELOLW\�FRQVWUDLQWV�DUH�EDVHG�RQ�KDELWXDO�
food preferences, and therefore intend to minimise the deviation from the current 
diet. More specifically, constraints on the food quantity force the model to 
choose for standard useable portion sizes, and force the model to either select 
food items that would not have been selected because of high environmental 
sustainability or low nutritional values, or restrict the maximum quantity of food 
items that would have been selected otherwise [44, 45, 56]. Instead, constraints 
on food popularity force the model to minimise the deviations from the current 
diet [27, 45, 52, 53], whereby popularity is based on either the percentage of the 
population consuming a particular food item [45] or an arbitrary penalty score 
for any change from the current diet [27, 52, 53].  

All these modelling techniques describe the optimised diet output in the 
format of a list of food items that can be consumed in a specified quantity, and 
it has been demonstrated that from such a list a seven-day week menu based 
on three meals a day and in-between snacks can be created while still 
maintaining dietary preferences (e.g. traditional meal compositions such as milk 
and breakfast cereals, meat and vegetables and potatoes, etc.) [44, 72]. 
However, the output of the diet model is highly dependent on the availability of 
an appropriate database, thus bridging dietary composition data with diet-
related environmental sustainability data. Also, the acceptability constraints 
have a major influence on the output of the diet model, resulting in a sub-
optimised, but more realistic diet in accordance with the current diet. 
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Diet-related health impact analysis in environmental sciences addresses the 
question “What would be the change in health impact based on nutrient 
adequacy and/or health-disease outcomes when individuals adopt a more 
environmentally sustainable diet?” Seven studies quantified the diet-related 
health impact of diets differing in environmental sustainability, either directly by 
observing nutrient adequacy or chronic disease risk as outcomes [54, 60] or 
indirectly by modelling the expected health impact [31, 32, 47-49] (Table 6). The 
direct approach was used by one cross-sectional survey which assessed 
nutrient adequacy using data from the Dutch National Food Consumption 
Survey including 3819 subjects aged 7 – 69 years [54], and by one prospective 
cohort study which investigated total mortality risk using data from the EPIC-NL 
including 35,057 adults with a median follow-up of 16 years [60].  For the indirect 
approach, five studies did not actually observe nutrient adequacy or risk 
reductions as outcomes, but they modelled the expected diet-related health 
impact of the more environmentally sustainable diet based on risk ratios 
obtained from meta-analysis on diet-disease associations [31, 32, 47-49].  

This approach of linking diet-related health/disease outcomes to 
environmental sustainability might be considered as suitable evidence to 
influence food choices and food production, since nutrient adequacy and diet-
related health/disease outcomes are predictive for the future healthiness of 
dietary change. The healthiness of food products has been recognised as an 
important determinant of food choice, apart from taste and price, whereas 
sustainability motives are currently not considered substantial influential factors 
[63, 73-75]. 
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METHODOLOGICAL CONSIDERATIONS 
 
The design of optimised sustainable diets should take into account certain 
methodological considerations as presented below. First, the current diet needs 
to be linked to health and environmental sustainability, whereby this link 
depends on the assessment method of the current diet. Second, the indicators 
of ‘health’ and ‘environmental sustainability’ must be well-defined to support the 
design of sustainable diets. Third, sustainable diets incorporates more than only 
health and environmental sustainability, and thus future steps have to be taken 
to identify the social, ethical [76] and economic [77] indicators related to a 
sustainable diet, such as the cultural acceptance of a diet, the biodiversity, 
animal health and welfare, the production of economically fair products that are 
accessible and affordable for people at all times, etc. 
 
 
)RRG�DYDLODELOLW\�RU�IRRG�LQWDNH�–��
HRZ�WR�FRQQHFW�KHDOWK�ZLWK�HQYLURQPHQWDO�VXVWDLQDELOLW\"�
The assessment of the current diet can be based on either food availability 
related to food production and expenditure, or actual food intake closely related 
to food consumption and thus the health aspect of the diet. The main questions 
related to designing sustainable diets are “How to connect health with 
environmental sustainability?” and “What is the influence of the assessment 
method?”  

The quantification of diet-related environmental sustainability should be 
preferably based on food availability estimates rather than on actual food intake 
data. The reason for this is that food availability estimates represent the food 
supply/production or food expenditure/purchases at the national or at the 
household level, and thus include food losses at production level and food 
wastages at consumption level. For example, data on the per capita food supply 
obtained from the Food Balance Sheets (FBS) of the FAO reflect the quantity of 
food products that are produced, used for trade, adjusted for stock changes and 
non-nutritional use, and expressed in primary equivalents (primary food 
commodities) per capita per day [78], whereas data on the households’ 
consumption expenditure obtained from the Household Budget Surveys (HBSs) 
reflect the quantity of food products that enters the households [79]. However, 
food availability estimates have little connection to the individual dietary pattern 
and thereby its diet-health relationship, as noticed in the limited health 
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evaluation of the whole diet in studies using population or household 
measurement level. 

In contrast, an individual’s diet that is obtained from individual-level food 
intake assessment methods enables a strong connection with individuals’ diet-
related factors (e.g. age, sex, socio-economic status) and corresponding health 
aspects (e.g. nutrient adequacy and/or diet-related health/disease outcomes) 
[80], but has a less strong connection with the estimation of environmental 
sustainability (e.g. indicators are typically only available for primary food 
commodities up to the regional distribution centre).  When using individual-level 
food intake assessment, some underlying methodological issues should be 
taken into account for assessing the health aspect of a diet at population level, 
in particular the representativeness of the individual’s diet and the sample’s 
representativeness for the population [80]. National survey methods, e.g. diet 
records and 24-hour recalls, are suitable methods to assess the intake of an 
unlimited number of food items, consumed by an individual over one or more 
days, with portion sizes and preparation practices, and hereby describing 
habitual intakes at population level, but not linking this with diet-related 
health/disease outcomes within individuals. An FFQ that focusses on ranking 
individuals according to their usual food intake by capturing the intake of food 
items over a designated time period (e.g. usually varying from the last month to 
the last year) from a finite list have been commonly used to assess the 
association between dietary intake and health/disease outcomes in large 
epidemiological studies. When aiming at estimating the environmental 
sustainability related to food consumption, the answer on the question which 
dietary assessment method to use depends on the desired link with health and 
the desired level of food aggregation, which is not yet available for sustainability 
indicators, on the level of (all) individual food items. 
 In short, this discrepancy in measurement/aggregation level forms a 
methodological barrier in connecting both health and environmental 
sustainability aspects of a diet. Based on the literature review, when aiming at 
designing sustainable diets, dietary data collected at the individual level might 
be considered as the preferred measurement level. The main reason for the 
selection of this measurement level is the possibility for monitoring health in 
terms of foods and nutrients, without directly hampering the linkage with 
environmental sustainability indicators. Foods are the common denominator 
regardless of the higher aggregation level of sustainability indicators and their 
conversion into primary commodities [81]. 
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FUTURE PERSPECTIVES 
 
In a complex field that has emerged from different scientific disciplines, clear 
definitions of ‘health’ and ‘environmental sustainability’ are essential. Health can 
EH� GHILQHG� RQ� WKH� EDVLV� RI� QXWULHQWV� DQG� IRRGV�� WKH� IRUPHU� XVLQJ� GLHWDU\�
UHIHUHQFH�YDOXHV�UHODWHG�WR�SK\VLRORJLFDO�QHHGV�IRU�KHDOWK\�JURZLQJ�DQG�DJHLQJ�
[82], and the latter using food-EDVHG�GLHWDU\�JXLGHOLQHV�UHODWHG�WR�KHDOWK-disease 
outcomes [83]. A further issue in this is that nutrient-based and food-based 
GLHWDU\� JXLGHOLQHV� GLIIHU� EHWZHHQ� FRXQWULHV, DQG� WKDW� WKH\� DUH� EDVHG� RQ�
SRSXODWLRQ�DYHUDJHV�ZLWK�DYHUDJH�HQHUJ\�UHTXLUHPHQWV��ZKHUHDV�SK\VLRORJLFDO�
QXWULHQW� QHHGV� YDU\� FRQVLGHUDEO\� EHFDXVH�RI� ERG\� VL]H�� SK\VLFDO� DFWLYLW\� DQG�
SKDVH�RI�WKH�OLIH�F\FOH��([SUHVVLQJ�QXWULWLRQDO�UHTXLUHPHQWV�DQG�LQWDNHV�LQ�WHUPV�
RI�QXWULHQW�GHQVLWLHV�PLJKW�EH�KHOSIXO�WR�LQGHSHQGHQWO\�DGGUHVV�IRRG�FRPSRVLWLRQ�
DQG�HQHUJ\�LQWDNH [84]. +RZHYHU��ZKHQ�GHVLJQLQJ�DQ�RSWLPLVed sustainable diet, 
ERWK�IDFHWV�RI�QXWULWLRQDO�KHDOWK�VKRXOG�EH�WDNHQ�LQWR�DFFRXQW��L�H��WKH�HVVHQWLDO�
nutrients that are consumed in insufficient amounts or in excess at population 
OHYHO��QXWULWLRQDO�DGHTXDF\���DQG�WKH�LPSRUWDQW�DFFHSWDEOH�IRRGV�IRU�PDLQtaining 
QXWULHQW�LQWDNH�DQG�SURPRWLQJ�KHDOWK��IRRG-EDVHG�GLHWDU\�JXLGHOLQHV��� 

:LWK�UHJDUG�WR�HQYLURQPHQWDO�VXVWDLQDELOLW\��WKH�TXDQWLILFDWLRQ�RI�WKLV�LV�VWLOO�
LQ� LWV� LQIDQF\� DQG� GULYHQ� E\� SUHVHQW� NQRZKRZ� DQG� DYDLODEOH� PHDVXUHPHQW�
HTXLSPHQW�� 7KLV� RIWHQ� UHVults in focussing on the environmental impact of 
JUHHQKRXVH�JDV�HPLVVLRQV�DQG�ODQG�XVH��ZKLOH�RPLWWLQJ�WKH�EURDGHU�SHUVSHFWLYH�
WKDW� DOVR� LQFOXGHV� QDWXUDO� UHVRXUFH� XVH� DQG� ELRGLYHUVLW\�� DPRQJVW� RWKHUV��
Because this emphasis on greenhouse gas emissions and lDQG� XVH� ZDV�
LQFOXGHG�VSHFLILFDOO\�LQ�RXU�VHDUFK�WHUPV��WKLV�PD\�KDYH�LQIOXHQFHG�WKH�QXPEHU�
RI�SDSHUV�ZLWKLQ�WKH�ILYH�DSSURDFKHV�LGHQWLILHG��EXW�WKH�UDQJH�RI�DSSURDFKHV�LV�
OLNHO\�WR�EH�FRYHUHG��$OVR��WKH�HQYLURQPHQWDO�DVVHVVPHQW�LV�RIWHQ�UHVWULFWHG�WR�
the s\VWHP�ERXQGDULHV�RI�WKH�OLIHF\FOH�DVVHVVPHQW��ZKLFK�LQ�WKHRU\�F\FOHV�IURP�
IDUPHU� SURGXFWLRQ� WR� ILQDO� FRQVXPSWLRQ� DQG� GLVSRVDO�� EXW� LQ� SUDFWLFH� XVXDOO\�
VWRSV�DW�WKH�GLVWULEXWLRQ�FHQWUH�RU�HYHQ�DW�WKH�IDUP�JDWH��WKXV�PDQ\�VWXGLHV�GR�
DGGUHVV�IRRG�DYDLODELOLW\ on the basis of food production and/or food purchase 
data, i.e. addressing food that is produced and/or entering the households, 
WKHUHE\�LJQRULQJ�LQHGLEOH�SDUWV�DQG�IRRG�ZDVWH[85]. Future research is therefore 
QHHGHG�WR�GHYHORS�TXDQWLWDWLYH�PHWKRGV�IRU�DVVHVVLQJ� WKH� IXOO�SLFWXUH�RI�GLHW-
UHODWHG�HQYLURQPHQWDO�VXVWDLQDELOLW\�LQGLFDWRUV�� 
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CONCLUSION 
 
In operationalising the health aspect of an environmentally sustainable diet, the 
first priority will be to define which research questions to address and the second 
will be to ascertain an appropriate match in the measurement level of health and 
environmental sustainability. The research questions determine whether to 
apply a descriptive or an analytical outline. The descriptive outline refers to the 
comparison of different diets based on dietary guidelines, dietary quality scores 
and diet-related health-impact analysis, while the analytical outline refers to the 
design of alternative diets based on food item replacement and diet modelling 
techniques. Therefore, in the context of operationalising the health aspect when 
designing sustainable diets, diet modelling might be considered as the preferred 
approach since it captures the complexity of the diet as a whole. Hence, there 
is a need for individual-level dietary data related to the food consumption with 
regard to food and nutrient intakes. It is important to recognise that the concept 
of sustainable diets is used across multiple fields, and not only includes food 
and nutrition as such, but also the environment, agriculture, animal sciences, 
social and economic sciences which need to be taken into account when 
designing sustainable diets for the future.  
 
 
$Q�DYHQXH�IRU�IXWXUH�UHVHDUFK�LQ�GHVLJQLQJ�VXVWDLQDEOH�GLHWV��
WKH�6+$53�GLHW�
In the context of developing a future vision for designing optimised sustainable 
diets, the broader concept of sustainable diets as defined by the FAO [10] 
should be considered when aiming at diet optimisation in a multi-dimensional 
way. We, therefore, propose the concept of a diet that is SHARP: 
HQYLURQPHQWDOO\� 6XVWDLQDEOH� �6��� +HDOWK\� �+��� $IIRUGDEOH� �$�� DFFHVVLEOH� IRU�
FRQVXPHUV�\HW�DOVR�VXSSRUWLQJ�WKH�DJULFXOWXUH�IRRG�VHFWRU���5HOLDEOH��5��VWDEOH�
LQ�WKHLU�VXSSO\�DQG�VDIH��DQG�3UHIHUDEOH��3��FRQVLVWHQW�ZLWK�FXOWXUDO�Qorms and 
food preferences). This SHARP diet would be in line with the wider definition of 
sustainability by including both its social, ecological and economic dimensions. 
This requires further exploration of mapping these diet-related dimensions into 
objectives/constraints for the diet model that aims at an optimised sustainable 
diet for all diet-related sustainability perspectives.  
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Diet modelling might be the preferred approach to analyse current and 
design future diets as multiple diet-related aspects (e.g. health, environmental 
sustainability, affordability, accessibility and acceptability) can be taken into 
account simultaneously. The output of the diet model (i.e. food list with specified 
quantities) is highly dependent on the constraints included and the diet-related 
sustainability data available. As different parameter settings for these 
constraints might have major effects, the robustness of such diet models need 
attention, especially with respect to trade-off between conflicting objectives and 
exploring adaptiveness to future changes in environmental sustainability options 
(e.g. improved food production processes), food consumption patterns (e.g. 
innovative new food products) and/or other diet-related factors (e.g. accessibility 
and affordability). A major challenge with analysing potential trade-offs to 
identify preferred scenarios is, however, to fully understand the interaction 
across all indicators of a sustainable diet within the different socio-economic and 
environmental contexts [86]. Importantly, the output of the diet model should not 
be viewed as achieving one optimum, but rather a set of preferred dietary 
options dependent on the optimisation aims of the different stakeholders (e.g. 
consumers, agricultural sectors, food industries, politicians). 
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ABSTRACT 
 
Background There is an increasing interest in estimating environmental impact 
of individuals’ diets by using individual-level food consumption data. However, 
like assessment of nutrient intakes, these data are prone to substantial 
measurement errors dependent on the method of dietary assessment, and this 
often result in attenuation of associations.  
 
Purpose To investigate the performance of a food frequency questionnaire 
(FFQ) for estimating the environmental impact of the diet as compared to 
independent 24-hour recalls (24hR), and to study the association between 
environmental impact and dietary quality for the FFQ and 24hR. 
 
Methods We analysed cross-sectional data from 1,169 men and women, aged 
20-76 years, who participated in the NQplus study, the Netherlands. They 
completed a 216-item FFQ and two replicates of web-based 24hR. Life cycle 
assessments of 207 food products were used to calculate greenhouse gas 
emissions, fossil energy and land use, summarised into an aggregated score, 
pReCiPe. Validity of the FFQ was evaluated against 24hRs using correlation 
coefficients and attenuation coefficients. Associations with dietary quality were 
based on Dutch Healthy Diet 15-index (DHD15-index) and Nutrient Rich Diet 
score (NRD9.3). 
 
Results For pReCiPe, correlation coefficient between FFQ and 24hR was 0.33 
when adjusted for covariates age, gender and BMI, and increased to 0.76 when 
de-attenuated for within-subject variation in the 24hR. Energy-adjustment 
slightly reduced these correlations (r=0.71 for residuals of observed values and 
0.59 for residuals of density values). Covariate-adjusted attenuation coefficient 
for the FFQ was 0.56 (0.56=1ݠ and 0.65=1ݠ for observed and density residuals), 
slightly lower than without covariate adjustment. Diet-related environmental 
impact was inversely associated with the food-based DHD15-index for both FFQ 
and 24hR, while associations with the nutrient-based NRD9.3 were inconsistent. 
 
Conclusion The FFQ slightly underestimated environmental impact when 
compared to 24hR. Associations with dietary quality are highly dependent on 
the diet score used, and less dependent on the method of dietary assessment. 
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BACKGROUND 
 
Climate change has led to an increased interest in shifting towards 
environmentally-friendly food consumption patterns. Several studies have 
estimated the environmental impact related to dietary intake [1, 2]. This, 
however, is very challenging due to e.g.: high diversity in food products, their 
production practices, as well as inconsistencies in life cycle assessment (LCA) 
methods, including data availability and quality [3, 4]. On top of these, 
assessment of diet-related environmental impact depends on the method of 
dietary assessment, ranging from per capita food availability at the national level 
to food consumption at the individual level [5]. 

Assessment of the diet-related environmental impact was initially studied 
in the production domain dealing with a limited number of primary agricultural 
commodities of basic food items, using data on food availability, i.e. apparent 
food consumption data, defined as production – exports + imports, sourced from 
Eurostat and FAO databases. With the increasing availability of LCA data on 
single food products, it is now possible to study diet-related environmental 
impact in the consumer domain using food consumption data collected at the 
individual level. Moreover, individual-level dietary assessment allows combining 
environmental impact of the diet with other diet-related aspects, like dietary 
quality, acceptability of the diet, etc. [6]. So far, the few studies that have 
addressed this association with dietary quality used a multiple-day diet record 
[7-10] or a food frequency questionnaire (FFQ) [11, 12], but produced no clear 
results. Studies using diet records most often found that diet-related 
environmental impact was not associated with dietary quality [7-10], while an 
inverse association was reported in studies using FFQ [11, 12]. However, 
evaluation studies have shown that FFQs are subject to large between-person 
errors and introduce attenuation in associations with nutritional health outcomes 
[13, 14]. Moreover, as compared to 24hRs, FFQs are likely to perform less well 
for environmental impact as they purposively aggregate and incorporate food 
items that differentiate diets with respect to dietary quality rather than 
environmental impact. Until now, little is known about the potential influence of 
the method of dietary assessment on properly estimating diet-related 
environmental impact and its association with dietary quality. 

Literature has acknowledged that all reported dietary intake values are 
prone to substantial measurement errors, both systematic, including intake-
related and person-specific bias, and random errors, that often results in 
attenuation of the association [15]. In order to correct associations for dietary 
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measurement error, a regression calibration approach, as introduced by Rosner 
et al. [16], is commonly used, which calculates attenuation coefficients in order 
to adjust for the bias caused by measurement error. Correct application of the 
regression calibration, however, is not guaranteed without a reference 
instrument that is unbiased and has errors independent of true exposure and 
independent of errors in dietary-reports [15, 17]. 

In the present study, we first evaluated the FFQ as a method to estimate 
environmental impact of individuals’ diets as compared to the 24hR as the 
individual-level and detailed reference method of dietary assessment. Second, 
we studied the association between food-based and nutrient-based diet scores 
based on 24hR and environmental impact based on either 24hR or FFQ with 
adjustment for random and systematic errors in assessment.  
 

 

METHODS 
 
6WXG\�SRSXODWLRQ�
The present study was conducted with data obtained from the Nutrition 
Questionnaires plus (NQplus) study, conducted in Wageningen and its 
surroundings, the Netherlands [18, 19]. Initially, 2,048 men and women, aged 
20-70 years were recruited between 2011 and 2013. Subjects filled out an FFQ, 
general and health questionnaires, and underwent physical examinations at 
baseline, and multiple web-based recalls 24hRs were administered. Frequency 
of sampling 24hRs was not identical for each subject. Recall days were 
randomly selected and scheduled across the first year of the study with at least 
40 days in between each other. Of the NQplus study population, a total of 1,653 
subjects completed one FFQ at a baseline and a total of 1,430 subjects 
completed two replicates of a web-based 24hR spaced over one-to-five month 
period. We excluded 185 subjects with misreporting for the FFQ, and 37 
subjects with misreporting for the 24hR. A total of 1,169 subjects completed both 
an FFQ and two replicates of the 24hR, and remained for analysis (Figure 1). 
The NQplus study was approved by the ethics committee of Wageningen 
University and conducted according to the Declaration of Helsinki, and all 
subjects provided their written informed consent. 
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Figure 1 Flow diagram of subjects through the study 

�

0HWKRGV�RI�GLHWDU\�DVVHVVPHQW�
The 24hR was a self-administered web-based highly-standardised version 
using the five-step multiple pass method, a validated technique to increase the 
accuracy of recalls [20]. Recall dates were randomly selected and scheduled 
evenly across the year and days of the week. For each subject, we included two 
recalls spaced over a one to five months period, resulting in 2,338 recalls. Daily 
energy and nutrient intakes were calculated by multiplying the intake of food 
items with their nutrient content using the Dutch food composition table of 2011 
[21].  

The FFQ was developed to assess habitual intake, and consisted of 216 
food items with questions on frequency and consumed amounts with a one-
month reference period. This self-administered semi-quantitative FFQ was 
validated for energy intake [22], macronutrients, dietary fibre and selected 
micronutrients [23]. 
 

(VWLPDWLQJ�GLHW�UHODWHG�HQYLURQPHQWDO�LPSDFW�
Environmental impact was calculated based on LCA data from Blonk 
Consultants, available for 207 food products commonly consumed in the Dutch 
diet (Blonk Consultants data set version 2016) [24]. LCA were from cradle to 
grave, and included production, processing, packaging, transport, storage, 
preparation, cooking, avoidable waste and unavoidable food waste (inedible 
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SDUWV��DW�KRPH��DQG�ZDVWH�LQFLQHUDWLRQ��*UHHQKRXVH�JDV�HPLVVLRQ��*+*(��LQ�
kilogram CO2-equivalents (kg CO2e)/day) covers carbon dioxide (CO2) 
emissions through the use of fossil fuels, methane (CH4) released during rearing 
of cattle and cultivation of certain crops, and nitrous oxide (N2O) released from 
fertilizers, manure and ploughing of grassland. Fossil energy use (FE, in Mega 
Joules(MJ)/day) covers the resources containing hydrocarbons needed for the 
production of food, and land use (LU, in m2*year/day) the surface needed for 
the production of food during a certain period of time. Environmental impact of 
the diet was reported for each impact category individually (i.e. GHGE, FE and 
LU), and aggregated - weighing their relative importance - into a single measure 
of environmental impacts, i.e. pReCiPe based on the principles of the ReCiPe 
method [25], calculated as  

݁ܲ݅ܥܴ݁݌ ൌ ͲǤͲͶͷͻ כ ܧܩܪܩ ൅ ͲǤͲͲʹͷ כ ܧܨ ൅ ͲǤͲͶ͵ͻ כ  ܷܮ
where GHGE is greenhouse gas emissions in kilogram CO2 equivalents, FE 
fossil energy use in mega joules, LU land use in m2*year, and weighing values 
were obtained using a panel approach, then characterised and normalised using 
the year 2000 as reference year, and information was gathered for the European 
situation, as specified by the authors.  

These LCA data were linked to food consumption data of the 24hRs and 
FFQ to calculate individual daily diet-related environmental impact using coding 
of the Dutch food composition table. For the 24hR, of the 1,264 food products 
consumed in this cohort, 1,198 (95%) food products were linked to LCA data 
either by direct matching or extrapolation. There was a direct match on food 
code for 203 (16%) food products consumed in this cohort, which covered 50% 
of total food weight intake, excluding beverages, and 53% of total energy intake. 
Extrapolations were made to other food products consumed according to the 
24hR based on similarities in type of food product (11%) or production method 
(56%), and based on ingredient composition by using standard recipes for 
composite foods (12%). For the FFQ, the 216 FFQ-items were disaggregated 
into 1,159 food products with different contribution percentages based on Dutch 
dietary survey data, coded by the Dutch food composition table, and 
subsequently matched with LCA data on their food code. When LCA data were 
not available for all food products within an FFQ-item (n = 135), we scaled the 
food products with LCA data in such a way that the FFQ-item was 100% 
represented by those food products, while accounting for their contribution 
percentage. LCA data were available for 167 FFQ-items covering 89% of the 
total food weight and 86% of the total energy intake. Remaining FFQ-items 
(n=49) received an extrapolated value based on similarities in type of food 
product, production method and ingredient composition.  
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(VWLPDWLQJ�GLHWDU\�TXDOLW\�
Dietary estimates of the 24hR were analysed for their dietary quality using a diet 
score based on food groups, i.e. the Dutch Healthy Diet Index 2015 (DHD15-
index) [26], and one based on nutrients, i.e. the Nutrient Rich Diet score 
(NRD9.3) [10, 27]. DHD15-index consists of fifteen food groups included the 
Dutch food-based dietary guidelines of 2015: vegetables, fruit, wholegrain 
products, legumes, nuts, dairy, fish, tea, fats and oils, filtered coffee, red meat, 
processed meat, sweetened beverages and fruit juices, alcohol, and salt. A 
proportional score between 0 and 10 was assigned to all other food groups, and 
the final score was the mean of all food groups and ranged from 0 (minimal 
adherence) to 10 (maximal adherence). NRD9.3 was based on the principles of 
the Nutrient Rich Food Index, NRF9.3 [28, 29]. This NRF9.3 algorithm is the 
unweighted sum of percentage daily values (DVs) for nine nutrients to 
encourage (protein, dietary fibre, calcium, iron, potassium, magnesium, and 
vitamin A, C and E) minus the sum of percentage maximum recommended 
values for three nutrients to limit (saturated fat, added sugar, and sodium), 
calculated per 100 kcal and capped at 100%DV. We expressed nutrient intakes 
relative to a daily energy intake of 2,000 kcal to obtain a daily nutrient density 
score.  
 

&RYDULDWHV�
Data were collected on age (years), sex, educational level (low: no, lower or 
ORZHU� YRFDWLRQDO� HGXFDWLRQ�� LQWHUPHGLDWH�� LQWHUPHGLDWH� YRFDWLRQDO�� DQG� KLJK��
higher vocational or university), smoking status (never/former/current) by means 
of questionnaires. Physical activity was assessed using the Short QUestionnaire 
to Asses Health enhancing physical activity (SQUASH) [30], and was 
categorised according to the average time spent per week doing commuting, 
leisure-time and household activities, and activities at work (Metabolic 
(TXLYDOHQW�RI�7DVN� �0(7�� LQ�PLQXWHV�SHU�ZHHN��� ORZ��������PRGHUDWH��������
0(7�� ������ KLJK�� 0(7� � 1000). Body weight was measured by a trained 
research assistant without shoes and heavy clothing and with empty pockets on 
D� GLJLWDO� VFDOH� �6(&$� ����� 6(&$�&RUS���� DQG� KHLJKW� ZDV�PHDVXUHG�ZLWKRXW�
VKRHV�XVLQJ�D�VWDGLRPHWHU��6(&$������6(&$�&RUS����%RG\�0DVV�,QGH[��%0,��
was calculated as body weight (kg) divided by height squared (m2). 



72 FFQ VERSUS REPEATED 24-HOUR RECALLS

0HDVXUHPHQW�(UURU�0RGHO�
It was assumed that estimates obtained from 24hRs were the best available 
standards to approximate true diet-related environmental impact, as no 
independent reference methods are available [31, 32]. In contrast, in the FFQ, 
constant bias at the group level, intake-related bias and person-specific bias 
were assumed to be present. The measurement error model was specified as: 
 24-hour recall (R): ܴ ൌ ܶ ൅ ݁ோ      (1) 
 FFQ (Q):  ܳ ൌ ொܣ ൅ ொ�ܶܤ ൅ �ݍ ൅ ݁ொ 
where T is the true (unknown) intake, e the within-person random error, and A 
the overall constant bias at group level, B the intake-related bias and q the 
person-specific bias for the FFQ. By this model, it was assumed that estimates 
from two replicates of the 24hRs are statistically independent and contains no 
intake-related bias and no person-specific bias [33].  
 

6WDWLVWLFDO�PHWKRGV�
To evaluate the performance of the FFQ versus the 24hR, linear mixed models 
with a random intercept for subjects were applied to account for the two 
replicates of the 24hRs per subject. Attenuation coefficient was estimated as the 
slope in the linear regression of the reference method (i.e. 24hR) on the FFQ 
through the following linear mixed model:  

          ܴ௜௝ ൌ ଴ߣ ൅ߣ�ଵܳ௜ ൅ ௜ݑ� ൅�݁௜௝   (2) 
where Rij is the jth observation of the recall for the ith individual, Qi the FFQ-report 
of that individual, uj the random intercept for that individual and eij the random 
within-person variation, Ȝ0 is the method-specific intercept and Ȝ1 the attenuation 
coefficient. The random terms were assumed to be independent, normally 
distributed with mean zero and variances ı2�X�� DQG� ı2(e). Correlation 
coefficients between FFQ and the average of two 24hRs were estimated as 
Pearson correlations, without and with adjustment for covariates age, gender 
and BMI. To account for within-subject variation in the 24hR, correlation 
coefficients were de-attenuated by dividing by the square root of the intra-class 
correlation coefficient (ICC) of the replicates of the 24K5��,&&�ZDV�FDOFXODWHG�DV�
the variance in random intercept divided by the total variance obtained from a 
mixed model without Q as covariate under the assumption of no person-specific 
bias [34].  
 In the analysis of diet associations, e.g.: impact vs quality, covariate 
adjustment is essential for the internal study validity, hence the usual covariates 
age (continuous), gender (men/women), and BMI (continuous) were included in 
the calibration equation [31]. In addition, stratified analyses were performed for 
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men and women separately (results in Supplementary Tables 1 and 2). Specific 
attention was paid to energy intake as a key covariate in diet analyses, using 
linear regression of diet-related environmental impact on energy-intake [35]��WKH�
ODWWHU�ZDV�GRQH� IRU�ERWK�REVHUYHG�YDOXHV�DQG�GHQVLWLHV�� L�H��REVHUYHG�YDOXHV�
divided by total energy intake, and standardised to 2,000 kcal. Densities and 
UHVLGXDOV� ZHUH� FDOFXODWHG� IRU� HDFK� PHWKRG� RI� GLHWDU\� DVVHVVPHQW� XVLQJ�
HVWLPDWHV�DV�PHDVXUHG�E\�WKDW�PHWKRG�RI�GLHWDU\�DVVHVVPHQW�� 
 7R�LOOXVWUDWH�WKH�SRVVLEOH�LQIOXHQFH�RI�WKH�PHWKRG�RI�GLHWDU\�DVVHVVPHnt, 
ZH� DQDO\VHG� WKH� DVVRFLDWLRQ� EHWZHHQ� GLHWDU\� TXDOLW\� DQG� GLHW-related 
HQYLURQPHQWDO� LPSDFW�E\�OLQHDU�UHJUHVVLRQ�DQDO\VHV�ZLWK�DGMXVWPHQWV�IRU�DJH��
JHQGHU�� %0,�� DQG� HQHUJ\� LQWDNH�� 'LHWDU\� TXDOLW\� ZDV� DVVHVVHG� E\� WKH� IRRG-
based DHD15-index and WKH�QXWULHQt-based 15'����ERWK�EDVHG�RQ�WKH���K5�
DV� WKH� DOOHJHG� JROG� VWDQGDUG� UHIHUHQFH��:KHQ� WKH� �H[SODQDWRU\�� GLHW-related 
HQYLURQPHQWDO� LPSDFW�YDULDEOHV�ZHUH�GHULYHG� IURP� WKH���K5� WKH�DVVRFLDWLRQV�
ZLWK�GLHW� VFRUHV�ZHUH�FRUUHFWHG� IRU�ZLWKLQ-VXEMHFW� YDULDWLRQ�using Best Linear 
8QELDVHG�3UHGLFWLRQV��%/83V��IURP�D�PL[HG�PRGHO�ZLWKRXW�4�DV�FRYDULDWH�[36]. 
:KHQ�WKH�GLHW-UHODWHG�HQYLURQPHQWDO�LPSDFW�YDULDEOHV�ZHUH�EDVHG�RQ�WKH�))4��
WKH� DVVRFLDWLRQ� ZLWK� GLHWDU\� TXDOLW\� ZDV� FDOLEUDWHG� XVLQJ� D� PL[HG� PRGHO�
accounting for random effects �L�H�� WKH�SUHGLFWHG�YDOXHV� IURP�HTXDWLRQ���ZLWK�
covariates added). All statistical analyses were performed using SAS version 
9.3 (SAS Institute, Inc.).  
 

 

RESULTS 
 
0HDQ�DJH�RI�WKH�SRSXODWLRQ�ZDV�����6'�����\HDUV�DQG�PHDQ�%0,�ZDV�������6'�
3.7) kg/m2 �7DEOH� ����0RUH� WKDQ� ����RI� WKH� SRSXODWLRQ� FRPSOHWHG� a level of 
KLJKHU�HGXFDWLRQ��OHVV�WKDQ�����KDG�D�KLJK�OHYHO�RI�SK\VLFDO�DFWLYLW\�DQG�OHVV�
WKDQ�����ZDV�FXUUHQW�VPRNHU��$SSUR[LPDWHO\�KDOI�RI�WKH�SRSXODWLRQ�������ZHUH�
ZRPHQ�� ZKR� ZHUH� RQ� DYHUDJH� \RXQJHU�� KDG� D� ORZHU� %0,�� D� ORZHU� OHYHO� RI�
SK\VLFDO� DFWLYLW\�� DQG� D� ORZHU� HQHUJ\� LQWDNH� WKDQ� PHQ�� 0HDQ� GLHW� VFRUHV��
PHDVXUHG�E\���K5��ZHUH������6'������IRU�'+'��-LQGH[�DQG������6'�����IRU�
15'�����ZLWK�WKH�GLHWV�RI�ZRPHQ�KDYLQJ�D�KLJKHU�GLHWDU\�TXDOLW\��UHVSHFWLYHO\�
����YV������DQG�����YV������ Measured by two replicaWHV�RI�WKH���K5� mean (SD) 
HVWLPDWHG�FUXGH�HQYLURQPHQWDO�LPSDFW�RI�WKH�GLHW was 3.6 (SD 1.5) kg CO2e/d 
fRU� *+*(�� ����� �6'� ����� 0-�G� IRU� )(�� DQG� ��� �6'� �����m2*year/d for /8��
VXPPDULVHG�LQ�D�S5H&L3H�RI�������6'��������ZLWK�WKH�GLHWV�RI�ZRPHQ�KDYLQJ�D�
lower HQYLURQPHQWDO�LPSDFW��S5H&L3H�RI������YHUVXV������� 
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Meat, dairy, and beverage consumption contributed the most to the 
environmental impact, irrespective of the method of dietary assessment (meat 
29% of total daily dietary pReCiPe, dairy 16% and beverages 15% according to 
24hR, and with similar values for the FFQ) (Table 2). Impacts of type of meat, 
however, differed by method of dietary assessment with for the FFQ a higher 
contribution to pReCiPe and its components from non-processed meat and a 
lower contribution from processed meat (18% vs 9%) as compared to the 24hR 
�����YV�������FRQVLVWHQW�ZLWK�UHSRUWHG�LQWDNH�GLIIHUHQFHV��,Q�DGGLWLRQ��UHSRUWHG�
LQWDNHV� RI� GDLU\� DQG� SODQW-EDVHG� IRRGV�� OLNH� SRWDWRHV�� EUHDG�� YHJHWDEOHV��
legumes and fruit, were in general higher for the FFQ than for the 24hR. 
Contribution of the different food groups to daily diet-related environmental 
impact was dependent on the environmental impact measures for some food 
JURXSV��PHDW�KDG�D�KLJKHU�VKDUH�LQ�WRWDO�GDLO\�GLHWDU\�*+*(�DQG�/8�WKDQ�LQ�)(��
while the opposite was seen for plant-based foods, fish and beverages. 
 
 
 
Table 1 *HQHUDO�FKDUDFWHULVWLFs of the NQplus study (n=1,169)a 

 Total (n=1,169) Men (n=606) Women (n=563) 
Age, years 53.2 (11.5) 55.6 (10.7) 50.6 (11.7)  
%0,��NJ�P2 b 25.6 (3.7) 26.2 (3.3) 24.9 (3.9) 
(GXFDWLRQ�OHYHO�c 

/RZ 
Intermediate 
+LJK 

 
67 

343 
757 

 
(6%) 
(29%) 
(65%) 

 
46 

162 
397 

 
(7%) 
(27%) 
(66%) 

 
21 

181 
360 

 
(4%) 
(32%) 
(64%) 

Physical activity 
/RZ 
Moderate 
+LJK 

 
539 
224 
406 

 
(46%) 
(19%) 
(35%) 

 
249 
114 
243 

 
(41%) 
(19%) 
(40%) 

 
290 
110 
163 

 
(51%) 
(20%) 
(29%) 

6PRNLQJ�VWDWXV�d 
Never 
Former 
Current  

 
587 
435 
90 

 
(53%) 
(39%) 
(8%) 

 
263 
259 
56 

 
(45%) 
(45%) 
(10%) 

 
324 
176 
34 

 
(61%) 
(33%) 
(6%) 

(QHUJ\�LQWDNH��NFDO�G�e 2012  (583) 2200  (617) 1808  (466)  
'+'��-index e 4.92 (1.00) 4.61 (0.94) 5.29 (0.96) 
NRD9.3 e 500 (72) 493 (71) 507 (73)  
*+*(��NJ&22H�G�e 3.64 (1.46) 3.94 (1.60) 3.32 (1.20)  
)(��0-�G�e 31.10 (9.20) 33.36 (9.83) 28.66 (7.77)  
/8��P2
\HDU�G�e 4.15 (1.82) 4.57 (1.99) 3.71 (1.51)  
pReCiPe e 0.43 (0.16) 0.46 (0.18) 0.39 (0.14)  

$EEUHYLDWLRQV�� '+'��-LQGH[�� 'XWFK� +HDOWK\� 'LHW� ,QGH[� ���� 15'����� 1XWULHQW� 5LFK� 'LHW� VFRUH� ����*+*(��
JUHHQKRXVH�JDV�HPLVVLRQV��)(��IRVVLO�HQHUJ\�XVH��/8��ODQG�XVH��S5H&L3H��D�ZHLJKWHG�VXPPDU\�VFRUH�IRU�*+*(��
)(��DQG�/8�� 
a Values are expressed as mean (standard deviations), numbers and percentages. Comparisons between men and 
women were tested by independent samples t-test for continuous variables and chi-square test for categorical 
variables. All characteristics above were statistically significant using P-value below 0.05.  b Data were available for 
1,168 subjects, i.e. 605 men and 563 women. c Data were available for 1,167 subjects,  i.e. 605 men and 562 
women.  d Data were available for  1,112 subjects, i.e. 578 men and 534 women. e Dietary estimates were crude 
values based on two 24-hour recalls.  
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Table 3 shows the diet-related environmental impact according to the FFQ 
and the 24hR as well as the ICC for the latter. Observed values for FFQ and 
24hR were similar for protein, and environmental indicators (<5% difference), 
but energy intake was overestimated by the FFQ (6%). After energy-adjustment, 
we observed underestimated values for protein intake (6%) and for diet-related 
environmental impact measures (7-10%) by the FFQ. ICC for replicates of the 
24hR were low (��0.30) IRU�DOO�YDULDEOHV�XQGHU�VWXG\��WKH\�ZHUH�VOLJKWO\�ORZHU�IRU�
observed residuals (0.12-0.22) than for observed values (0.17-0.28) and density 
residuals (0.19-0.30). Thus, most of the observed variation was due to within-
person variation, such as day-to-day variability, rather than between-person 
variation.  

The crude correlation coefficient between FFQ and 24hR was 0.46 for 
protein, and ranged from 0.35 for GHGE to 0.45 for FE, but weakened after 
covariate adjustment. When accounting for random error in the 24hR, the 
correlation coefficient was 0.75 for protein, and ranged from 0.66 for GHGE to 
0.76 for pReCiPe, as shown by the de-attenuated correlation coefficient. After 
adjustment for energy, de-attenuated correlation coefficients were similar when 
using observed residuals, but they were lower when using density residuals, 
except for protein.  

Estimated attenuation coefficients, as displayed by the regression slopes 
Ȝ1, were all below one, pointing to a flattened slope phenomenon in associations 
when using the FFQ. This attenuation appeared to be more severe with the 
inclusion of the covariates age, gender and BMI in the measurement error model 
for all variables under study (attenuation coefficients were lower). Covariate-
adjusted attenuation coefficient for observed values was 0.51 for protein, and 
ranged from 0.53 for GHGE to 0.57 for FE. Energy-adjustment by the residual 
method of observed values showed similar attenuation coefficients as with non-
energy-DGMXVWHG�YDOXHV��DQG�IRU�GHQVLW\�UHVLGXDOV��WKH�IXOO\-adjusted attenuation 
coefficients tended to be higher, i.e. attenuation was lower than for the non-
energy adjusted values, but less marked for protein and GHGE (with attenuation 
coefficient of 0.54 for protein and from 0.57 for GHGE to 0.69 for FE). 



FOR ESTIMATING DIET-RELATED ENVIRONMENTAL IMPACT 77

3

Ta
bl

e 
3 

D
ie

t-
re

la
te

d 
en

vi
ro

nm
en

ta
l i

m
pa

ct
 a

cc
or

di
ng

 to
 th

e 
fo

od
 fr

eq
ue

nc
y 

qu
es

tio
nn

ai
re

 (
FF

Q
) 

an
d 

tw
o 

re
pl

ic
at

es
 o

f t
he

 2
4-

ho
ur

 r
ec

al
l (

24
hR

, 
w

ith
 in

tr
a-

cl
as

s 
co

rr
el

at
io

n 
co

ef
fic

ie
nt

) a
nd

 g
ro

up
 le

ve
l b

ia
s,

 w
ith

 c
or

re
la

tio
n 

be
tw

ee
n 

th
e 

m
et

ho
ds

 (c
ru

de
, a

dj
us

te
d,

 d
e-

at
te

nu
at

ed
) a

nd
 a

tte
nu

at
io

n 
co

ef
fic

ie
nt

 (
cr

ud
e,

 a
dj

us
te

d)
 fo

r o
bs

er
ve

d 
an

d 
en

er
gy

-a
dj

us
te

d 
va

lu
es

 s
ta

nd
ar

di
se

d 
to

 a
 2

,0
00

 k
ca

l d
ie

t a .
  

 
FF

Q
 

2 
re

pl
ic

at
es

 o
f 2

4h
R

 
C

or
re

la
tio

n 
co

ef
fic

ie
nt

 (2
4h

R
 w

ith
 F

FQ
) 

$W
WH
QX

DW
LR
Q�
FR

HI
ILF

LH
QW
�Ȝ

1 
D

ie
ta

ry
 v

ar
ia

bl
es

 
M

ea
n 

(S
D

) 
M

ea
n 

 (
S

D
) 

%
bi

as
 I

C
C

 
C

ru
de

 (9
5%

C
I)

 
A

dj
us

te
db (

95
%

C
I)

 D
e-

at
te

nu
at

ed
(9

5%
C

I)
 

C
ru

de
 (S

E
) 

A
dj

us
te

db  
(S

E
) 

O
bs

er
ve

d 
va

lu
es

 
 

 
E

ne
rg

y,
 k

ca
l/d

 
21

39
 (

53
2)

 
20

12
 (

58
3)

 
6.

3 
0.

31
 0

.4
7 
��
��
��
��
��
��

 
0.

38
 �
��
��
���
��
��

 
0.

68
 �
��
��
���
��
��

 
0.

52
  (

0.
03

) 
0.

42
  (

0.
03

) 
P

ro
te

in
, g

/d
 

77
.6

 (
18

.5
) 

78
.2

 (
23

.5
) 

-0
.8

 
0.

27
 0

.4
6 
��
��
��
��
��
��

 
0.

39
 �
��
��
���
��
��

 
0.

75
 �
��
��
���
��
��

 
0.

58
  (

0.
03

) 
0.

51
   

(0
.0

4)
 

G
H

G
E

, k
gC

O
2e

/d
 

3.
50

 (
0.

87
) 

3.
64

 (
1.

46
) 

-3
.8

 
0.

21
 0

.3
5 
��
��
��
��
��
��

 
0.

30
 �
��
��
���
��
��

 
0.

66
 �
��
��
���
��
��

 
0.

59
  (

0.
05

) 
0.

53
   

(0
.0

5)
 

FE
, M

J/
d 

30
.1

9 
(6

.7
1)

 3
1.

10
 (

9.
20

) 
-2

.9
 

0.
28

 0
.4

5 
��
��
��
��
��
��

 
0.

40
 �
��
��
��
��
��

 
0.

75
 �
��
��
���
��
��

 
0.

62
  (

0.
04

) 
0.

57
  

(0
.0

4)
 

LU
, m

2 *
ye

ar
/d

 
4.

01
 (

1.
08

) 
4.

15
 (

1.
82

) 
-3

.4
 

0.
17

 0
.3

7 
��
��
��
��
��
��

 
0.

31
 �
��
��
���
��
��

 
0.

75
 �
��
��
���
��
��

 
0.

63
  (

0.
05

) 
0.

56
  

(0
.0

5)
 

pR
eC

iP
e 

0.
41

 (
0.

10
) 

0.
43

 (
0.

16
) 

-4
.7

 
0.

19
 0

.3
9 
��
��
��
��
��
��

 
0.

33
 �
��
��
���
��
��

 
0.

76
 �
��
��
���
��
��

 
0.

62
  (

0.
04

) 
0.

56
  (

0.
05

) 
E

ne
rg

y-
ad

ju
st

ed
 v

al
ue

s 
by

 re
gr

es
si

on
 re

si
du

al
s 

of
 o

bs
er

ve
d 

va
lu

es
 o

n 
en

er
gy

(o
bs

er
ve

d 
re

si
du

al
s)

 
P

ro
te

in
, g

/d
 

73
.5

 (
10

.3
) 

77
.9

 (
14

.2
) 

-5
.6

 
0.

20
 0

.3
5 
��
��
��
��
��
��

 
0.

33
 �
��
��
���
��
��

 
0.

75
 �
��
��
���
��
��

 
0.

49
  (

0.
04

) 
0.

46
  (

0.
04

) 
G

H
G

E
, k

gC
O

2e
/d

 
3.

33
 (

0.
61

) 
3.

63
 (

1.
24

) 
-8

.3
 

0.
12

 0
.2

6 
��
��
��
��
��
��

 
0.

23
 �
��
��
���
��
��

 
0.

66
 �
��
��
���
��
��

 
0.

52
  (

0.
06

) 
0.

48
  (

0.
06

) 
FE

, M
J/

d 
28

.8
2 

(4
.2

1)
 3

0.
98

 (
6.

77
) 

-7
.0

 
0.

22
 0

.3
9 
��
��
��
��
��
��

 
0.

35
 �
��
��
���
��
��

 
0.

76
 �
��
��
���
��
��

 
0.

62
  (

0.
04

) 
0.

59
  (

0.
05

) 
LU

, m
2 *

ye
ar

/d
 

3.
80

 (
0.

71
) 

4.
14

 (
1.

56
) 

-8
.2

 
0.

13
 0

.3
0 
��
��
��
��
��
��

 
0.

27
 �
��
��
���
��
��

 
0.

73
 �
��
��
���
��
��

 
0.

65
  (

0.
06

) 
0.

60
  (

0.
06

) 
pR

eC
iP

e,
 

0.
39

 (
0.

07
) 

0.
43

 (
0.

14
) 

-9
.3

 
0.

14
 0

.3
0 
��
��
��
��
��
��

 
0.

26
 �
��
��
���
��
��

 
0.

71
 �
��
��
���
��
��

 
0.

61
  (

0.
06

) 
0.

56
  (

0.
06

) 
E

ne
rg

y-
ad

ju
st

ed
 v

al
ue

s 
by

 re
gr

es
si

on
 re

si
du

al
s 

of
 d

en
si

tie
s 

on
 e

ne
rg

y 
(d

en
si

ty
 re

si
du

al
s)

 
P

ro
te

in
 d

en
si

ty
, %

 
14

.9
 (

2.
0)

 
15

.9
 (

3.
1)

 
-6

.3
 

0.
20

 0
.3

7 
��
��
��
��
��
��

 
0.

35
 �
��
��
���
��
��

 
0.

78
 �
��
��
���
��
��

 
0.

57
  (

0.
04

) 
0.

54
  (

0.
04

) 
G

H
G

E
de

ns
ity

,k
gC

O
2e

/d
 

3.
38

 (
0.

60
) 

3.
73

 (
1.

30
) 

-9
.4

 
0.

19
 0

.2
8 
��
��
��
��
��
��

 
0.

25
 �
��
��
���
��
��

 
0.

59
 �
��
��
���
��
��

 
0.

61
  (

0.
06

) 
0.

57
  (

0.
06

) 
FE

 d
en

si
ty

, M
J/

d 
29

.3
1 

(4
.0

9)
 3

2.
14

 (
7.

62
) 

-8
.8

 
0.

30
 0

.3
9 
��
��
��
��
��
��

 
0.

36
 �
��
��
���
��
��

 
0.

66
 �
��
��
���
��
��

 
0.

73
 (

0.
05

) 
0.

69
  (

0.
05

) 
LU

 d
en

si
ty

, m
2 *

ye
ar

/d
 

3.
83

 (
0.

70
) 

4.
24

 (
1.

72
) 

-9
.7

 
0.

21
 0

.3
0 
��
��
��
��
��
��

 
0.

27
 �
��
��
���
��
��

 
0.

59
 �
��
��
���
��
��

 
0.

73
 (

0.
07

) 
0.

67
  (

0.
07

) 
pR

eC
iP

e 
de

ns
ity

 
0.

40
 (

0.
06

) 
0.

44
 (

0.
15

) 
-9

.1
 

0.
22

 0
.3

1 
��
��
��
��
��
��

 
0.

28
 �
��
��
���
��
��

 
0.

59
 �
��
��
���
��
��

 
0.

70
 (

0.
06

) 
0.

65
 (

0.
07

) 
I&
&
��L
QW
UD
�F
OD
VV
�F
RU
UH
OD
WLR
Q�
FR
HI
ILF
LH
QW
��*

+
*
(
��J
UH
HQ
KR
XV
H�
JD
V�
HP

LV
VL
RQ
V�
�)
(
��I
RV
VL
O�H
QH
UJ
\�
XV
H�
�/
8
��O
DQ
G�
XV
H�
�S
5
H&

L3
H�
�D
�Z
HL
Jh

te
d 

su
m

m
ar

y 
VF
RU
H�
IR
U�*

+
*
(
��)

(
��D
QG
�/
8
���

�
bi

as
, 

gr
ou

p-
OH
YH
O�E

LD
V�
FD
OF
XO
DW
HG
�D
V�
�P
HD
Q�
LQ
WD
NH
�)
)4

��
P
HD
Q�
LQ
WD
NH
��
�K
5
�[
��
��
��
��
��
FR
UU
HO
DW
LR
Q�
FR
HI
ILF
LH
QW
��
��
�
&
,��
HV
WLP

DW
HG
�D
V�
WK
H�
3
HD
UV
RQ
�F
RU
UH
OD
WLR
Q�
FR
HI
ILF
LH
QW
��
GH

-
at

te
nu

at
ed

 c
or

re
la

tio
n 

co
ef

fic
ie

nt
 (9

5%
C

I) 
es

tim
at

ed
 a

s 
th

e 
P

ea
rs

on
 c

or
re

la
tio

n 
co

ef
fic

ie
nt

/¥
IC

C
24

hR
��$

WWH
QX
DW
LR
Q�
FR
HI
ILF
LH
QW
�Ȝ

1 
(S

E
) e

st
im

at
ed

 a
s 

th
e 

sl
op

e 
in

 th
e 

lin
ea

r r
eg

re
ss

io
n 

of
 th

e 
24

hR
 o

n 
th

e 
FF

Q
  u

si
ng

 li
ne

ar
 m

ix
ed

 m
od

el
s 

to
 a

cc
ou

nt
 fo

r w
ith

in
-p

er
so

n 
da

y-
to

-d
ay

 v
ar

ia
bi

lit
y.

 
a 

M
ea

n 
va

lu
es

 w
ith

 th
ei

r s
ta

nd
ar

d 
de

vi
at

io
ns

, c
or

re
la

tio
n 

co
ef

fic
ie

nt
 w

ith
 it

s 
95

%
 c

on
fid

en
ce

 in
te

rv
al

s,
 a

tte
nu

at
io

n 
co

ef
fic

ie
nt

 w
ith

 it
s 

st
an

da
rd

 e
rr

or
. 

b  
A

dj
us

te
d 

fo
r a

ge
, g

en
de

r a
nd

 B
M

I. 



78 FFQ VERSUS REPEATED 24-HOUR RECALLS

In stratified analysis, patterns of results for group-mean bias, correlation 
coefficients, and attenuation coefficients were generally similar for men and 
women (Supplementary Tables 1 and 2). Estimated correlation coefficients and 
attenuation coefficients for observed values did not change with covariate 
DGMXVWPHQW�� LQGLFDWLQJ� WKDW� JHQGHU� H[SODLQHG� PRVW� RI� WKH� YDULDWLRQ� LQ� WKLV�
population. However, when using energy-adjusted values, as compared to non-
energy-adjusted values, attenuation coefficients appeared to be higher for 
density residuals, and this was more marked in women than in men.  

Table 4 shows the association between dietary quality (DHD15-LQGH[�DQG�
NRD9.3) and diet-related environmental impact using observed and de-
attenuated 24hR-values, and observed and calibrated FFQ-values, for different 
methods of energy adjustment. Regression coefficients represent the 
percentage change in diet score per unit increase in diet-related environmental 
impact. Diet-related environmental impact was significantly inversely associated 
with the food-based DHD15-LQGH[��IRU�DOO�HQYLURQPHQWDO�LPSDFW�PHDVXUHV��DQG�
for all methods of dietary assessment. Compared to de-attenuated 24hR-
values, regression coefficients using FFQ-values as observed were weakened, 
and became closer when calibrated FFQ-values were used. For the nutrient-
based NRD9.3, no statistically significant associations were observed for 
summary score pReCiPe and its components GHGE and LU, but a positive 
significant association was observed for FE. Using de-attenuated 24hR-values 
showed a negative association for LU, while using FFQ-values as observed 
showed a positive association and calibration could only repair this when using 
energy-adjusted values. Considering the method of energy adjustment, for both 
DHD15-LQGH[�DQG�15'�����DVVRFLDWLRQV�EDVHG�RQ�GH-attenuated 24hR-values 
were stronger for observed residuals than for observed values with inclusion of 
energy in the multivariate model, but were weaker for density residuals. 
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DISCUSSION 
 
Group-mean differences between FFQ and the reference 24hR were small 
(<5%) for absolute values of GHGE, FE, LU and pReCiPe. Covariate-adjusted 
de-attenuated correlation coefficients between FFQ and 24hR were around 
0.70, and attenuation coefficients were around 0.55 for observed values on diet-
related environmental impact measures. When we studied the association 
between environmental impact and dietary quality, an inverse association was 
observed when dietary quality was assessed using a food-based score (DHD15-
index), but inconsistent and weak associations were seen when using a nutrient-
based score (NRD9.3). 

To the best of our knowledge, this is the first calibration study on diet-
related environmental impact measures comparing the environmental impact 
obtained from FFQ with that of the 24hR. The latter was used as reference 
instrument since no truly gold standard exist. As a means for comparison, we 
calculated correlation coefficients and attenuation factors for protein intake as 
this is a widely studied nutrient in dietary validation studies. Correlation 
coefficients and attenuation coefficients for intake of energy and protein are in 
line with earlier calibration studies [33, 37]. In the present study, the unadjusted 
FRUUHODWLRQ�FRHIILFLHQW�IRU�SURWHLQ�ZDV�������PHQ��������ZRPHQ���������DQG�WKH�
unadjusted attenuation coefficient for protein intake wDV� ����� �PHQ�� ������
women. 0.48). Pooled analysis of protein intake in eight European validation 
studies within the European Prospective Investigation into Cancer [37] reported 
correlation coefficients between FFQ and 24hR varying between 0.35 and 0.67, 
and attenuation coefficients for the FFQ on 24hR between 0.26 and 0.63. In the 
US, the Observing Protein and Energy Nutrition (OPEN) study [33] reported 
correlation coefficients of 0.31 for men and 0.33 for women and attenuation 
coefficients of 0.53 for men and 0.70 for women. Thus, as compared to protein, 
correlation coefficients between these two methods tended to be slightly lower 
for all diet-derived measures of environmental impact, whereas attenuation 
coefficients were slightly higher, especially for FE and LU. As there was a strong 
correlation between measure of environmental impact and protein intake 
(correlation coefficients between 0.6 – 0.9), results might to some extent be 
affected by protein-poor food sources that contributed to diet-related 
environmental impact with their intake and contribution highly varying by the 
method of dietary assessment. 

Changes in dietary intake are generally based on iso-caloric exchanges 
of foods, hence the need to keep energy intake constant when comparing diets 
between groups. Previous studies on the measurement error structure of self-
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reported protein intake have noted that the attenuation is less severe when 
energy intake is taken into account by either regression of protein intake on 
energy intake (protein residuals) or by the density method (dividing energy from 
protein intake by energy) [13, 33]. Our analysis shows that the same holds for 
diet-derived measures of environmental impact, with less attenuation for density 
residuals than for observed residuals. This is in line with the results of Table 4: 
regression coefficients using observed FFQ-values were closer to those using 
de-attenuated 24hR-vales for densities residuals than for observed residuals. 
Measurement errors in the assessment of environmental impact are strongly 
correlated with errors in the measurement of total energy intake, and this 
appeared to be more marked for observed residuals, as shown by the lower 
ICC. This finding further supports the importance for using energy-adjusted 
intakes in nutritional epidemiology, however caution must be applied for their 
interpretation, as has been discussed previously [35]. Diet-related 
environmental impact is preferably expressed in relative values (i.e.: impact per 
2,000kcal) rather than absolute values, because of the application of densities 
in public health recommendations. Individuals and populations can reduce their 
diet-related environmental impact per kcal consumed by replacing the intake of 
specific foods by environmental-friendly alternatives, thus by changing diet 
composition rather than total energy intake, unless physical activity and body 
weight have been changed substantially. Total energy intake is however 
strongly positively related to diet-related environmental impact as observed, 
which are absolute impact levels important in environmental sciences, hence 
the need for using density residuals.  

In our study, the assessment of environmental sustainability of the diet 
was restricted by the availability of LCA data from 207 food products, resulting 
in an imprecise estimation of the environmental impact of the diet for both FFQ 
and 24hR. In addition, methods of dietary assessment to date have been 
developed to monitor food and nutrient intakes, without considering sustainable 
dietary practices, such as food origin, packaging and preparation methods, 
transport, storage, food waste, etc. Our results, however, show that the 
measurement errors for LCA-based environmental impact measures are of 
similar size as protein intake, which is at the better end of the range of errors in 
assessment of food and nutrient intake [33, 37, 38]. This was not hypothesized 
a priori. Nutrient-based selection of food items does not necessarily capture the 
variation for diet-related environmental impact measures, but apparently it does 
for the 24hR and FFQ in this study. This suggests that errors in classification 
(foods vs grouped items), portions size (specific vs standard) and frequency 
(FFQ only) largely explain the differences between the 24hR and FFQ, and 
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eventually result in similar errors for estimated daily nutrient intake and 
environmental impact. Still, 24hRs (and diet records) provide more objective 
data on dietary practices, and for some food products packaging and 
preparation methods might by this time be recorded dependent on the dietary 
knowledge level and cooking skills of the subject. Provided that LCA data are 
more widely available for all kind of food products, these open-ended methods 
of dietary assessment that consider both healthy and environmental dietary 
practices would perform much better as compared to the FFQ, unless 
specifically designed for assessing environmental impact.  

The secondary aim of this paper was to investigate the association 
between dietary quality (DHD15-index and NRD9.3) and environmental impact 
of the diet (24hR-based or FFQ-based). Dietary quality was used as 
independent variable using the 24hR, and measures of environmental impact 
as dependent variable using both methods of dietary assessment (24hR and 
FFQ) without and with accounting for measurement error. Differences in 
regression coefficients can therefore be attributed to the ability of the 24hR 
versus FFQ to assess associations with environmental impact. Our results show 
that quality of the food pattern (DHD15-index in our case) is similarly related to 
all environmental impact measures under study, and more environmentally-
friendly diets (lower value) tend to score better on food-based dietary quality 
�KHQFH� D� QHJDWLYH� UHJUHVVLRQ� FRHIILFLHQW��� WKLV� LV� LUUHVSHFWLYH� RI� WKH�
environmental impact measures. However, when nutrient quality of the diet 
(NRD9.3 in our case) is considered, the results differ by environmental impact 
measure and whether 24hR or FFQ was used as the method of dietary 
assessment.  

In the detail for NRD9.3, we showed that nutrient quality tended to be 
positively associated with diet-relatHG�*+*(�DQG�)(��EXW� LQYHUVHO\�ZLWK�GLHW-
related LU. The reason for these apparently conflicting findings is likely 
attributable to the contribution of different food groups to daily diet-related 
environmental impact and nutrient intake. The positive association for diet-
related FE with NRD9.3 is likely to be driven by food sources such as fish, bread, 
fruit and vegetables that have a higher contribution to total-diet related FE as 
compared to GHGE and LU (Table 2). Moreover, these foods have a high 
nutrient density contributing to high intakes of dietary fibre, potassium, 
magnesium, iron, vitamin C, E, and low intakes of sodium, added sugar and 
saturated fat. In contrast, the inverse association for LU is likely to be driven by 
the low contribution of fruit and vegetables to diet-related LU as compared to 
GHGE and FE (Table 2). This inverse association between LU and NRD9.3 was 
VHHQ�ZKHQ�XVLQJ�D���K5��EXW�QRW�ZKHQ�XVLQJ�DQ�))4��ZKLFK�PLJKW�EH�H[SODLQHG�
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by the higher intakes of fruit and vegetables observed in the FFQ. As the 
abovementioned foods played a less important role in the DHD15-index (only 
four out of fifteen components), an inverse association with diet-related 
environmental impact was found for this food-based diet score. 

Our results are supported by previous studies that also showed inverse 
associations between diet-related GHGE and the food-based scores [11, 12, 
39], whereas studies using nutrient-based scores showed no clear associations 
[7, 8, 40]. This discrepancy between results for food-based scores and nutrient-
based scores may be explained by the different components included in the 
scores [41, 42]: food-based DHD15-index is conceptually related to food-based 
dietary guidelines and easily captures intakes of nutrient-dense plant-based 
foods versus animal-EDVHG�IRRGV��ZKLOH�WKH�QXWULHQW-based NRD9.3 evaluates 
dietary quality based on nutrient intake relative to nutritional requirements 
irrespective of the food sources. A sole focus on food-based approaches to a 
healthy and environmentally-friendly diet may therefore not capture the full 
spectrum of nutritional risks and may incorrectly lump all sustainability indicators 
together. Research is still needed to identify appropriate diet scores, 
differentially weighing various aspects of healthy and environmentally-friendly 
diets [43].  
 
 
CONCLUSION 
 
In conclusion, estimations of the environmental impact of the diet are dependent 
RI� WKH� PHWKRG� RI� GLHWDU\� DVVHVVPHQW�� WKH� ))4� VOLJKWO\� XQGHUHVWLPDWHG�
environmental impact when compared with the 24hR. Using energy-adjusted 
values resulted in a higher group mean bias and a lower correlation between 
FFQ and 24hR, but there was less attenuation. Correlation coefficients and 
attenuation coefficients for environmental impact measures behaved in a similar 
way as for protein intake, this suggests that our findings and conclusions related 
to covariate- and energy-adjustment can be extended to other dietary factors. 
Moreover, de-attenuation of the 24hR and calibration of the FFQ to 24hR 
increases the strength of the associations between dietary quality and diet-
related environmental impact. Higher dietary quality was associated with 
improved environmental impact for food-based scores, but no clear associations 
for nutrient-based scores. It is therefore important to include nutrient-based 
approaches, next to food-based approaches, to prevent that the transition to 
environmentally-friendly diets negatively affects nutritional status of the 
population.  
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ABSTRACT 
 

Purpose Public health policies and actions increasingly acknowledge the 
climate burden of food consumption. The aim of this study is to describe dietary 
intakes across four European countries, as baseline for further research towards 
healthier and environmentally-friendlier diets for Europe.  
 
Methods Individual-level dietary intake data in adults were obtained from 
nationally-representative surveys from Denmark and France using a seven-day 
diet record, Italy using a three-day diet record, and Czech Republic using two 
replicates of a 24-hour recall. Energy-standardised food and nutrient intakes 
were calculated for each subject from the mean of two randomly selected days. 
 
Results There was clear geographical variability, with a between-country range 
for mean fruit intake from 118 to 199 g/day, for vegetables from 95 to 239 g/day, 
for fish from 12 to 45 g/day, for dairy from 129 to 302 g/day, for sweet beverages 
from 48 to 224 ml/day, and for alcohol from 8 to 15 g/d, with higher intakes in 
Italy for fruit, vegetables and fish, and in Denmark for dairy, sweet beverages 
and alcohol. In all countries, intakes were low for legumes (< 20 g/day), and nuts 
and seeds (< 5 g/day), but high for red and processed meat (> 80 g/day). Within 
countries, food intakes also varied by socio-economic factors like age, gender, 
and educational level, but less pronounced by anthropometric factors like 
overweight status. For nutrients, intakes were low for dietary fibre (15.8 – 19.4 
g/d) and vitamin D (2.4 – 3.0 �g/d) in all countries, for potassium (2288 – 2938 
mg/d) and magnesium (268 – 285 mg/d) except in Denmark, for vitamin E in 
Denmark (6.7 mg/d), and for folate in Czech Republic (212 �g/d). 
 
Conclusion There is considerable variation in food and nutrient intakes across 
Europe, not only between, but also within countries. Individual-level dietary data 
provide insight into the heterogeneity of dietary habits beyond per capita food 
supply data, and this is crucial to balancing healthy and environmentally-friendly 
diets for European citizens.  
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INTRODUCTION 
 
Poor dietary habits are the second-leading risk factor for deaths and disability-
adjusted life-years (DALYs) globally, accounting for 10.3 million deaths and 
229.1 million DALYs in 2016 [1]. Low intakes of whole grains, fruit and 
vegetables, and nuts and seeds, and high intakes of alcohol and sodium ranked 
among the leading risk factors for early death and disability in European 
populations. However, as westernisation of diets progressed, diets high in red 
and processed meat, followed by diets high in sugar-sweetened beverages and 
low in milk are becoming a growing public health concern. 

Dietary patterns are shaped by cultural, environmental, technological and 
economic factors, and they have become more similar over time owing to a 
general rise in living standards and globalisation of the food sector [2, 3]. Also 
in Europe there is a growing similarity of diets, in which traditional diets of 
Northern and Mediterranean countries are converging towards a more Western 
diet, viewed by the increased share of fruit and vegetables in Northern countries 
and the increased share of animal-based products in Mediterranean countries 
[4-6]. Increase in animal-based products and excessive caloric intake have been 
thought as a key factor in nutrition transition, which warrants the need for public 
health action to promote healthier food patterns consistent with traditional 
cultural preferences, hence the development of food-based dietary guidelines. 

Food-based dietary guidelines are evidence-based integrated messages 
aimed at the general population for maintaining health and the prevention of 
non-communicable diseases [7, 8]. Promoting the intake of whole grains, fruit 
and vegetables, low-fat dairy and fish, and limiting the intake of red and 
processed meat, sugar-sweetened food products, alcohol and salt is covered by 
most national food-based dietary guidelines [9], although recommended 
quantities may differ. Monitoring food consumption patterns and assessing 
adherence to dietary guidelines in a nationally representative sample is 
especially regarded as a key instrument for evaluating the effectiveness of 
public health action towards a healthier diet.  

In recent years, public health policies and actions have increasingly 
acknowledged the climate burden of food production and consumption, hence 
the need to address the food-climate connection, as outlined in the SUSFANS 
project (Metrics, Models and Foresight for European SUStainable Food And 
Nutrition Security) [10]. Production and technological changes in the food 
system will however not be sustainable without a change in food consumption 
patterns. The SUSFANS project, therefore, elaborates on the status-quo of diets 
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and the design of optimised diets that are environmentally Sustainable, Healthy, 
Affordable, Reliable and Preferred (SHARP). This paper is a first step to study 
European food consumption patterns in terms of food groups and nutrients using 
national dietary survey data carried out at the individual level in four countries. 
Intakes of food groups and nutrients were compared with current food-based 
dietary guidelines and nutrient reference values, overall and in relevant 
population subgroups.  
 
 
POPULATIONS AND METHODS 
 
'DWD�VRXUFHV�
Individual-level dietary intake data from national dietary surveys representative 
for different European regions, i.e. Denmark (Scandinavia) [11], Czech Republic 
(Central East Europe) [12], Italy (Mediterranean) [13] and France (Western 
Europe) [14], were collated for adult population aged � 18 years within the 
SUSFANS project [10]. These four countries were chosen to capture the wide 
range of foods and agricultural commodities, including their extreme intakes, 
that are incorporated in the diverse European food consumption patterns.  
 

6XUYH\�FKDUDFWHULVWLFV�
Survey characteristics are shown in Table 1. National representativeness was 
ensured by using random sampling based on civil registration systems in 
Denmark [11], national census data in Czech Republic [12] and France [14], and 
national census data with telephone books in Italy [13] that served as sampling 
frame, and followed by appropriate weighing for socio-demographic parameters, 
as applied in Denmark [11, 15] and France [14]. Surveys were organised 
throughout the whole year, covering the four seasons of the year, and have 
dietary data on week- and weekend-days.  
�  
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Table 1 Dietary surveys in four European countries, i.e. Denmark, Czech Republic, Italy and 
France, including adult population only. 

 Denmark Czech Republic Italy France 
Survey characteristics, including adult population only 
Survey, year 
 

The Danish 
National Survey on 
Diet and Physical 
Activity 2005-08  
National Food 
Institute, Technical 
University of 
Denmark (DTU)  

Czech National 
Food Consumption 
Survey 2003-04 
(SISP04)   
National Institute of 
Public Health 

Italian National 
Food Consumption 
Survey INRAN-
SCAI 2005-06 
National institute for 
Research on Food 
and Nutrition 

Individual and 
National Study on 
Food Consumption 
INCA-2 2006-07 
Agence Française 
de Sécurité 
Sanitaires des 
Aliments (AFSSA) 

Population 18 – 75 years 18 – 90 years 18 – 98 years 18 – 79 years 
Method of 
dietary 
assessment a 

7-day diet record on 
consecutive days  

24-hour recall on 
two non-
consecutive days 

3-day diet record on 
consecutive days  
 

7-day diet record on 
consecutive days  

Baseline characteristics of the study sample, including adult population only, n (%) 
Sample size 
(response rate) 2,025 (54%) 1,869 (54%) 2,831 (33%) 2,624 (60%) 

Age, 18 – 64 
years 1,739 (85.9%) 1,666 (89.1%) 2,313 (81.7%) 2,276 (86.7%) 

Gender, men 777 (44.7%) 793 (47.6%) 1,068 (46.2%) 936 (41.1%) 
Educational 
level, low 248 (14.2%) 345 (20.7%) 692 (31.7%) 1,039 (45.8%) 

Overweight 
VWDWXV��%0,��� 739 (43.2%) 864 (51.9%) 828 (35.8%) 871 (38.7%) 

Abbreviation: BMI, Body Mass Index a  Included in the present study were for Czech Republic both days, for 
Denmark and France two randomly selected days, and for Italy the first and the last day of the national dietary 
survey. 
 

 

0HWKRG�RI�GLHWDU\�DVVHVVPHQW�
In the four study countries, dietary intake was assessed over two to seven 24-
hour periods, either consecutively for three to seven days using a diet record, 
as applied in Denmark, Italy and France [11, 13, 14], or non-consecutively 
spaced over a three to five months sampling period using two replicates of 24-
hour recall, as applied in Czech Republic [12]. In the present analyses, dietary 
intake from two random days has been reported. To this end, two non-
consecutive days were sampled in Denmark, Italy and France, whereas all 
available days were used in Czech Republic. 
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)RRG�DQG�QXWULHQW�LQWDNHV�
Intakes of food groups and nutrients were calculated for each subject from the 
mean of the selected two days, and were standardised for energy using the 
density method. Densities were calculated as the absolute value divided by total 
energy intake, and multiplied by 2,000 kcal. Harmonised food groups, including 
similar foods, have been elaborated using the ‘Exposure Hierarchy’ of the food 
classification and description system FoodEx2 developed and revised in 2015 
by the European Food Safety Authority (EFSA) [16, 17]. A main challenge to 
encounter when groXSLQJ� WKH� IRRGV� ZDV� WKH� OHYHO� RI� IRRG� GLVDJJUHJDWLRQ��
disaggregation of foods into ingredients was only considered as necessary for 
composite/prepared foods provided that the food itself was not included in 
FoodEx2, but its ingredients are. Nutrient intakes were calculated from dietary 
sources only, i.e. excluding dietary supplements, using country-specific food 
composition tables [18-24]. Intakes of added sugar, plant and animal protein 
were calculated based on food selection. Added sugar was defined as the total 
sugar intake minus sugars naturally occurring in fruits, vegetables and dairy. 
Plant protein was defined as protein derived from cereals, legumes, nuts and 
seeds, and others (including potatoes, vegetables, fruits, etc.). Animal protein 
was defined as protein derived from meat and meat products, fish and fish 
products, egg and egg products, milk and milk products (including cream, 
cheese and butter). None of the data excluded under- and over-reporting, 
however misreporting was identified using Goldberg equation [25] and adopted 
by Black [26] (Supplementary Table 1). 
 
 
'LHWDU\�TXDOLW\��
 
Foods 
To evaluate European populations’ energy-standardised food group intakes, 
references values were set for the food groups that are important for disease 
risk reduction based on an inventory of the current food-based dietary guidelines 
of European countries. Minimum values were set for foods that are beneficial 
for health, such as fruits and vegetables, and maximum values for foods that 
are unfavourable for health, such as red and processed meat (see Box 1). 
Reference values were derived using the 2015 Dutch food-based dietary 
guidelines [8] as reference point, complemented by the food-based dietary 
guidelines of the four countries [27-30] in which the less restrictive reference 
values were chosen (Supplementary Methods). 
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Box 1 A set of food-based dietary guidelines for European countries, including their exposure 
definition and reference values, developed for the SUSFANS project. 

 Exposure definition Reference values a 

Foods to increase   
Fruit All kind of fruits (including fresh, dried, tinned or 

canned fruit products, but excluding fruit juice) 
������J�GD\ 

Vegetables All kind of vegetables (including fresh, dried, tinned 
or canned vegetable products, but excluding 
potatoes, vegetable juices and vegetables from soup, 
sauces and ready-to-eat products) 

������J�GD\ 

Legumes Kidney beans, pinto beans, white beans, black 
beans, garbanzo beans (chickpeas), lima beans, split 
peas, lentils, and edamame (green soybeans) 

������J�ZHHN� 
������J�GD\� 

Nuts and seeds Walnuts, almonds, hazel, cashew, pistachio, 
macadamia, Brazil, pecan, pine nuts, flax seeds, 
sesame seeds, sunflower seeds, pumpkin seeds, 
poppy seeds, and peanut 

�����J�GD\ 

Dairy products Food products produced from the milk of mammals, 
including milk, yoghurt, fresh uncured cheese, quark, 
custard, milk puddings, excluding cheese and butter 

������J�GD\ 

Fish All kind of fish and fish products ������J�ZHHN� 
������J�GD\� 

Foods to decrease   
Red and processed 

meat 
Red meat: all mammalian muscle meat, including 
beef, veal, pork, lamb, mutton, horse and goat, 
H[FOXGLQJ�UDEELW��Processed meat: meat transformed 
through salting, curing, fermentations, smoking or 
other processed to enhance flavour or improve 
preservation (e.g. meat as sandwich filling, ready-to-
eat minced meat, sausages, etc.) 

������J�ZHHN� 
������J�GD\� 

Cheese All types of cheese formed by coagulation of milk 
protein casein   

������J�ZHHN� 
������J�GD\� 

Sugar-sweetened 
beverages 

Cold beverages with added sugars (sucrose, fructose 
or glucose), for example fruit juices/nectars, soft 
drinks, ice teas, drinks with added sugars 

������PO�ZHHN� 
������PO�GD\� 

Alcohol (Ethanol) Ethanol content calculated from all kind of alcoholic 
beverages  

�����J�GD\� 

Foods to replace b   
Whole grains Whole grains (bran, germ and endosperm in their 

natural proportion) from cereals, pasta, bread, 
breakfast cereals and other grain sources. 

Replace refined  
by whole grains 

White meat Meat from all kind of poultry, including rabbit meat. Replace red and 
processed meat  
by white meat 

Soft margarines 
and oils 

Soft margarine: soft-solid fats made from vegetables 
RLOV��Oils: liquid fats at room temperature derived from 
plants or fish 

Replace butter and 
hard margarines  
by soft margarines 
and oils 

a Reference values were derived from current food-based dietary guidelines, using the 2015 Dutch food-based dietary guidelines 
[8] as reference point, complemented by the food-based dietary guidelines of the four countries [27-30] in which the less restrictive 
reference values was chosen (Quantitative guideline).   
E�µ)RRGV�WR�UHSODFH¶�UHSUHVHQW�IRRG�JURXSV�IRU�LQVXIILFLHQW�FRQYLQFLQJ�HYLGHQFH�ZDV�DYDLODEOH�WR�VHW�D�IL[HG�FXW-off point, however 
replacement of those food products by a healthier alternative is recommended (Qualitative guideline).  
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Nutrients 
To evaluate European populations’ energy-standardised nutrient intakes, 
nutrient density of the diet was quantified using Nutrient Rich Diet (NRD) score 
[31, 32], i.e. overall summary estimate of nutrient intakes based on the principles 
of the Nutrient Rich Food Index [33, 34]. The NRD algorithm was calculated as: 

Ǥܺ�ܦܴܰ ܻ ൌ �෍
ܳ௡௨௧௥௜௘௡௧�௜
݅�ܸܴܦ

כ ͳͲͲ െ�෍
ܳ௡௨௧௥௜௘௡௧�௝
݆�ܸܴܯ

௝ୀ௒

௝

௜ୀ௑

௜

כ ͳͲͲ�

where X is the number of qualifying nutrients, Y is the number of disqualifying 
nutrients, Q nutrient i or j is the average daily intake of nutrient i or j, DRV is the 
Dietary Reference Value of qualifying nutrient i and MRV j is the Maximum 
Recommended Value of the nutrient to limit j. DRVs are defined using reference 
values from EFSA [35], i.e. Average Requirement (AR), and Adequate Intake 
(AI) if AR cannot be set, and MRVs using reference values of World Health 
Organisation [36, 37] and Food and Agriculture Organisation [38].   

In the present analyses, NRD9.3 and NRD15.3 were used. The NRD9.3, 
including nine nutrients for which intake should be promoted (protein, dietary 
fibre, calcium, iron, potassium, magnesium, and vitamin A, C and E) and three 
nutrients for which intake should be limited (saturated fat (SFA), added sugar, 
and sodium), standardised for 2,000 kcal/d diet and capped nutrient intake at 
100% of DRV was primarily chosen, based on its validation among US 
populations [33, 34]. To capture more nutrients that are potentially relevant for 
European populations, we also used its extended version, i.e. NRD15.3 that 
additionally included mono-unsaturated fatty acids, zinc, vitamin D and B-
vitamins (B1, B2, B12, folate), but excluded magnesium. A sub-score on the 
intake of qualifying nutrients is represented in NRD9 and NRD15, and that of 
disqualifying nutrients in NRDX.3, while the total score, i.e. NRD9.3 and 
NRD15.3, is a combination of both.  

 

(VWLPDWLQJ�WKH�GLHWDU\�TXDOLW\�RI�(XURSHDQ�SRSXODWLRQ�GLHWV�
Percentages of the population that adhere to food-based dietary guidelines and 
percentages of the population with inadequate nutrient intakes were estimated 
using the AR cut-point method [39], without correction for within subject 
variability. This percentage would be interpreted as proxy figures for adherence 
and inadequacy, because of different survey’s methodologies. When the DRV 
of the nutrient under study was defined as an AI (dietary fibre, potassium, 
magnesium, vitamin D, E and B12), this percentage of populations with intake 
below AI was only applicable for comparison between countries and population 
subgroups. Dietary intakes were characterised in the overall country-specific 
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population of adults aged � 18 years and in relevant population subgroups by 
age, gender, educational level, and overweight status. Subgroups by age 
included younger and middle-aged adults (18 – 64 years) and elderly (� 65 
years). Younger and middle-aged adult populations were additionally stratified 
by gender, educational level using three categories, i.e. primary or lower 
secondary degree (‘low’), higher secondary degree (‘intermediate’) and 
university or post-university degree (‘high’), and overweight status using two 
categories, i.e. BMI < 25 and � 25 kg/m2. 
 As the information available consisted only of summarised data (i.e. mean 
and standard deviation of the energy-standardised dietary intake under study 
and sample size), analysis of variance test was performed to check whether 
there were differences in mean intake of food groups and nutrients between 
countries and within countries by population subgroups of age, gender, 
educational level and overweight status. Bonferroni post hoc test was used for 
multiple comparisons. A two sided p-value below 0.0001 was considered as 
statistically significant. Statistical analyses were performed with SAS version 9.3 
(SAS Institute Inc.). 
 
 
RESULTS 
 
%DVHOLQH�FKDUDFWHULVWLFV�
Age and gender distribution were comparable between countries, with 80 – 90% 
of the population aged 18 – 64 years and 40 – 48% being men. Distribution of 
HGXFDWLRQDO�OHYHO�YDULHG�PDUNHGO\�EHWZHHQ�FRXQWULHV��D�ORZ�SURSRUWLRQ�RI�ORZ-
HGXFDWHG�VXEMHFWV�LQ�'HQPDUN�������DQG�D�KLJK�SURSRUWLRQ�LQ�)UDQFH��������EXW�
proportion of the high-educated subjects was the lowest in Czech Republic (8%) 
and varied between 23 – 33% for Denmark, Italy and France. Approximately half 
of the Czech population (52%) was overweight, BMI � 25 kg/m2, whereas 
overweight in Denmark (44%), France (39%) and Italy (36%) was less prevalent.  
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Foods�
Table 2 shows the energy-standardised intakes of food groups and general 
adherence to food-based dietary guidelines in four European adult populations, 
aged � 18 years. Stratified intakes by age, gender, educational level and 
overweight status are shown in Table 3.  
 

Foods to increase 
Mean fruit and vegetable intake varied significantly between countries with lower 
intakes for Czech Republic (118 and 95 g/d respectively) and higher intakes for 
Italy (199 and 239 g/d respectively), and varied in the same direction between 
men and women within all four countries showing higher intakes for women. 
Higher fruit intake was also observed in all four countries for the elderly and for 
subjects with a higher educational level, but no differences by overweight status. 
Vegetable intake tended to be higher among elderly in Denmark and France, 
among higher educated subjects in Denmark and Czech Republic, and among 
overweight subjects in Italy and France. Mean intakes of legumes (6.5 – 16.7 
g/d), and nuts and seeds (0.5 – 2.6 g/d) were generally low in all countries. Mean 
intake of dairy was higher in Denmark (302 g/d), while fish was higher in Italy 
(44.6 g/d) and France (34.4 g/d).  
 

Foods to decrease 
Mean intake of red and processed meat was generally high in all countries (84 
– 94 g/d). Within-countries, red and processed meat intake was lower for the 
elderly and women in all four countries, and except in Italy for the higher 
educated subjects, and in Czech Republic and France for the non-overweight. 
Alcohol intake varied between countries with lower intakes in Italy (8.2 g/d) and 
higher intakes for Denmark (14.6 g/d), and varied within countries in the same 
direction by gender and overweight status with lower intakes for women and the 
non-overweight. Alcohol intake also tended to be lower for the young and 
middle-aged adults, except in Czech Republic where intake is lower for the 
elderly. For the higher-educated subjects, alcohol intake tended to be lower in 
Czech Republic and Italy, but higher in Denmark and France.  
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108 GEOGRAPHIC AND SOCIOECONOMIC DIVERSITY OF FOOD AND NUTRIENT INTAKES:

Foods to replace 
Mean intakes of whole grains from cereals, pasta and bread were low in all 
countries, illustrated by the fraction of whole grains on total grains of ������ZLWK�
one exception for wholegrain pasta in France. Although mean intake of total 
breakfast cereals per day was very low, the whole grain variants were primarily 
eaten. Intake of white meat was much lower than red and processed meat, in 
particular red and processed meat contributed to 70 – 80% of total meat intake 
comprising mainly of red meat in Denmark, Italy and France, and of processed 
meat in Czech Republic. Intakes of butter and hard margarines were only slightly 
higher than intakes of soft margarines and vegetable oils, except for Denmark 
where butter and hard margarines were predominantly chosen as fat source, 
and for Italy where vegetable oils were dominating.  
 

 

Nutrients�
Table 4 shows the energy-standardised nutrient intakes, their corresponding 
proxy prevalence figures for inadequate intakes, and the NRD scores in four 
European adult populations, aged � 18 years. Low intakes were observed for 
dietary fibre (15.8 – 19.4 g/d) and vitamin D (2.4 – 3.0 �g/d) in all countries, and 
for potassium (2288 – 2939 mg/d), and magnesium (268 – 285 mg/d), except in 
Denmark. Intake of vitamin E was lower in Denmark (6.7 mg/d), and folate in 
Czech Republic (212 �g/d). Mean intakes were high for protein (67.1 – 83.5 g/d), 
and iron (9.1 – 12.4 mg/d) in all countries analysed. Remaining nutrients, 
including calcium, zinc, vitamin A, C, B1, B2, and B12, showed varying intake 
levels between countries. Of the three nutrients to limit, a large penalty was 
obtained from saturated fatty acids (11.1 – 15.1 E%) in all countries, and from 
estimated sodium intake (2797 – 4244 mg/d) except in Italy. Based on the NRD 
scores, it is apparent that the nutrient density of the diet was highest in Italy 
(NRD9.3 of 537, and NRD15.3 of 1051), followed by Denmark (NRD9.3 of 416, 
and NRD15.3 of 896) and France, and the lowest in Czech Republic (NRD9.3 
of 327 and NRD15.3 of 787). Within countries, nutrient density of the diet tended 
to be higher for women in all four countries and for the higher-educated subject, 
except in Italy (Table 5). 
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DISCUSSION 
 
In this study, we found that dietary intakes varied markedly across the four 
European countries, irrespective of energy intake. Within countries, food intakes 
also varied markedly by socio-economic factors like age, gender, and 
educational level, but less pronounced by anthropometric factors like overweight 
status. However, the set of food-based dietary guideline was not met by a large 
part of the population and/or population subgroup by age, gender, educational 
level or overweight status. 

When describing food group intakes, mean daily intakes of fruit and 
vegetables, sweet beverages, and alcohol varied most between countries, 
showing higher intakes of fruit and vegetables, and lower intakes of sweet 
beverages and alcohol in Italy. In addition, we observed in Italy and France a 
similar vegetable intake among the different levels of education, whereas in 
Denmark and Czech Republic higher intake of vegetables was observed among 
higher-HGXFDWHG�VXEMHFWV��ZKLFK� LV� LQ� OLQH�ZLWK�SUHYLRXV�VWXGLHV�FRQGXFWHG� LQ�
European populations [40-42]. This region-dependent tendency might be 
attributed to the long-standing cultural tradition of using vegetables in the 
Mediterranean diet, as consumed in Italy and France, and is often easily 
recognisable by all layers of the population. However, a comparison of 
population subgroups within-countries is often closely related to dietary 
preferences, beliefs and practices of that particular consumer group. Higher 
intake of fish, nuts and seeds along with lower intake of red and processed meat 
are, for example, generally seen among women and higher-educated subjects, 
which might be driven by their health considerations and awareness of climate 
change [43].  

When describing nutrient intakes summarised by the NRD9.3 and 15.3, 
the higher scores were observed for Italy, which is mainly attributed to their 
lower penalty score, i.e. NRDX.3, for the disqualifying nutrients of SFA and 
sodium. Because of the interrelation between food groups and nutrients intake, 
our results on variation in nutrient intakes can be partly reflected by our results 
on variation in food group intake. Low penalty score in Italy is likely to be in 
correspondence with its lower intakes for important sources of SFA intake such 
as butter and hard PDUJDULQHV�� UHG�DQG�SURFHVVHG�PHDW��DQG�GDLU\�SURGXFWV��
however, with estimates of sodium intake, caution must be applied, as they are 
very likely to be under-estimated due to difficulties in quantifying sodium content 
in recipes and discretionary salt intake [44]. Moreover, when focussing on 
qualifying nutrients, higher sub-scores NRD9 and NRD15 were also observed 
for Italy, but intake for calcium, potassium and magnesium was lower when 
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FRPSDUHG�ZLWK�'HQPDUN�� UHODWHG� WR� LQWDNH�RI� GDLU\�SURGXFWV�DQG�ZKROH-grain 
SURGXFWV��,W�FRXOG��WKXV��EH�DUJXHG�ZKHWKHU�WKHVH�VXPPDU\�HVWLPDWHV�FRXOG�EH�
XVHG� VROHO\� WR� GHVFULEH� QXWULHQW� LQWDNHV�� DV� WKH\� GR� QRW� SRLQW� RXW� VSHFLILF�
LQDGHTXDWH�QXWULHQW�LQWDNHV� 

,Q� WKH� FRQWH[W� RI� WKH� 686)$16� SURMHFW�� ZH� SUHIHU� WR� GHVFULEH� GLHWDU\�
LQWDNHV�LQ�WHUPV�RI�IRRGV�UDWKHU�WKDQ QXWULHQWV��VLQFH�IRRGV�DUH�WKH�FRQVWLWXHQWV�
RI�D�GLHWDU\�SDWWHUQ�DQG�WKH�FRPPRQ�GHQRPLQDWRU�IRU�OLQNLQJ�GLHWDU\�LQWDNHV�ZLWK�
health, environment, affordability, consumer’s preferences, etc. Diet-DVVRFLDWHG�
HQYLURQPHQWDO� LPSDFW�� LQ� SDUWLFXODU�� KDV� EHHQ� DWWUDFWLQJ� D� ORW� RI� LQWHUHVW�� DV�
FXUUHQW�IRRG�SURGXFWLRQ�DQG�FRQVXPSWLRQ�SDWWHUQV�KDYH�EHHQ�UHFRJQLVHG�DV�D�
PDMRU�KXPDQ-LQGXFHG�GULYHU�RI�FOLPDWH�FKDQJH�[45]��6RPH�(XURSHDQ�FRXQWULHV�
KDYH�� WKHUHIRUH�� GHYHORSHG� JXLGHOLQHV� IRU� GLHWV� WKDW� DUH� ERWK� KHDOWK\� DQG�
HQYLURQPHQWDOO\-IULHQGO\�[46-49]��6XFK�UHFRPPHQGDWLRQV�PRVWO\�HPSKDVLVH�WKH�
UHGXFWLRQ� RI� JUHHQKRXVH� JDV� HPLVVLRQV� WKURXJK� SURSDJDWLQJ� D� VKLIW� WRZDUGV�
SODQW-EDVHG�IRRGV��+RZHYHU��JLYHQ�(XURSHDQ�GLHWDU\�LQWDNHV��WKHUH�LV�VWLOO�PXFK�
SURJUHVV�WR�EH�PDGH�LQ�WKLV�UHVSHFW��VLPSO\�VKRZHG�E\�D�SHUFHQWDJH�RI�DURXQG�
����IRU�WKH�LQWDNH�RI�SODQW�SURWHLQ�DV�RSSRVHG�WR�WRWDO�SURWHLQ�IRU�WKH�FRXQWULHV�
ZH�VWXGLHG��0RUHRYHU��SUHGRPLQDQW�IRRG�JURXSV�FRQWULEXWLQJ�WR�DQLPDO�DQG�SODQW�
protHLQ�LQWDNH�KDYH�EHHQ�DVVRFLDWHG�ZLWK�UHJLRQDO�DQG�FXOWXUDO�WUDGLWLRQV�DURXQG�
GLHWDU\� KDELWV� 0HDW� LQWDNH� LV� UHJDUGHG� DV� WKH�PRVW� LPSRUWDQW� FRQWULEXWRU� WR�
DQLPDO�SURWHLQ�LQ�(XURSHDQ�GLHWV��EXW�ZLWK�GLIIHUHQFHV�UHODWHG�WR�WKH�DPRXQW�DQG�
W\SHV�RI�PHDW�FRQVXPHG��DV�DOVR�GHQRWHG�E\�SUHYLRXV�VWXGLHV� >������@��:LWK�
UHJDUG�WR�SODQW�SURWHLQ��FHUHDOV�DQG�FHUHDO�SURGXFWV�KDYH�EHHQ�LGHQWLILHG�DV�WKH�
PDLQ�FRQWULEXWRU�WR�SODQW�SURWHLQ�LQ�(XURSHDQ�GLHWV�[52]��ZKLOH�MRLQW�FRQWULEXWLRQV�
IURP�YHJHWDEOHV��OHJXPHV�DQG�IUXLW�YDULHG�EHWZHHQ�FRXQWULHV��DV�REVHUYHG�LQ�WKH�
SUHVHQW�VWXG\� 

7KH� SUHVHQW� VWXG\� SURYLGHV� IXUWKHU� VXSSRUW� IRU� WKH� DSSOLFDWLRQ� RI�
LQGLYLGXDO-OHYHO�GLHWDU\�GDWD�WR�DGGUHVV�WKH�IRRG-FOLPDWH�FRQQHFWLRQ��2IWHQ�GLHW-
DVVRFLDWHG� HQYLURQPHQWDO� LPSDFW� ZDV� TXDQWLILHG� XVLQJ� IRRG� DYDLODELOLW\� GDWD�
UHODWHG� WR� IRRG� SURGXFWLRQ�� EXW� QRW� WR� IRRG� FRQVXPSWLRQ� DV� VXFK�� 8VLQJ�
LQGLYLGXDO-OHYHO�UHSRUWHG�GLHWDU\�GDWD�PLJKW��WKHUHIRUH��EH�UHJDUGHG�DV�D�XVHIXO�
WRRO� LQ� WKH� FRQQHFWLRQ� EHWZHHQ� KHDOWK� DQG� HQYLURQPHQW� ZLWK� IRRGV� DV� WKHLU�
FRPPRQ�GHQRPLQDWRU��&URVV-FRXQWU\�FRPSDULVRQ�RI�LQGLYLGXDO-OHYHO�GLHWDU\�GDWD�
LV�KRZHYHU�FKDOOHQJHG�E\�WKH�GLHWDU\�VXUYH\V�FRQGXFWHG�ZLWK�GLIIHUHQW�VXUYH\�
FKDUDFWHULVWLFV�DQG�GDWD�FROOHFWLRQ�PHWKRGV�WKDW�PD\�LQIOXHQFH�WKH�FRPSDUDELOLW\�
RI�WKH�UHVXOWV��)LUVW��VDPSOLQJ�SURFHGXUHV�XVHG�LQ�WKH�VXUYH\V�UHSRUWHG�LQ�WKLV�
VWXG\� YDULHG� LQ� WHUPV� RI� UHFUXLWPHQW� PHWKRGV�� KRXVHKROG� DQG� LQGLYLGXDO�
UHSUHVHQWDWLYHQHVV�� QXPEHU�RI� VXEMHFWV� SHU� KRXVHKROG� DQG�ZHLJKWLQJ� IDFWRUV�
XVHG��KRZHYHU��WKH\�DOO�DLPHG�DW�LQFOXGLQJ�D�QDWLRQDOO\�UHSUHVHQWDWLYH�VDPSOH�RI�
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at least all age-sex categories. It still remains a possibility that those who have 
agreed to participate form a group with a greater interest in health, hence more 
optimistic results.  

Second, methods of dietary assessment used in the surveys reported 
were conducted differently, with regard to the methods used and in the manner 
in which the assessment was carried out. Replicates of 24-hour recall as applied 
in Czech Republic showed a higher mean energy intake compared to diet 
records as applied in Denmark, Italy and France. This might be explained by 
factors related to the methods themselves, such as reliance on memory and 
portion size estimations [53-55], and/or characteristics of the populations. 
Standardising intake data to a 2,000 kcal/d diet had, therefore, the largest 
LPSDFW�RQ�UHVXOWV�RI�&]HFK�5HSXEOLF�� ORZHULQJ�LWV�PHDQ�GLHWDU\� LQWDNHV�XQGHU�
the assumption that energy intake is positively correlated with food group and 
nutrient intake. Standardisation for energy is one of the more practical ways of 
reducing part of the extraneous variation in dietary estimates [56], and enables 
to study the relative contribution of food groups and nutrients intake to the total 
diet, regardless of energy intake. In the European Food COnsumption 
VALidation project, it has been suggested to adjust for BMI instead when 
analysing and interpreting dietary data of nutritional monitoring surveys to 
reduce mean bias at population level [57]. Given that stratified analyses by 
overweight status showed no relevant differences in dietary intakes within a 
country, it is questionable whether BMI-adjusted values should be the main 
exposure of interest in the present study describing the heterogeneity of 
European diets.  

Another important factor in estimating dietary intakes consistently is the 
number of days included in the dietary assessment to enable comparison 
between countries across Europe. In this study, dietary data were, therefore, 
standardised for the number of days, but have not been corrected for time-
interval between the two selected record/recall days, hence not corrected for 
within-subject day-to-day variability. Correcting for within-subject day-to-day 
variability would have resulted in comparable means for dietary intakes 
compared to unadjusted data, though with a shrinkage of intake distributions 
which in turn would have decreased the percentage of the population above and 
below a cut-off point [58]. However, relying on consecutive days, including days 
spaced over a week time-interval, is likely to underestimate the within-subject 
day-to-day variation [59] because of the interdependence of days that captures 
some of the day-to-day variation in the between-subject variation [60, 61]. Thus, 
this day-interdependence would have resulted in a shrinkage of the observed 
intake distribution that is too much toward the group mean, hence an under-
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estimation of true percentage of the population above and below a cut-off when 
statistically correcting intake distributions. Also, the use of country-specific food 
composition databases might affect the number of subjects whose intake was 
below the DRV. In particular, when using different food composition databases, 
potential systematic errors in estimating nutrient intake would be different 
between countries, and in all probability alternate with magnitude and direction. 
With increasing globalisation, however, the foods and mixed dishes available in 
different countries are not all grown/produced/prepared in the same manner, 
and therefore using a country-specific composition database is likely to reflect 
nutrient intake more accurately. 

Exclusion of under-reporters would have increased the prevalence of 
adherence to the food-based dietary guidelines and decreased the prevalence 
of inadequate nutrient intakes, and inclusion of supplementation use would have 
decreased the prevalence of nutrient inadequacy even further. The present 
study did estimate the percentage of under- and over-reporters (Supplementary 
Table 1), but did not estimate intakes excluding them, because some of the mis-
reporters may truly be consuming a low- or a high-energy diet. Over the past 
decades, dietary supplementation use has increased in Europe with a clear 
north-south gradient [62], showing a high number of users in Denmark 
(Supplementary Table 1). Hence, it is likely that in countries with higher level of 
supplementation use, dietary supplementation might have contributed to 
improved total nutrient intakes, with its impact dependent on the 
supplementation formulation, the frequency of use, and the level of micronutrient 
intakes of those taking supplements. However, our interest is on nutrient intakes 
from foods only in order to find nutritional gaps that are most in need to improve 
the healthiness of dietary intake. 
 

 

CONCLUSION 
 
In conclusion, there is considerable variation in food and nutrient intakes across 
European countries. The present study indicated that the intake of food groups 
showed larger deviations from food-based dietary guidelines for the overall 
population and population subgroups of the countries we studied. In addition, 
results suggested inadequate nutrient intakes from foods for dietary fibre and 
vitamin D in all countries, and for potassium, magnesium, vitamin E and folate 
in specific regions. Individual-level dietary data in different European population 
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and population subgroups are therefore needed for balancing diets for 
European citizen.  

Moreover, individual-level dietary data from national surveys serve as a 
practical tool for describing the healthiness of diet in terms of foods and 
nutrients, but dietary data harmonisation remains challenging. Using a common 
food classification system is a first step in the alignment of surveys and 
necessary to enable cross-country comparisons for food group intakes. 
However, further steps, such as standardisation for energy, number of days, 
etc., are needed for harmonisation of dietary data. Besides the healthiness of 
dietary intake, these dietary surveys might also be important in shaping 
optimised diets where other factors, such as environmental impact, affordability 
and consumer preferences are incorporated. We aim, therefore, to support 
further engagement of key stakeholders from the food supply chain and policy-
makers in the next stages for the design of SHARP diets.  
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SUPPLEMENTARY MATERIALS 
 

 

Supplementary Methods  
 
Reference values for the food group intake used for cross-country comparison. 
 

Food-based dietary guidelines are defined at the national level, resulting in 
different set of food-based dietary guidelines across Europe. A summary of the 
food-based dietary guidelines of the European countries that are part of 
SUSFANS (Denmark, Czech Republic, Italy and France) is given in  
Supplementary Methods Table 1. Based on this information, a single set of 
reference values for the intake of food groups was used to facilitate cross-
country comparison, as also shown in Table 2 and Table 3. Minimum intake 
levels were set for foods that are beneficial for health, such as fruits and 
vegetables, and maximum intake levels for foods that are unfavourable for 
health, such as red and processed meat. Cut-off points were defined in grams 
per day with the aim to increase the comparability of food intake between the 
countries, as serving sizes are country-specific. For most food groups, it was 
expected that actual dietary intake levels largely deviate from recommended 
intakes levels in European populations, and therefore cut-off level were 
loosened to be able to examine differences and shifts in nutritional adequacy 
across countries and across relevant population subgroups as a way of 
population dissimilation. Qualitative guidelines were formulated for food groups 
for which evidence only concerns the replacement of one food by another, such 
as replace white grains by whole grains, butter and hard margarine by vegetable 
oils and soft margarine.  
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4

Supplementary Table 1 Percentage of under- and over-reporters as identified by 
Goldberg/Black equation, and percentage of dietary supplementation use in four European 
populations, aged � 18 years. 

 %under-reporters %over-reporters %supplement users 
 Total Men Women Total  Men Women Total Men Women 

Denmark 17.7% 18.2% 17.3% 1.4% 1.3% 1.5% 60.5% 55.0% 65.9% 

Czech Republic 12.9% 7.0% 18.1% 3.6% 5.6% 1.9% 29.7% 23.3% 35.4% 

Italy 11.0% 12.3% 9.9% 1.1% 0.9% 1.3% 4.5% 3.0% 5.8% 

France 23.7% 22.9% 24.3% 1.6% 2.0% 1.2% 12.4% 6.1% 16.8% 
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132 DIETARY CHOICES AND ENVIRONMENTAL IMPACT 

ABSTRACT 
 
Effective food policies in Europe require insight into the environmental impact of 
consumers’ diet to contribute to global nutrition security in an environmentally 
sustainable way. The present study therefore aimed to assess the 
environmental impact associated with dietary intake across four European 
countries, and to explain sources of variations in environmental impact by 
energy intake, demographics and diet composition. Individual-level dietary 
intake data were obtained from nationally-representative dietary surveys, by 
using two non-consecutive days of a 24-hour recall or a diet record, from 
Denmark (DK, n=1,710), Czech Republic (CZ, n=1,666), Italy (IT, n=2,184), and 
France (FR, n=2,246). Dietary intake data were linked to a newly developed 
pan-European environmental sustainability indicator database that contains 
greenhouse gas emissions (GHGE) and land use (LU) values for ~900 foods. 
To explain the variation in environmental impact of diets, multilevel regression 
models with random intercept and random slopes were fitted according to two 
levels: adults (level 1, n=7,806) and country (level 2, n=4). In the models, diet-
related GHGE or LU was the dependent variable, and the parameter of interest, 
i.e. either total energy intake or demographics or food groups, the exploratory 
variables. A 200-kcal higher total energy intake was associated with a 9% and 
a 10% higher daily GHGE and LU. Expressed per 2,000 kcal, mean GHGE 
ranged from 4.4 (CZ) to 6.3 kgCO2eq/2,000 kcal (FR), and LU ranged from 5.7 
(CZ) to 8.0 m2*year/2000kcal (FR). Dietary choices explained most of the 
variation between countries. A 5 energy percent  (50g/2,000 kcal) higher meat 
intake was associated with a 10% and a 14% higher GHGE and LU density, with 
ruminant meat being the main contributor to environmental footprints. In 
conclusion, intake of energy, total meat and the proportion of ruminant meat 
explained most of the variation in GHGE and LU of  European diets. 
Contributions of food groups to environmental footprints however varied 
between countries, suggesting that cultural preferences play an important role 
in environmental footprints of consumers. In particular, Findings from the 
present study will be relevant for national-specific food policy measures towards 
a more environmentally-friendly diet. 
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INTRODUCTION 
 
Current food production and consumption patterns in Europe are held 
responsible for more than 25% of anthropogenic greenhouse gas emissions 
(GHGE) and more than 80% of arable land globally [1, 2] with animal-sourced 
foods being the major contributors [3]. In line with the framework of the Lancet 
EAT Commission [4], studies on food patterns compared theoretically-
constructed diets with national average diets [5-7] and showed that current diets 
high in animal-sourced foods, in particular red meat and dairy, have a higher 
environmental impact. Effective policies for food system transformation in 
Europe require insight into the environmental impact of consumers’ usual diet 
and detailed information on food consumption over a wide range of dietary 
patterns. 
 Initially, environmental impact of diets was assessed using national 
averages derived from per capita food availability statistics collected at the 
national level [5]��DQG�PRUH�UHFHQWO\�DFWXDO�IRRG�LQWDNH�GDWD�DW�WKH�UHILQHG�OHYHO�
of individual daily consumption have been used [8, 9]. The method of dietary 
assessment is however likely to affect the estimated environmental impact. 
Food availability statistics typically disaggregate and quantify food consumption 
in about 25 primary agricultural commodities, whereas individual-based food 
frequency questionnaires typically include 50-150 food items, and it may range 
up to ~1,000 food items for individual-based survey data using 24-hour recalls 
or diet records [10]. These individual-level dietary data reflect a wide variety of 
realistic food choices in the consumer domain, and therefore allow for studying 
the variability in diet-related footprints of individual’ diets across population 
(sub)groups.   
 A number of studies have assessed the environmental impact of food 
intake using individual-level data [11-16]. As these studies were conducted 
within single European countries, a European comparison of diet-related 
environmental impact is hampered, as these national averages may be biased 
by the ecological fallacy, lack of comparability of dietary assessment methods 
[17] and systematic differences in life cycle assessment (LCA) databases [18, 
19]. Comparable individual-level intake data and LCA databases allow to 
evaluate environmental impact at the level of consumers’ food choices and allow 
to explain variation between- and within countries, between population 
(sub)groups and between subjects. 
 The aim of this study was to analyse diet-related GHGE and LU using 
reported food intake data obtained from national dietary surveys from four 
European countries that reflect heterogeneity of diets in different European 
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regions, i.e. Denmark �'.�� 6FDQGLQDYLD��� &]HFK�5HSXEOLF �&=�� &HQWUDO� (DVW�
(XURSH���,WDO\ �,7��0HGLWHUUDQHDQ� DQG�)UDQFH �)5��:HVWHUQ�(XURSH�. 0RUHRYHU��
WKH�SUHVHQW� VWXG\� DLPHG� WR� VWXG\� WKH� YDULDELOLW\� LQ� GLHW-UHODWHG�HQYLURQPHQWDO�
IRRWSULQWV�EHWZHHQ�DQG�ZLWKLQ�FRXQWULHV��DQG�WR�H[SODLQ� WKLV�E\�HQHUJ\� LQWake, 
DQG�E\�GHPRJUDSKLFV�DQG�GLHW�FRPSRVLWLRQ�� 
 
 
MATERIALS AND METHODS 
 
6WXG\�SRSXODWLRQ�DQG�IRRG�LQWDNH�GDWD��
,QGLYLGXDO-OHYHO�GLHWDU\�LQWDNH�GDWD�ZHUH�REWDLQHG�IURP�QDWLRQDOO\-UHSUHVHQWDWLYH�
GLHWDU\�VXUYH\V�IRU�HDFK�RI�WKH�FRXQWULHV�VWXGLHG��DQG�IRU�HDFK�FRXQWU\�DGXOWV�
DJHG� ��-��� \HDUV�ZHUH� LQFOXGHG�� 7KH�1DWLRQDO�6XUYH\� RQ�'LHW� DQG�3K\VLFDO�
$FWLYLW\� �����-������ LQ� '.� ZDV� EDVHG� RQ� D� VHYHQ-GD\� GLHW� UHFRUG� RQ�
FRQVHFXWLYH�GD\V�DQG�LQFOXGHG�������DGXOW�PHQ�DQG�ZRPHQ�>��@��7KH�QDWLRQDO�
6,63��������-������LQ�&=�ZDV�EDVHG�RQ�WZR�UHSOLFDWHV�RI���-KRXU�UHFDOO�VSDFHG�
RYHU�WKUHH-WR-ILYH�PRQWKV�DQG�LQFOXGHG�������DGXOW�PHQ�DQG�ZRPHQ >��@��7KH�
QDWLRQDO�,15$1-6&$,������-������LQ�,7�ZDV�EDVHG�RQ�D�WKUHH-GD\�GLHW�UHFRUG�
RQ� FRQVHFXWLYH� GD\V� DQG� LQFOXGHG� ������ DGXOW� PHQ� DQG� ZRPHQ� >��@�� 7KH�
QDWLRQDO�,1&$-��6WXG\������-������LQ�)5�ZDV�EDVHG�RQ�D�VHYHQ-GD\�GLHW�UHFRUG�
RQ�FRQVHFXWLYH�GD\V�DQG�LQFOXGHG�������DGXOW�PHQ�DQG�ZRPHQ�>��@��6XUYH\V�
ZHUH� RUJDQLVHG� WKURXJKRXW� WKH� HQWLUH� \HDU�� FRYHULQJ� DOO� IRXU� VHDVRQV�� DQG�
SURSRUWLRQDOO\�LQFOXGHG�ZHHN- DQG�ZHHNHQG-GD\V�� 

)RU� FRPSDULVRQ� DFURVV� FRXQWULHV�� GLHWDU\� LQWDNH� GDWD� RI� WZR� QRQ-
FRQVHFXWLYH�GD\V�ZHUH�XVHG��KHUHE\�VDPSOLQJ�WZR�QRQ-FRQVHFXWLYH�GD\V�LQ�'.��
,7�DQG�)5��DQG�XVLQJ�ERWK�DYDLODEOH�GD\V� LQ�&=� ,QWDNHV�RI� IRRG�JURXSV�DQG�
LQGLYLGXDO�IRRG�LWHPV�ZHUH�FODVVLILHG�DFFRUGLQJ�WR�WKH�)RRG([��FODVVLILFDWLRQ�WKDW�
ZDV�GHYHORSHG�E\�WKH�(XURSHDQ�)RRG�6DIHW\�$XWKRULW\��()6$��>������@��,QWDNH�
GDWD�FRGHG�E\�)RRG([��ZHUH�GLVDJJUHJDWHG�LQ�����)RRG([�-FRGHV�LQ�'.������
LQ�&=������LQ�,7��DQG�����LQ�)5�� 
 
�
3DQ�(XURSHDQ�HQYLURQPHQWDO�VXVWDLQDELOLW\�LQGLFDWRU�GDWDEDVH�
7R�HVWLPDWH�WKH�HQYLURQPHQWDO� LPSDFW�RI� WKH�GLHWV��ZH�GHYHORSHG�WKH�6+$53�
,QGLFDWRUV�'DWDEDVH (6+$53-,'��� 7KLV� GDWDEDVH� FRQWDLQV�*+*(�DQG� /8�DV�
LQGLFDWRUV�RI�WKH�HQYLURQPHQWDO�LPSDFW�DQG�FDQ�EH�H[WHQGHG�WR�RWKHU�LQGLFDWRUV��
7KHVH�WZR�LQGLFDWRUV�UHODWH�WR�DW�OHDVW�IRXU�RI�WKH�SODQHWDU\�ERXQGDULHV�LGHQWLILHG�
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by Rockström [26], i.e. biodiversity loss, nitrogen cycle disruption, carbon cycle 
disruption, and land use change, as discussed by Aiking [27].  

Environmental impact was assessed using attributional LCA, an 
internationally accepted standardised methodology in accordance with 
ISO14040 and 14044:2006, with the aim to gain insight into the environmental 
impact of foods within the current food production practices [28]. To construct 
the database, we identified a total of 182 primary products relevant to the 
selected four European countries, using various publicly accessible data 
sources, e.g.: Agri-footprint (Europe) [29, 30], Ecoinvent (Global, Swiss 
Confederation) [31], and primary production reports [32-39], combined with 
European production, trade and transport data (FAOstat, BACI World Trade 
Database, and GTAP). Starting from these 182 primary products, estimates 
were obtained for GHGE and LU for 944 FoodEx2 codes in the diet surveys 
FRYHULQJ�����RI� WKH�HQHUJ\� LQWDNH�� IRU�����)RRG([��FRGHV�QR�HVWLPDWH�ZDV�
REWDLQHG��WKHVH�FRGHV�ZHUH�KHUEV�DQG�VSLFHV� other ingredients, such as food 
additives, vitamin supplements, condiments, etc. For each food item, the LCA 
contained the whole product’s life cycle [40, 41], from cultivations of (feed) crop 
to consumption at home, i.e. including primary production, use of primary 
packaging, transport, food losses and waste, and food preparations (such as 
boiling, frying, oven backing, roasting and microwaving). Due to limited 
availability of data, we excluded the contributions of industrial food processing 
(such as grinding, cutting, centrifuging and washing), storage, and transport 
IURP�UHWDLO�WR�KRPH��these phases have been estimated to contribute up to 32% 
to the environmental impact measures for highly processed foods such as pizza 
[42]. To divide environmental impacts between a product and its co-products, 
economic allocation was used for all foods, except for animal-sourced foods 
where nitrogen allocation was used because the nitrogen content serves as an 
indicator of the physical and causal relationship between products and 
emissions [43]. GHGE and LU of products derived from milk, such as cream, 
cheese and butter, were estimated by their mass fractions using the technical 
conversion factors of the FAO [44], and those of processed foods by their 
ingredient composition using recipes from the Dutch food composition table [45]. 
GHGE and LU data were adjusted to reflect the foods as eaten to be comparable 
with the national dietary survey data by using appropriate conversion factors for 
edible portion, cooking losses and gains, and food losses and waste [46, 47].  

For each FoodEx2-code, total GHGE per kg of food as eaten was 
calculated by multiplying the life cycle inventory data by appropriate conversions 
factors to reflect amount as consumed, i.e. conversion factors for production, 
edible portion, cooking losses and gains during preparation, and food losses 
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and waste at production and consumption phase, and then adding impacts from 
packaging, transport and home preparation, and total LU per kg of food as eaten 
by multiplying the life cycle inventory data by appropriate conversions factors. 
Calculated GHGE (in kgCO2equivalents per kg food as eaten) covers carbon 
dioxide (CO2) emissions through the use of fossil fuels, methane (CH4) released 
during rearing of the cattle and cultivations of certain crops, and nitrous oxide 
(N2O) released from fertilizers, manure and ploughing of grassland where 1 kg 
CH4 equals 25 kg CO2 and 1 kg N2O equals 298 kg CO2 [48]. Calculated LU 
covers the surface needed for the production of food accounting for conventional 
agricultural practices (m²*year per kg food as eaten). Under the assumption of 
a homogeneous European market, we assigned one value for GHGE and LU to 
each food item, and this value was applied to the food intake data of the four 
countries under study.  
 
 
EQYLURQPHQWDO�LPSDFW�RI�WKH�GLHW�
For the selected two days of each subject, the intake of foods and drinks (in 
g/day) and total energy intake (in kcal/day) were obtained from the national 
dietary survey data. Using the above-mentioned SHARP-ID, GHGE and LU 
were calculated, both per day (GHGE in kgCO2-eq/day and LU in m2*year/day) 
and as densities, i.e. relative to reported daily energy intake [49]. Densities of 
food group intake, and of GHGE and LU were expressed per 2,000 kcal and for 
energy as the percentage of total energy contributed by that food group. The 
density method preserves the relative consumption quantities of the foods and 
IRRG�JURXSV�LQ�WKH�GLHW��WKLV�LV�FRQVLGHUHG�WR�FRPSHQVDWH�ERWK�IRU�SURSRUWLRQDO�
systematic errors that are specific for the dietary assessment methods in the 
four countries as well as for individual-level non-differential over- or 
underestimation of food intake. In this way, it accounts for observed differences 
in food intake between big and small eaters with similar dietary patterns, and it 
allows to disentangle diet composition from reported energy intake in further 
analyses.  
 
 
'HPRJUDSKLFV�
Data were collected on age (years), gender, educational level (low: primary or 
ORZHU� VHFRQGDU\� GHJUHH�� LQWHUPHGLDWH�� KLJKHU� VHFRQGDU\� GHJUHH�� DQG� KLJK��
university or post-university degree), body weight (kg) and height (m) by means 
of questionnaires. Age was categorised in three categories (18-34 years, 35-49 
years and 50-64 years), and overweight was defined as Body Mass Index (BMI) 
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� 25 kg/m2, calculated as body weight (kg) divided by height squared (m2). In 
statistical analyses, subjects with missing data for educational level (n=134) 
and/or overweight status (n=56) were excluded, leaving 7,806 adults for 
analysis. 
 
 
6WDWLVWLFDO�DQDO\VHV�
To remove within-subject variation and obtain usual energy intake and usual 
diet-related GHGE or LU, either per day or for densities, we used the NCI-
method [50, 51] (Table 1, 2 and 3, Figure 2 and 3). The distribution of intake at 
food level however did not allow to use the NCI-method, therefore we used the 
average of the two selected days to describe diets in terms of foods by country 
using food groups (Figure 3) and to explain densities by diet composition (Table 
4 and 5, Figure 4). 

Stratified analysis was used to obtain country- and gender-specific 
associations of diet-UHODWHG� XVXDO� *+*(� DQG� /8� ZLWK� XVXDO� HQHUJ\� LQWDNH��
results are plotted for country- and gender-specific quintiles (Figure 2). Usual 
GHGE and LU densities were also used to describe environmental impact of the 
diet by energy intake (quintiles derived from continuous analysis) and by 
individual-level demographics in a univariate way (Figure 3).  

Multilevel regression models with random intercept and random slopes 
were used to explain variations in GHGE and LU by country, and by energy 
intake (continuously, Table 2), individual-level demographics (using categories, 
Table 3), and diet composition (using the percentage of energy contributed by 
food groups continuously, Table 5). These models used either environmental 
impact for a daily diet or for a 2,000 kcal diet (densities) (see Figure 1), and were 
fitted according to two levels of variance: individuals (level 1, n=7,806), and 
country (level 2, n=4).  

In the multilevel analyses on diet composition, the percentage of energy 
contributed by a food group was included as an explanatory variable if that food 
JURXS�H[SODLQHG��������RI� WKH�YDULDWLRQ� LQ�*+*( and LU density in the four 
countries in a univariate model, or if that food group had specific reasons of 
interest. To enhance the interpretation of the results, however, the percentage 
of energy was translated into an approximation of grams per 2,000 kcaO��
calculated by dividing the average amount of grams/2,000 kcal by the average 
percentage of energy multiplied by the unit as used in the regression coefficient 
of that food group, and this averaged for the four countries. For coffee and tea, 
gram per 2,000 kcal was used instead, as they barely contribute to total energy 
intake. Furthermore, if interested in the role of food choices within the main food 
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group, we entered both the main food group and one of its subgroups in the 
model, the latter as a proportion of that subgroup to the main food group��WKLV�
implies that the regression coefficient for the subgroup reflects the impact of the 
subgroup as part of the main food group.  
 

 

 

 

Figure 1 Flowchart of the multilevel regression models to explain variations in diet-related 
environmental impact.  
Dotted lines refer to multilevel regression models using environmental impact of daily diets as the dependent 
variable, and the dashed lines refer to multilevel regression models using densities of environmental impact, i.e. 
environmental impact expressed per 2,000 kcal, as the dependent variable. In the null model, diet-related 
environmental impact was the dependent variable and a random intercept for country was included. In the full 
models, diet-related environmental impact was the dependent variable, and the parameter of interest, i.e. either 
reported energy intake (Full model 1), individual-level demographics (Full model 2), or diet composition (Full model 
3), the explanatory variables. 
 

 

 

To quantify the variation between countries, we fitted a null model that 
LQFOXGHG�D�UDQGRP�LQWHUFHSW�IRU�FRXQWU\��WKH�YDULDWLRQ�LQ�*+*(�DQG�/8�H[SODLQHG�
by country (either daily or as densities) was calculated as the intercept variance 
divided by total variance. For the full model, explanatory variables and 
interactions were successively added, first as fixed effects and next with random 
VORSHV��7KH�YDULDWLRQ�LQ�*+*(�DQG�/8�H[SODLQHG�E\�DOO�H[SODQDWRU\�YDULDEOHV�LQ 
the full multilevel model was calculated as the squared correlation coefficient 
between observed and predicted values obtained from the full model. The 
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variation explained by one of the explanatory variables was calculated by 
subtracting the squared correlation coefficient between observed and predicted 
values obtained from the full model without the explanatory variable of interest 
from that obtained from the full model, while the variation explained by country 
in the full model was calculated by subtracting the squared correlation coefficient 
between observed and predicted values obtained from a full fixed effect model 
from that obtained from the full multilevel model.  

To assess the strength of associations, fixed and, if applicable, random 
effects for the explanatory variables were represented by the regression 
FRHIILFLHQWV�ZLWK�����FRQILGHQFH�LQWHUYDOV��&,���DOO�SDUDPHWHUV�ZHUH�WHVWHG�XVLQJ�
Wald tests and a two-sided P-value below 0.05 was considered as statistically 
significant. Model fit was examined by Akaike Information Criterion (AIC) and 
Bayesian Information Criterion (BIC). All statistical analyses were performed 
using SAS version 9.3 (SAS Institute Inc.). 
 
 
 

RESULTS 
 
9DULDWLRQ�LQ�GLHW�UHODWHG�*+*(�DQG�/8�EHWZHHQ�IRXU�(XURSHDQ�FRXQWULHV��
Table 1 shows the usual reported energy intake and usual GHGE and LU in four 
European populations, aged 18-64 years. Reported average energy intake 
varied from 1960 (FR) to 2572 kcal/d (CZ), whereas estimated average energy 
requirements varied from 2358 (FR) to 2497 kcal/d (DK), with a variance 
explained by country of 11% for reported energy intake and of 3% for estimated 
energy requirement.  

Average GHGE of a daily diet ranged from 5.2 (IT) to 6.0 kgCO2eq/d (DK), 
and average LU of a daily diet ranged from 6.8 (IT) to 7.6 m2*year/d (FR). 
According to the null model of multilevel analyses, the variation explained by 
country was less than 5% for GHGE and LU. Country-specific daily GHGE and 
LU varied around the overall mean with a standard deviation (SD) of 0.08 and 
0.10, and a coefficient of variation (CV) of 1.4% and 1.4%, respectively. 

When diet composition was addressed by accounting for differences in 
reported energy intake by using densities of GHGE and LU, the average density 
of GHGE ranged from 4.4 (CZ) to 6.4 kgCO2eq/2,000 kcal (FR), and of LU the 
density ranged from 5.7 (CZ) to 8.0 m2*year/2,000 kcal (FR), whereby the 
variation explained by country was 49% and 45%, respectively. Country-specific 
densities of GHGE and LU varied around the overall mean with an SD of 0.7 
and 1.0, and a CV of 9.5% and 13.8%, respectively. 
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5

Regarding the demographic factors, age and gender distributions were 
comparable between countries, while distributions of educational level varied 
markedly with a low proportion of low educated subjects in DK (14%) and a high 
SURSRUWLRQ� LQ� )5� ������� WKH� SUoportion of high educated subjects being the 
lowest in CZ (8%). Overweight was the most prevalent in CZ (52%) and the least 
in Italy (36%).  
�
�
�
'DLO\�UHSRUWHG�HQHUJ\�LQWDNH�LQ�UHODWLRQ�WR�GDLO\�*+*(�DQG�/8�
Figure 2 shows the GHGE and LU of a daily diet according to usual daily 
reported energy intake, stratified by country and gender. There was a positive 
association between reported usual energy intake and usual daily GHGE and 
LU in all four countries, with gender differences mainly attributable to energy 
intake. Furthermore, at the same level of energy intake, daily GHGE and LU 
differed between countries, suggesting variation in diet composition between 
countries, this was already visible in GHGE and LU densities (Table 1): 
multilevel analyses of daily GHGE and LU with energy intake showed that 
country explained 8% and 3% of the total variation in GHGE and LU 
respectively. Energy intake explained 41% of the variation in daily GHGE, and 
33% of the variation in daily LU, given country and gender (Table 2). Per 200 
kcal difference in energy intake, daily environmental impact significantly differed 
by 9% for GHGE (0.50 kgCO2HT�G�����&,��������������DQG�E\�����IRU�/8�������
m2
\HDU�G�����&,���������������0DJQLWXGH�RI�WKH�DVVRFLDWLRQ�ZLWK�HQHUJ\�LQWDNH�
however varied slightly between countries, as shown by the country-specific 
regression coefficients (random effects in the multivariate multilevel models (in 
line with Figure 2)). In addition, energy intake showed interaction with gender, 
indicating that for women daily environmental impact increased a little less 
steeply per 200 kcal, i.e. 8.8% for GHGE and 9.4% for LU. As shown in Figure 
3 and Supplementary Table 1, the strong correlation between reported usual 
energy intake, GHGE and LU disappeared when they were expressed as 
densities: GHGE and LU densities within countries were similar across quintiles 
of energy intake, and did not differ per 200 kcal difference in energy intake. 
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2B: Land use 
 

Figure 2 Mean usual daily greenhouse gas emissions (GHGE, in kgCO2eq/d) (2A) and land 
use (LU, in m2*year/d) (2B) of men and women in four European countries according to usual 
reported energy intake of their diets. Dots are the mean observed values of the usual GHGE 
and LU of a daily diet, for the mean of quintiles for mean usual reported energy intake 
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Individual�OHYHO�GHPRJUDSKLFV�LQ�UHODWLRQ�WR�*+*(�DQG�/8�GHQVLWLHV�
Apart from quintiles for energy, Figure 3 shows univariate associations of GHGE 
and LU densities with demographics, stratified by country. GHGE density 
increased with age in DK and FR. Diets of women had a higher GHGE density 
in CZ and FR. GHGE density increased with educational level in CZ, however 
decreased with educational level in FR. Subjects with overweight had a higher 
GHGE density in DK and FR. For LU, there were no clear differences between 
the age groups, except for DK where LU density increased with age. LU density 
was also higher among men in DK and CZ, among the lower educated subjects 
in DK and FR, and among the subjects with overweight in DK and FR. 

When the demographic variables were combined in a multilevel model, 
this explained a total of 47% and 42% of the variation in usual diet-related GHGE 
and LU densities, respectively, with country explaining most of the variation 
(41% and 36%, Table 3). Direction and/or magnitude of the association with 
demographics varied between countries, as shown by the country-specific 
regression coefficients (random effects in the multivariate multilevel models). 
Fixed effects did not exceed 5% of the mean GHGE density (coefficient 0.23 for 
age 50-64y) and 4% of the LU density (coefficient -0.22 for high educated).  

Taken together, fixed and random effects of demographic variables were 
trivial, explained variation of the individual demographics was less than 1.5% for 
the individual variables, and expressed relative to the mean densities, 
regression coefficients were less than 5% for fixed effects, as mentioned before, 
and varied randomly though not significantly up to more than 10% for country-
specific effects (random coefficient 0.48 for age 50-64y and GHGE density in 
DK, and -0.55 for women and LU density in CZ).  
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5 

3A: Greenhouse gas emissions 

 

3B: Land use 
 

Figure 3 Density of usual greenhouse gas emissions (GHGE, in 
kgCO2eq/2,000kcal) (3A) and of usual land use (LU, in m2*year/2,000kcal) (3B). 
Depicted is total density for each of the four countries, and stratified by energy intake (in gender-
specific quintiles), and by demographic variables (age, gender, educational level, and overweight 
status). Colours refer to the contributions of major food groups to total GHGE and LU density (see 
legenda). Horizontal line refers to the average impact of the four countries. 
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Table 4 shows intakes of food groups (as densities, i.e. g/2,000 kcal), and their 
contribution to total energy (per 100 kcal, i.e. en%), and diet-related GHGE and 
LU (% of daily level, equal to % of density) for each of the four European 
countries.  

Contributions of animal-sourced foods to GHGE ranged between 63-69% 
(CZ, IT), of plant-sourced foods between 19-23% (DK, IT), and of beverages 
between 8-17% (IT, DK). In all countries, the main contributor to total GHGE 
was meat products with a relative contribution for total meat between 36 and 
38%. Other major food groups’ contribution to GHGE differed between 
countries: milk products (14%) and coffee/tea (10%) were relatively high in DK, 
animal fat, such as butter and lard (11%) and grains (10%) in CZ, cheese (14%) 
and grains (10%) in IT, and grains (10%) and cheese (9%) in FR. 

The last two columns of Table 4 describe the between-country variation 
based on densities for GHGE and LU. As mentioned before, total between 
country variation of GHGE was 49%. For the separate food groups, between-
country variation amounted 12% for animal-sourced foods, 6% for plant-sourced 
foods, and 15% for beverages. Meat products explained 5% of the variation in 
GHGE density between countries, however the type of meat products varied 
between countries with country explaining 10% of the variation for ruminants 
and 7% of the variation for non-ruminants. Animal-sourced food groups with an 
observed between-country variation in the GHGE density of at least 10% were 
animal fat (21%) and milk products (16%), for plant-sourced foods plant fat 
(15%) and sugar and sweets (14%) were the most important, and for beverages 
it was coffee and tea (14%). GHGE density was explained by country for less 
than 5% for poultry, fish, eggs, vegetables, fruit, potatoes, legumes, nuts and 
seeds, composite dishes and alcoholic beverages.  

For LU, contributions of animal-sourced foods to density ranged between 
66-72% (CZ, FR), of plant-sourced foods between 23-28% (FR, CZ), and of 
beverages between 2-8% (IT, DK). Main contributors to total LU were meat (45-
52%) and grain products (13-18%). Other major food groups’ contribution to LU 
differed between countries: milk products (11%) and cheese (7%) were 
relatively high in DK, animal fat (9%) and cheese (5%) in CZ, cheese (11%) and 
plant fat (8%) in IT, and cheese (7%), animal fat (5%) and milk products (5%) in 
FR.  
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The between-country variation of total LU density was 45%. For the food 
groups separately, the between country variation was 8% for animal-sourced 
foods, 4% for plant-sourced foods, and 20% for beverages. Food groups with 
an observed between-country variation in LU density of at least 10% were 
similar as for GHGE, i.e. animal and plant fat (each 21%), milk products, sugar 
and sweets (each 16%), and coffee and tea (13%). Food groups with a between-
country variation in their contribution to total LU of less than 5% were also similar 
as for GHGE, and additionally included grain products (4%), but did not include 
alcoholic beverages (8%).  
 
 
 
'LHW�FRPSRVLWLRQ�LQ�UHODWLRQ�WR�*+*(�DQG�/8�GHQVLW\�
Per 2,000 kcal, the percentage of energy from ruminant meat explained most of 
the variation in GHGE and LU density, 33% and 54% respectively (results of the 
univariate multilevel models not shown). For GHGE, the next food groups were 
total meat (12%), grain products (7%), coffee and tea (4.5%), with other food 
groups explaining < 2.5%. Apart from ruminant meat, variation in LU density was 
explained by total meat (26%), fish and grain products (each 4%), with other 
food groups explaining < 2.5% (results of the univariate multilevel models not 
shown). In this univariate multilevel model, dairy products explained less than 
2% of the GHGE and LU density. We however extended the multivariate 
multilevel model with dairy products and with the percentage of milk consumed 
as dairy, as the role of dairy products is often debated. Total fat and the 
percentage of fat consumed as animal fat were also added to the multivariate 
model, as animal and plant fat showed the most between-country variation 
(Table 4). 
 Inclusion of diet composition variables in the multilevel model resulted in 
a decrease in the variation in diet-related GHGE and LU densities explained by 
country (from 20.5 to 5.9%, and from 13.3 to 4.4%, respectively, Table 5). These 
multivariate multilevel analyses of GHGE and LU density with diet composition 
showed that meat products and the proportion ruminant to total meat explained 
most of the variation in GHGE and LU density, i.e. 11% and 17%, and 19% and 
24%, respectively given country, gender, observed energy intake and the other 
dietary factors included. Observed energy intake was included to cancel out any 
residual confounding by energy intake, and – as expected – had a minor residual 
contribution to the observed variation.  
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5

For meat, the environmental impact significantly differed by 39% for 
GHGE density (2.08 kgCO2HT�������NFDO�����&,��������������DQG�E\�����IRU�
LU density (3.92 m2
\HDU�������NFDO�����&,��������������IRU�D����HQHUJ\�SHUFHQW�
GLIIHUHQFH� LQ� PHDW� LQWDNH� �DERXW� ���J������� NFDO��� 1RWHZRUWK\�� WKH� DYHUDJH�
FRQWULEXWLRQ�RI�PHDW�LQWDNH�DQG�LWV�UDQJH�GLIIHUHG�EHWZHHQ�WKH�FRXQWULHV��LQ�)5�
and CZ, meat contributed on averagH�������DQG�������WR�WRWDO�FRXQWU\-specific 
HQHUJ\�LQWDNH��7DEOH����ZLWK�D�PXFK�ZLGHU�UDQJH�EHWZHHQ�WKH�TXLQWLOHV��)LJXUH�
���DV�FRPSDUHG�WR�,7�DQG�'.�ZKHUH�PHDW�FRQWULEXWHG������DQG�������WR�WRWDO�
country-specific energy intake. Moreover, the country-specific regression 
FRHIILFLHQW�HVWLPDWHV�VKRZHG�UDQGRP�HIIHFWV��DQG�ZHUH�WKH�ORZHVW�LQ�&=�DQG�WKH�
KLJKHVW�LQ�,7�DQG�'.��DQG�GLIIHUHG��VOLJKWO\�PRUH�WKDQ��WZRIROG��FRQWULEXWLQJ�����
�&=��WR������,7��'.��WR�FRXQWU\-VSHFLILF�PHDQ�*+*(�GHQVLW\��DQG������&=��WR�
83% �'.��WR�FRXQWU\-specific mean LU density, respectively.  
)LJXUH���VKRZV�WKDW� LQ�DQ�XQDGMXVWHG�PRGHO�VORSHV�RI� WKH�UHJUHVVLRQ�OLQHV�RI�
PHDW�GLIIHUHG�ODUJHO\�E\�FRXQWU\�� LQ� OLQH�ZLWK�WKH�PHDW-mix of that country, i.e. 
proportion of energy from ruminant to enHUJ\�IURP�WRWDO�PHDW�ZDV�WKH�ORZHVW�LQ�
&=�������IROORZHG�E\�'.�������DQG�,7�������DQG�WKH�KLJKHVW�LQ�)5��������7KH�
LQFUHDVH� LQ�HQYLURQPHQWDO� LPSDFW�RI�PHDW�EHFDPH�PRUH�KRPRJHQHRXV�ZKHQ�
holding the proportion ruminant to total meat constant. 

)RU�D�����GLIIHrence in the proportion ruminant to total meat, the daily 
environmental impact significantly differed by 34% for GHGE density (1.84 
kgCO2HT������� NFDO�� ���&,�� ������ ������ DQG� E\� ���� IRU� /8� GHQVLW\� ������
m2
\HDU������� NFDO�� ���&,�� ������ ������� ZLWK� OHVV� EHWZHHQ-country random 
effects, as also seen in Figure 4. This heterogeneity of the country-specific 
HVWLPDWHV�IRU�UXPLQDQW�PHDW�ZDV�KRZHYHU�UHODWHG�WR�WKH�WUDQVODWLRQ�RI�HQHUJ\�
SHUFHQWDJH�LQWR�JUDPV�SHU�������NFDO�WKDW�GLIIHUHG�EHWZHHQ�WKH�FRXQWULHV��L�H��
grDPV�RI�UXPLQDQW�PHDW�SHU�HQHUJ\�SHUFHQW�ZDV�WKH�ORZHVW� LQ�)5����J�������
NFDO�IRU�����HQHUJ\�SHUFHQW��DQG�WKH�KLJKHVW�LQ�,7����J�������NFDO�IRU�����HQHUJ\�
SHUFHQW���7DEOH�����$Q�LQFUHDVH�LQ�HQHUJ\�SHUFHQWDJH�RI�UXPLQDQW�PHDW�ZRXOG�
therefore result in a highHU�LQFUHDVH�LQ�JUDPV�RI�UXPLQDQW�PHDW�IRU�,7�WKDQ�IRU�
)5�� KHQFH� D� KLJKHU� LQFUHDVH� LQ� HQYLURQPHQWDO� LPSDFW�� DV� WKLV� LV� EDVHG� RQ�
absolute consumption amounts. 

For fish products, the daily environmental impact significantly differed by 
���IRU�*+*(�GHQVLW\�������kgCO2HT�������NFDO�����&,���������������EXW�QRQ-
significantly by 2% for LU density (-0.14 m2
\HDU�������NFDO�����&,��-������������
IRU� HDFK� �� HQHUJ\� SHUFHQW� GLIIHUHQFH� �DERXW� ��J������� NFDO�� ���� SRUWLRQ� SHU�
ZHHN���%HWZHHQ-FRXQWU\�YDULDWLRQ�ZDV�PRUH�SURPLnent for GHGE density than 
IRU�/8�GHQVLW\��EXW�VWLOO�UDQGRP�FRXQWU\�HIIHFWV�ZHUH�WULYLDO�� 
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For dairy products, a 20 energy percent difference (about 375g/2,000 
kcal) was associated with a significant 16% difference in GHGE density (0.84 
kgCO2HT�������NFDO�����&,���������������DQG�D��VLJQLILFDQW�����GLIIHUHQFH�LQ�/8�
density ������P2
\HDU�������NFDO�����&,���������������ZKHUHDV�D�����GLIIHUHQFH�
LQ� WKH�SURSRUWLRQ�PLON� WR� WRWDO�GDLU\�ZDV�DVVRFLDWHG�ZLWK�D�QRQ-significant 3% 
difference in GHGE density (-0.16 kgCO2HT�������NFDO�����&,��-������������DQG�
a non-significant 2% differHQFH�LQ�/8�GHQVLW\��-�����P2
\HDU�������NFDO�����&,��
-������������ UHVSHFWLYHO\���&RXQWU\-VSHFLILF�HVWLPDWHV�VKRZHG� UDQGRP�HIIHFWV��
KRZHYHU�WKH\�ZHUH�QHJOLJLEOH�FRPSDUHG�WR�WKRVH�RI�PHDW�DQG�QRW�SUHVHQW� IRU�
WRWDO�GDLU\�LQ�DVVRFLDWLRQ�ZLWK�/8�GHQVLW\�� 

For fats and oils, a 15 energy percent difference (about 35g/2,000 kcal) 
was associated with a non-significant 3% difference in GHGE density (0.14 
kgCO2HT�������NFDO�����&,��-������������DQG�D�VLJQLILFDQW����GLIIHUHQFH�LQ�/8�
GHQVLW\�������P2
\HDU�������NFDO�����&,���������������ZLWK�D�����GLIIHUHQFH�LQ�
SURSRUWLRQ�DQLPDO�IDW�WR�WRWDO�IDW�EHLQJ�DVVRFLDWHG�ZLWK�D�VLJQLILFDQW����GLIIHUHQFH�
in GHGE density (0.40 kgCO2HT�������NFDO�����&,��������������DQG�D�VPDOOHU�
but significant 4% GLIIHUHQFH� LQ�/8�GHQVLW\� ������P2*\HDU�������NFDO�����&,��
�������������5DQGRP�FRXQWU\�HIIHFWV�ZHUH�WULYLDO��DQG�QRW�SUHVHQW�IRU�IDWV�DQG�
RLOV�LQ�DVVRFLDWLRQ�ZLWK�/8�GHQVLW\� 

For grain products, a 30 energy percent (about 210g/2,000 kcal) 
difference was associated with a significant 5% difference in GHGE density (-
0.26 kgCO2HT������� NFDO�� ���&,�� -������ -0.05) and a non-significant 1% 
GLIIHUHQFH� LQ� /8� GHQVLW\� ������P2*year/2,000 NFDO�� ���&,�� -������ ������� DQG�
country-VSHFLILF� HVWLPDWHV� VKRZHG� RQO\� VPDOO� GLIIHUHQFHV�� DQG� ZHUH� QRQ-
significant.  
)RU� FRIIHH� DQG� WHD�� WKH� HQYLURQPHQWDO� LPSDFW� IRU� HDFK� ����PO� GLIIHUHQFH�
VLJQLILFDQWO\� GLIIHUHG� E\� ���� IRU� *+*(� GHQVLW\� ������ kgCO2eq/2,000 NFDO��
���&,��������������DQG�E\����IRU�/8�GHQVLW\�������P2
\HDU�������NFDO�����&,��
�������������5DQGRP�FRXQWU\�HIIHFWV�ZHUH�QRW�SUHVHQW�IRU�*+*(�GHQVLW\��DQG�
WULYLDO�IRU�/8�GHQVLW\� 
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DISCUSSION 
 
This paper shows the added value of individual level food intake data to study 
environmental impact of diets at the detailed level of foods and across subjects, 
population (sub)groups and countries. Our analysis of survey data from four 
European countries shows that GHGE and LU footprints are proportionally 
related to energy intake, i.e. the amount of food consumed, and to diet 
composition, i.e. relative consumption quantities and the type of foods chosen 
within a food group. Of animal-sourced foods, variation in total meat, and in 
particular the proportion of ruminant meat, was the most important, while 
variation in fish products, dairy products, and the proportion of animal to total 
fats explained hardly any variation in environmental footprints. For plant-
sourced foods, higher consumption of grains was associated with a reduction in 
environmental footprints, but that of coffee and tea with an increase. As 
compared to energy intake and dietary choices, the demographic factors age, 
gender, educational level and overweight status were of minor importance to 
explain environmental impact for a 2,000 kcal diet. 

Cross-country comparison of dietary intake data is a challenge as dietary 
surveys in the four countries had different survey characteristics and dietary 
assessment methods which may have influenced the comparability of the 
results. Therefore, we used a common food classification system, 
harmonisation of recipe disaggregation, the same number of days, and 
standardisation to a 2,000 kcal diet using densities as attempts for dietary data 
harmonisation in this study [52]. The number of food items reported reflects a 
difference in coding-details and/or range of foods available in that country. 
However, this does not influence the results as the product-specific footprint 
values were based on similarities in primary product, type of food, production 
system and ingredient composition. Intra-class correlation coefficients for the 
two assessment days of dietary survey ranged from 0.26 (IT) to 0.51 (FR) for 
reported energy intake, from 0.16 (DK) to 0.31 (CZ/FR) for daily GHGE, and 
from 0.14 (DK) to 0.35 (CZ) for daily LU, hereby indicating no clear influence of 
the different dietary assessment methods regarding the time span between the 
two days included. Removing the within-subject variation using the NCI-method 
resulted – as expected – in a higher variation explained by country (Table 1, 2, 
and 3) than when using the average of observed values of GHGE and LU 
density (Table 5).  

Reported energy intake varied much more than estimated energy 
requirement, which is in line with poor reliability of estimating energy intake [53, 
54] and known differences between dietary assessment methods [55]. Relative 
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estimates of calculated nutrient intakes are however known to perform better 
[49]. Therefore, we expressed the diet-related GHGE and LU as densities 
(standardised to a 2,000 kcal diet), and we also expressed the food groups 
relative to energy by expressing them as energy percentages. This allows to 
study potential reduction in GHGE and LU by changing diet composition, 
independently of total energy intake. 

Our mean estimate of diet-related GHGE ranged from 5.2 to 6.0 
kgCO2eq/d for the four European countries, which is 17% higher than those 
previously reported for DK (4.6 kgCO2eq/d) [56], 53% higher for IT (3.4 
kgCO2eq/d) [14], and 46% higher for FR (4.1 kgCO2eq/d) [12]. Such a direct 
comparison of daily footprints to other studies is, however, hampered because 
of differences in the underlying LCA-methodology. First, we used the same 
standardised method to derive GHGE and LU values in all countries, but they 
may differ between countries because of intensive versus extensive animal 
production systems, greenhouse versus open-field (animal feed, crop growth 
methods), supply chain (use of side products, domestic versus foreign 
production, modes and distances of transportation, packaging and preparation 
methods), food losses and waste, etc. [18]. The choices related to the inventory 
data used, including system boundaries and management practices, and to 
transport distances and modes, food packaging and food preparation, are key 
to explain the inherent relevant variability in food-item LCA data [19]. Yet, the 
greatest environmental burden in food production originates for most food items 
from the primary production phase, i.e. the agricultural phase that involves all 
activities related to crop production and animal breeding, and this burden is 
highly related to management practices, spatial and temporal circumstances 
[57]. Conventional management practices were only captured in the present 
study, however they do not necessarily underperform organic practices [58-60]. 
Accounting for eating seasonal, for example, is expected to lower footprints of 
plant production, but reduction potentials are only minor on an absolute scale 
[61]. Second, our higher estimates could result from using the same primary 
product but different methods to derive product-specific footprint values at a 
detailed level, e.g. by the use of other standards for production and conversion 
factors to adjust for foods as eaten. Yet, the contribution of food groups for daily 
footprints ranked similarly as in previous studies [11, 12, 14, 56], which is in line 
with the assumption that diet composition can be assessed more robustly than 
daily footprints. Thus, our analysis precludes comparison of national food supply 
systems, however it allows for direct comparison of dietary patterns, as 
differences in national environmental footprints of the diets exclusively originate 
from energy intake and diet composition. Further work is required to understand 
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the variation originating from the nationally different agricultural systems. In 
particular, standardised refinement of LCA values to national food systems [19] 
and addition of e.g. fresh water use, nitrogen and phosphorus flows, biodiversity 
loss and land-system change to our SHARP-ID, would give a more balanced 
picture of environmental footprints in different countries.  

Reducing energy intake and modifying dietary choices are the corner 
stones of public health policies. A reduction in energy intake, in particular 
tackling overconsumption, is needed to improve health [62]. A prolonged pattern 
of overconsumption leads to a positive energy balance, hence a higher body 
weight that in turn results in a higher energy requirement. When overweight 
subjects would re-match their energy intake with an energy requirement for a 
10-15% lower body weight, they could lower their energy intake by on average 
6-9% (150 - 230 kcal), and thereby decrease their daily GHGE and LU up to 6-
9%. A similar reduction would be obtained when the total population would 
reduce their average energy intake by 200 kcal, as shown in Table 2. Because 
of the positive relationship between reported energy intake and environmental 
impact (Figure 2), and no clear relationship with the densities (per 2,000 kcal, 
Figure 3), our results suggest that lowering energy intake without changing diet 
composition, i.e. proportionally lowering intake from each food group, would be 
one strategy for reducing GHGE and LU of the daily diet. This is conceptually in 
line with strategies that target to reduce portion sizes [63]. 

In addition to lowering body weight and energy requirements, 
environmental impact of the diet can be reduced by modifying diet composition, 
i.e. by iso-caloric substitution that underlies diet modelling studies that keep 
energy intake constant [64]. In line with literature [65], our results show that dairy 
products contribute substantially less to the variation in environmental footprints 
than meat products. This suggests that dairy products can be part of an 
environmentally-friendly diet, and that reducing meat products has by far the 
largest potential for reducing the environmental impact of the diet, as often 
applied in theoretical replacement scenarios [7, 10]. A reduction of 5 energy 
percent in meat intake, i.e. corresponding to match food-based dietary 
guidelines for meat (71 g/day), with an iso-caloric increase in grain products 
decreased GHGE density and LU density by 10% and 15%, respectively. This 
reduction in meat consumption is however highly related to the origin of meat 
products chosen, as the regression coefficient for the proportion of ruminant 
meat to total meat is nearly as large as that for total meat.  

Moreover, our results on current dietary practices in the four European 
countries suggests that other small, but feasible, efforts to reduce daily footprints 
are related to changes within a food group. For example, in a theoretical 



IN FOUR EUROPEAN COUNTRIES  159

5

replacement scenario, replacing all animal fat by plant fat would on a population 
level have the largest reduction potential in CZ (9% and 5% for GHGE and LU 
GHQVLW\�� UHVSHFWLYHO\��DQG�)5�����DQG������KRZHYHU�� LW�ZRXOG�QRW� UHVXOW� LQ�D�
decrease in DK and IT where their current mean intake of animal fat was low 
(Table 4). Replacing two cups of coffee or tea by tap water will decrease GHGE 
and LU density by on average 6 and 2%. A caveat to such replacements is 
however that they are based on attributional LCAs, describing the potential 
impact of diet composition on GHGE and LU under the current architecture of 
the food system, probably applicable for 10-25 years depending on changes in 
food markets [40]. Thus, to assess long term impact of dietary changes, 
theoretical replacement scenarios should be evaluated using consequential 
LCA or food systems models, that account for potential changes in 
environmental flows resulting from adaptation of the food system, i.e. 
production, processing, waste streams, and consumers’ demand [66]. Recent 
studies demonstrate, for example, that diets containing a small amount of animal 
products from livestock raised under a circular economy concept, would use 
less arable land compared to a vegan diet [67]. In this food systems study, 
livestock is not fed with human-edible biomass, such as grains, but convert 
leftovers from arable land and grass resources into food, something which is not 
accounted for in LCA that are based on current food production systems. 

Lowering footprints via dietary changes is likely to influence nutritional 
quality of the diet. Our analyses quantified food intakes as contributions to 
energy. Among the plant-sourced foods, fruit, vegetables, potatoes, legumes, 
and nuts and seeds did not appear as relevant predictors of environmental 
footprints, because of their low observed energy contribution and low GHGE 
and LU values. This implies that increasing these food groups, as recommended 
by food-based dietary guidelines [68], would improve nutritional quality of the 
diet without substantially compromising environmental sustainability. Including 
these food groups in our multivariate multilevel analyses on diet composition 
enabled us to simulate influences of dietary shifts, like an x% replacement of 
energy from meat  either by grains or by fruit, vegetables, legumes and nuts. In 
our analyses, a replacement of 50% (i.e. 6 energy percent of meat) was 
predicted to decrease environmental footprints by 12% for GHGE and 16% for 
LU, with minor improvements in nutritional quality, i.e. an increase of 1% in the 
nutrient density of the diet as quantified by the Nutrient Rich Diet 15.3 score 
(NRD15.3) ZKHQ�XVLQJ�JUDLQ�SURGXFWV�DV�UHSODFHPHQW��LW�LPSURYHG�E\����ZKHQ�
using fruit, vegetables, legumes and nuts as replacement instead of grain 
products (Supplementary Table 2). Moreover, simulating more rigorous 
changes in diet composition, e.g. by using the healthy reference diet proposed 
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by the EAT-Lancet Commission [4], predicted a substantial 26% decrease in 
environmental footprints and 12% increase in NRD15.3. A more detailed 
analyses of nutritional quality is however warranted, as summary indicators fail 
to point out specific nutrient improvements and/or deficiencies. In our data, 
simple replacements of meat by fruit, vegetables, legumes and nuts and in 
particular the reference diet alleviated the nutritional inadequacy of fibre, 
potassium, magnesium and vitamin E, whereas for nutrients vitamin B2 and 
vitamin B12 substantial decreases were observed, of which the latter might 
become a nutrient of concern, in particular in the EAT-lancet reference diet. 
Thus, strategies that target environmental impact by shifts in diet composition 
need to focus on an increase in nutrient-dense foods, like fruit, vegetables, 
legumes and nuts and seeds, while decreasing animal-sourced foods but not 
eliminating them. 

In our analyses of environmental footprints of the diet, demographic 
subgroups did not explain appreciable variation once energy and country were 
taken into account. In line with our earlier paper on dietary quality [52], we 
observed that the contributions of food groups to GHGE and LU did vary across 
population subgroups (Figure 3, Table 4). Higher intakes of fruit and vegetables, 
along with lower intakes of red and processed meat, were observed among 
women and subjects with a higher educational level. Diet composition is 
however influenced by much more determinants than only demographics 
factors, as outlined in the Determinants Of Nutrition and Eating (DONE) 
framework that mapped a total 441 determinants of food choice, eating 
behaviours and dietary intake in the individual and interpersonal domain, and in 
the food environmental and policy domain [69].  Moreover, a recent report from 
the SUSFANS project showed that willingness to change meat consumption as 
a way of improving environmentally-friendliness of the diet highly depends on 
consumers’ psychographics (e.g.: knowledge, attitude, social and personal 
norms, perceived effectiveness), next to consumers’ demographics [70]. 
Although long-term trends in food consumption show that major dietary changes 
have occurred in Europe, food policy measures towards a more 
environmentally-friendly diet should also account for consumers’ attitude and 
provide options that are incremental to national diets, affordable and widely 
accessible. 
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CONCLUSION 
 
In conclusion, observed variation in daily footprints of consumers’ diets was 
mainly explained by the amount of energy consumed, which suggests that 
fighting obesity and reducing environmental footprints could go hand in hand. 
Once energy intake was accounted for, of our set of demographics, only country 
explained variation in footprints, which could not be unravelled into 
characteristics of the national food supply chains due to limitations of our 
standardised database of GHGE and LU values. Contributions of food groups 
to footprints however varied between countries, suggesting that the national 
food system is a likely determinant of dietary choices of consumers. Once 
country and reported energy intake were accounted for,  total meat – especially 
ruminant meat –, explained most of the variation in environmental footprints, 
while variation by other animal-sourced foods, such as fish, dairy products and 
animal fats, were less prominent.  
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ABSTRACT 
 
To initiate the achievement of an European-wide applicable public database for 
indicators of environmental sustainability of the diet, we developed the SHARP 
Indicators Database (SHARP-ID). A comprehensive description of the 
development of the SHARP-ID is provided in this article. In the SHARP-ID, 
environmental impact assessment was based on attributional life cycle analyses 
using environmental indicators greenhouse gas emission (GHGE) and land use 
(LU). Life cycle inventory data of 182 primary products were combined with data 
on production, trade and transport, and adjusted for consumption amount using 
conversions factors for production, edible portion, cooking losses and gains, and 
for food losses and waste in order to derive estimates of GHGE and LU for the 
foods as eaten. Extrapolations based on similarities in type of food, production 
system and ingredient composition were made to obtain estimates of GHGE and 
LU per kg of food as eaten for 944 food items coded with a unique FoodEx2-
code of EFSA and consumed in four European countries, i.e. Denmark, Czech 
Republic, Italy and France. This LCA-food-item database can be linked to food 
intake data collected at the individual level in order to calculate the 
environmental impact of individual’s diets. The application of this database to 
European survey data is described in an original research article entitled 
“Dietary choices and environmental impact in four European countries” [1]. 
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SPECIFICATIONS TABLE�
Subject area Nutrition sciences 
More specific subject area Diet-related environmental sustainability 
Type of data Figures and tables 
How data was acquired Raw data on the environmental impact of all the food’s 

life cycle stages were extracted from existing public 
databases and from recent publications.  
Life cycle inventory data of Agri-footprint and Ecoinvent 
were accessed using the software program SimaPro 
(Multi-user version 8.4.0.0).  
Raw data on the environmental impact of all the food’s 
life cycle stages were compiled to calculate 
environmental impact of the food as consumed using 
Microsoft Excel.  

Data format Raw processed and analysed data, descriptive 
statistics 
The raw data are available on a data repository. 

Experimental factors Data taken from published sources were processed to 
provide estimates of GHGE and LU for assessing the 
environmental impact of an individual diet.  

Experimental features 1R�H[SHULPHQWDO�ZRUN�ZDV�FDUULHG�RXW��FDOFXODWLRQV�
were based on published data. 

Data source location Foods included in the SHARP-ID were based on the 
reported food intake of the four European countries 
included in the SUSFANS project, i.e. Denmark, Czech 
Republic, Italy and France, resulting in a list of 944 
food items coded with a unique FoodEx2-code. 

Data accessibility Estimates of environmental impact for a food, as coded 
by the FoodEx2, are available on a data repository with 
the following doi https://doi.org/10.17026/dans-xvh-
x9wz. The associated file that includes all the 
calculations  is available upon request for scientific 
applications. Contact point for further use is prof Pieter 
van ‘t Veer at the Division of Human Nutrition and 
Health, Wageningen University 
(pieter.vantveer@wur.nl). Reproduction and translation 
for non-commercial purposes are authorised, provided 
the source is acknowledged and the publisher is given 
prior notice and sent a copy. 

Related research article Mertens, E., A. Kuijsten, H.H.E. van Zanten, G. Kaptijn, 
M. Dofková, L. Mistura, L. D'Addezio, A. Turrini, C. 
Dubuisson, S. Havard, E. Trolle, J.M. Geleijnse, and 
P.v.t. Veer, Dietary choices and environmental impact 
in four European countries. Journal of Cleaner 
Production, 2019. 237: p. 117827. 
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VALUE OF THE DATA 
 

x The data serve to quantify the environmental impact of the diet in the 
consumer domain using highly-disaggregated food consumption data 
collected at the individual level. Using this consumption-oriented 
approach allows studying environmental impact of the diet with other diet-
related aspects, like dietary quality, food preferences, food affordability, 
etc.  

x The data permit comparisons of environmental impact of individual’s diets 
within and between populations, if using comparable dietary assessment 
methods.  

x The data provide a basis for new research undertakings that are directed 
to broadening the understanding of the interrelationships between 
environment, food, and health.  

 
 
 
DATA 
 
The SHARP-Indicators Database (SHARP-ID) presented here constitute the 
basis for quantifying the environmental impact of an individual’s diet. This 
database provides for each single food item an estimate on greenhouse gas 
emissions (GHGE) and land use (LU) per kg of food as eaten. Food items 
included in the SHARP-ID were based on the reported food intake of the four 
European countries included in the SUSFANS project [2], i.e. Denmark, Czech 
Republic, Italy and France. Intake data of these four countries were coded using 
FoodEx2 Exposure Hierarchy of the European Food Safety Authority (EFSA) [3, 
4], resulting in a list of 944 food items coded with a unique FoodEx2-code for 
which environmental footprint of the food product’s life cycle was assessed 
using attributional life cycle analyses (LCA). Table 1 shows the summary 
descriptive statistics of GHGE (in kgCO2eq/kg food as eaten) and LU (in 
m2*year/kg food as eaten) for different food groups. Starting from life cycle 
inventory data on primary products, estimates were obtained for GHGE and LU 
per kg of food as eaten by using appropriate conversions factors to reflect 
amount as consumed and including impacts from packaging, transport and 
home preparation. Life cycle inventory data were retrieved from Agri-Footprint 
2.0 [5, 6] , Ecoinvent 3.3 [7], CAPRI [8], and supplemented by recent literature 
and technical reports (Figure 1 and Table 2). Impacts of composite foods were 
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estimated using the ingredients/primary products that make up the foods using 
recipes from the Dutch food composition table [9] or the first hit on internet. 
Conversion factors for production were taken from Bowman [10, 11] and FAO 
[12], for edible part and for weight gain or losses during preparation from Bognar 
[13] and the Health Council of Belgium [14], and for food losses and waste from 
Broekema and Kuling, as documented in [15]. Impacts from packaging were 
retrieved from Ecoinvent 3.3 [7], using the most common packaging format, as 
reported by [16] (Table 3). Impacts from transport were retrieved from RVO [17], 
using information on trade and transport from FAOstat, BACI World Trade 
Database, GTAP and Geodis. Impacts from home preparation in energy use 
(MJ) were based on Foster [18] and Carlsson-Kanyama [19] (Table 4), and 
recalculated into GHGE (CO2eq) using the methods of H Mombarg and A Kool 
[20]. 
 
 
 
Table 1 Average GHGE (in kgCO2/kg food as eaten) and average LU (in m2*year/kg food as 
eaten) for 17 food groups according to level 1 of the FoodEx2 Exposure Hierarchy. Values are 
means with their standard deviations.  

Food groups according to level 1  
of the FoodEx2 Exposure Hierarchy 

Number of 
food items 

GHGE LU 
Mean (SD) Mean (SD) 

Grains and grain-based products 139 3.9 (5.9) 5.8 (6.0) 
Vegetable and vegetable products 109 1.8 (3.7) 0.8 (1.9) 
Starchy root or tubers and products 14 0.8 (0.4) 0.8 (0.6) 
Legumes, nuts and oilseeds 43 2.1 (1.9) 7.9 (13.6) 
Fruit and fruit products 90 0.9 (0.6) 0.8 (0.7) 
Meat and meat products 113 17.1 (9.5) 28.5 (17.4) 
Fish and fish products 96 15.2 (16.7) 2.1 (4.3) 
Milk and dairy products 111 11.5 (6.6) 11.5 (7.0) 
Eggs and egg products 13 5.3 (5.3) 16.1 (17.0) 
Sugar and confectionary 30 2.6 (2.7) 3.7 (3.6) 
Animal and vegetable fats and oils 29 7.1 (9.1) 16.9 (13.8 
Fruit and vegetable juices 27 1.2 (0.5) 1.0 (0.9) 
Water and water-based beverages 27 0.4 (0.1) 0.3 (0.2) 
Alcoholic beverages 33 1.1 (0.3) 0.7 (0.2) 
Coffee, cocoa, tea 30 1.5 (3.4) 1.6 (4.7) 
Composite dishes 20 4.8 (2.5) 7.5 (4.2) 
Miscellaneous 20 2.2 (1.2) 6.3 (6.9) 
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EXPERIMENTAL DESIGN, MATERIALS, AND METHODS 

 
(QYLURQPHQWDO�LPSDFW�RI�SULPDU\�SURGXFWLRQV�
Life cycle inventory data of Agri-Footprint 2.0 [5, 6], Ecoinvent 3.3 [7] and CAPRI 
[8] were used as an input for the SHARP-ID and provided information on 
greenhouse gas emissions (GHGE) and land use (LU) of primary food products, 
i.e. environmental impacts until the farm gate. GHGE was expressed in kilogram 
CO2equivalents (kgCO2eq) per kg primary product, with 1 kgCH4 equal to 25 
kgCO2, and 1 kgN2O equal to 298 kgCO2 (IPCC 2007). LU was expressed in 
m2*year per kg primary product, and was calculated as 10000/yield. With 
SimaPro (Multi-user version 8.4.0.0), life cycle inventory data of Agri-footprint 
and Ecoinvent were accessed. Agri-footprint was used as a first data source, 
and was where needed supplemented by Ecoinvent and other data sources. For 
livestock products, i.e. all meat, milk and egg products, we used data from 
CAPRI, as these data cover an European average for these animal-sourced 
foods. Relevant recent literature and technical reports were used to fill data 
gaps, for example for fish products. For the FoodEx2-codes where no primary 
product data were available, extrapolations were made based similarities in 
cultivation and production method, and the producing country. Impacts between 
products and co-products were based on economic allocation for all foods, 
except for animal-sourced foods where nitrogen allocation was used because 
the nitrogen content serves as an indicator of the physical and causal 
relationship between products and emissions [8]. 

For composite foods, a break-down into their ingredients is needed before 
linking these to their corresponding primary products. Food items consisting of 
two or more primary products, for example grain-based products like bread, 
cookies and cakes, composite dishes like pizza, hamburger, goulash, soups and 
salads, and milk desserts like pudding and milkshake, etc. are regarded as a 
FRPSRVLWH� IRRG�� UHJDUGOHVV� Zhether they are prepared at home or 
manufactured. To calculate the environmental impact of a composite food, 
recipes taken from the Dutch food composition table [9] or the first hit on internet 
were used to break-down composite foods into its ingredients. Using the mass 
balance and the environmental impact of the ingredients, a weighted impact of 
the composite dish was calculated. In total, we used 42 different recipes, and a 
recipe was also used as a proxy for composite foods with comparable ingredient 
composition. All recipes for composite foods were assumed to be homogenous 
across Europe. 
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Figure 1 shows the process of mapping food to primary products from 

different life cycle inventory data sources, and table 2 shows for each food group 
of the FoodEx2-classification (at Level 1) their corresponding life cycle inventory 
data source used for quantifying environmental impact. 
 
 
 

 
 
Figure 1 Mapping foods to primary products from different life cycle inventory data sources. 
  

Direct mapping to primary products:
Agri-footprint 2.0 (2015): 142 FoodEx2-FRGHV�
Ecoinvent 3.3 (2016): 105 FoodEx2-FRGHV�
CAPRI (Weiss & Leip (2012)): 198 FoodEx2-FRGHV�
Other LCA publications: 68 FoodEx2-FRGHV�

Direct mapping to primary products using recipes: 81 FoodEx2-codes

Proxy value for primary products:
Agri-footprint 2.0 (2015): 73 FoodEx2-FRGHV�
Ecoinvent 3.3 (2016): 84 FoodEx2-FRGHV�
CAPRI (Weiss & Leip (2012)): 30 FoodEx2-FRGHV�
Other LCA publications: 65 FoodEx2-FRGHV�

Proxy value for recipes: 98 FoodEx2-codes
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Table 2 Food groups of the foodEx2-classification (at Level 1) and their corresponding life 
cycle inventory data source used for quantifying environmental impact. 

Level 1 food groups of the 
FoodEx2-classification 
system 

Number of foods 

Main data sources Total via 
direct 

mapping 

via 
proxy 

via 
recipes 

via 
proxy 

recipes 

Grains and grain-based 
products 

137 48 9 25 55 Agri-footprint 

Vegetable and vegetable 
products 

109 44 65 - - Agri-footprint,  
Ecoinvent 

Starch roots or tubers and 
products thereof 

9 9 - - - Agri-footprint 

Legumes, nuts and oilseeds  42 25 17 - - Agri-footprint,  
Other publications 

Fruit and fruit products 90 35 45 8 2 Ecoinvent 

Meat and meat products 107 81 26 - - CAPRI,  
Other publications 

Fish and fish products 93 41 52 - - Other publications 

Milk and dairy products 110 102 3 3 2 CAPRI,  
Other publications 

Eggs and egg products 12 12 - - - CAPRI,  
Other publications 

Sugar and confectionary 30 7 10 6 7 Agri-footprint 

Animal and vegetables fats  29 17 6 2 4 Agri-footprint, 
Ecoinvent,  
CAPRI 

Fruit and vegetable juices  27 13 14  - Ecoinvent,  
Agri-footprint 

Water and water-based 
beverages 

27 9 1 17 - Agri-footprint 

Alcoholic beverages 34 21 - 1 12 Agri-footprint, 
Ecoinvent 

Coffee, cocoa, tea 30 27 - 3 - Ecoinvent,  
Agri-footprint, 
Other publications 

Composite dishes 38 10 2 13 13 Agri-footprint, 
CAPRI,  
Other publications 

Miscellaneous, including 
food products for young 
population, non-standard 
diets, seasoning and sauces  

20 13 1 3 3 Ecoinvent,  
Agri-footprint 

 �
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(QYLURQPHQWDO�LPSDFW�IURP�SURGXFWLRQ�XQWLO�FRQVXPSWLRQ�
 

Conversion factors to reflect amount as consumed 
To calculate the environmental impact for foods as consumed, we applied 
conversion factors for production, for edible part, for weight gain or losses during 
preparation, and for food losses and waste at production and at consumption 
phase.  
 A production factor was applied for primary products that undergo further 
production processing to extend shelf life, to render palatability, edibility, safety, 
etc. Examples of this kind of products are wheat that is milled into flour, grapes 
that are dried to render raisins, fruits that are squeezed to render fruit juice. This 
kind of processing results in a mass change of the primary product (the 
production amount is not the same as the amount of retail), hence the need for 
a production factor. This production factor LV�XVXDOO\�KLJKHU� WKDQ������ZLWK� LWV�
magnitude depending on the primary product and its undergoing production 
process. Production factors, as documented by Bowman [10], were applied to 
FRQYHUW�D�SURFHVVHG�IRRG�LWHP�WR�LWV�UDZ�SULPDU\��SURGXFW�DV�IRXQG�DW�UHWDLO�OHYHO��
herby only accounting for mass differences [11]. Technical production factors 
for products derived from milk, such as cream, cheese and butter, were taken 
from FAO [12]��EHFDXVH�SURGXFWLRQ�\LHOGV�RI�SURGXFWV�GHULYHG�IURP�PLON�WHQG�WR�
vary between countries, as these are highly dependent on the composition of 
the raw milk, for example cheese yield is related to casein and fat content of the 
milk. None of the production factors accounted for water and energy consumed, 
however the latter was taken into account in a later stage by adding preparation 
at home to the GHGE of that food item. 
 Conversion factors for consumption refuse (e.g.: skin, peel, core, pits, 
trimming), weight losses and gains during preparation were applied for products 
where the amount bought at retail differs from the amount of consumed. 
Examples of this kind of conversion factors are the adjustment of bananas for 
its peel (using a factor for edible portion), cooked vegetables for their raw 
amount (using a factor for weight loss during cooking), cooked rice  for  
uncooked rice (using a factor for weight gain during cooking). Conversion factors 
were taken from Bognar [13] and from the Health Council of Belgium [14]. For 
processed foods, these kind of conversion factors were already included in the 
production factor.  

Percentage of food losses and waste, estimated by Broekema et al. 
(2015) and Kuling et al. (2015), as documented in [15], were applied to further 
adjust consumption amount to production amount. Food losses included losses 
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during storage, processing, packaging and transport, and losses at the 
supermarket and at home (i.e. losses of the edible parts of the food, i.e. waste). 
Percentage of food losses were estimated at the level of food groups, and food 
groups not included were assumed to have an average food loss percentage.  
 
Environmental impact of packaging 
For the packaging of food products, we included primary packaging (Table 3), 
but excluded secondary and tertiary packaging, such as carton boxes and 
pallets. The main reason for only including primary packaging was that this has 
the highest impact on the environment. Data on packaging were retrieved from 
(FRLQYHQW������XVLQJ�WKH�PRVW�FRPPRQ�SDFNDJLQJ�IRUPDW�IRU�WKDW�IRRG�LWHm, as 
reported by [16].   
 
Table 3. Packaging and their associated foods. 

Packaging material Foods  

Average of glass bottle and can (for 0.3L drinks)  Beer  

Average of glass bottle and can (for 0.3L drinks), and 
PET bottle (for 1L drinks) 

Soft drinks, fruit juices and water 

Glass bottle (for 150g jam) Jam, peanut butter, chestnut puree, honey  

Average of glass bottle (for 500g dressing) and 
HDPE container (for 1L ketchup) 

All kind of sauces, dressing and syrups 

Average of HDPE container and glass bottle (for 
500mL oil) 

Oils 

Glass bottle (for 500mL oil) All kind of alcoholic beverages other than beer 

PE bag (for 500g of pasta) Pasta, rice, bread, coffee, tea, milk powder 

PP bag (for 400g of cereals) Cornflakes, candies 

Drink carton (for 1L milk)  Milk, plant-based alternative for milk 

HDPE container (for 1L ice cream) Ice cream, sorbet, composite dishes like 
soups, goulash 

HDPE container(for 400g margarine) Margarine, spreadable cheese, composite 
salad dishes 

PS container (for 2dL yoghurt) Yoghurt, quark, dairy desserts, soft cheeses 

PS container (for 500g meat) Meat, fish, tofu, hard cheese, nuts 

Pulp tray (for 10 eggs) Eggs, composite pizza-like dishes like 

PS bag (for fruit, vegetables, potatoes) Fruit, vegetables, potatoes 

Average of aluminium and tin can (for 500g food) Canned fruit and vegetables 

Average of aluminium and tin can (for 150g food)  Canned meat and fish, condensed milk 

Abbreviations: PET,  PolyEthylene Terephthalate, HDPE, High-'HQVLW\�3RO\(WK\OHQH��3(��3RO\(WK\OHQH��
33��3RO\3URS\OHQH��36��3RO\6W\UHQH� 
�  
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Environmental Impact of transport 
Trade and transport data were obtained from FAOstat, BACI World Trade 
'DWDEDVH� DQG� *7$3� XVLQJ� UHIHUHQFH� \HDU� ������ WKHVH� GDWD� SURYLGHG�
LQIRUPDWLRQ� DERXW� WKH� FRXQWULHV� RI� WUDGH� DQG� LWV� FRUUHVSRQGLQJ� DPRXQW�� UDWLR�
LPSRUWHG� GRPHVWLFDOO\� SURGXFHG�� DQG� WKH� UDWLR� IRU�PRGH�RI� WUDYHO� �DLU�� ZDWHU��
land). Distances between trading countries were obtained from Geodist. 
7UDQVSRUW� GLVWDQFHV� IRU� LPSRUWHG� IRRG� LWHPV� ZHUH� WDNHQ� IURP� WKH� SURGXFLQJ�
FRXQWU\�RI�WKH�UDZ�SULPDU\�SURGXFW�WR�WKH�FRXQWU\�WKDW�ZLOO�PDQXIDFWXUH�FRQVXPH�
WKDW�UDZ�SULPDU\�SURGXFW��DQG�WKXV�H[FOXGLQJ�WUDQVSRUW�ZLWKLQ�WKDW�FRXQWU\�IURP�
UHWDLOHUV� WR� KRPH�� )RU� ORFDOO\� SURGXFHG� DQG� ORFDOO\� FRQVXPHG� IRRG� LWHPV��
GLVWDQFH�IRU�WUDYHOOLQJ�E\�WUXFN�ZLWKLQ�DQ�DYHUDJH�(XURSHDQ�FRXQWU\�ZDV�XVHG��
(PLVVLRQV�RI�WUDQVSRUW�E\�DLUSODQH��VKLS��DQG�WUXFN�ZHUH�WDNHQ�IURP�RVO [17]. 
5HIULJHUDWLRQ� RI� D� YHKLFOH� DGGV� ���� WR� WKH� HPLVVLRQV�� D� FKLOOHG� YHKLFOH� ZDV�
assumed for all dair\��PHDW��YHJHWDEOHV��H[FHSW�IRU�WXEHUV��DQG�IUXLW�SURGXFWV��
&KLOOHG� WUDQVSRUW�ZDV�QRW�FRQVLGHUHG� IRU�FRPSRVLWH�GLVKHV��SURFHVVHG� IRRGV��
FDFDR���GULQNV��LQFOXGLQJ�VZHHW�DQG�DOFRKROLF�GULQNV��FRIIHH�DQG�WHD��DQG�ZDWHU��
DV� WKH\� ZHUH� DVVXPHG� WR� EH� SUHSDUHG� DW� KRPH� DQG�RU� SDFNDJHG� LQ� D�
WLQ�JODVV�FDQ�ERWWOH��DQG�WKXV�QR�QHHG�WR�EH�FKLOOHG�� 
 
Environmental impact of food preparation 
9DOXHV�IRU�KRPH�SUHSDUDWLRQ�ZHUH�EDVHG�RQ�)RVWHU�[18] ZKR�EDVHG�KLV�YDOXHV�
on Carlsson-Kanyama [19]��LQIRUPDWLRQ�ZDV�DYDLODEOH�IRU��ERLOLQJ��IU\LQJ��RYHQ�
EDNLQJ��URDVWLQJ�DQG�PLFURZDYLQJ��7DEOH�����(QHUJ\�XVH��0-��ZDV�UHFDOFXODWHG�
LQWR�*+*(� �&22HT�� XVLQJ� WKH�PHWKRGV�RI�+�0RPEDUJ�DQG�$�.RRO� >��@, and 
XQGHU� WKH� DVVXPSWLRQ� WKDW� KDOI� WKH� HQHUJ\� XVH� ZDV� IURP� JDV� DQG� KDOI� IURP�
HOHFWULFLW\�� 1R� YDOXHV� ZHUH� DVVLJQHG� WR� DOFRKROLF� EHYHUages, animal and 
YHJHWDEOH� IDWV� DQG� RLOV�� VDODGV� RI� FRPSRVLWH� GLVKHV�� XQSUHSDUHG� HJJV�� IUXLWV�
H[FHSW� IRU� MDPV�� IUXLW�DQG�YHJHWDEOHV� MXLFHV�DQG�QHFWDUV�� IORXUV��XQSURFHVVHG�
EUHDNIDVW� FHUHDOV�� QXWV�� PLON� DQG� GDLU\� SURGXFWV� H[FHSW� IRU� SXGGLQJV�� SODQW�
alternatLYHV�IRU�PLON��VHDVRQLQJ��VDXFHV�DQG�FRQGLPHQWV��H[FHSW�IRU�ZKLWH�DQG�
tomato sauce, confectionary and water-EDVHG�VZHHW�GHVVHUWV��YHJHWDEOHV�DQG�
YHJHWDEOHV� SURGXFWV� UHJXODUO\� FRQVXPHG� DV� UDZ� �� ZDWHU� DQG� ZDWHU-based 
EHYHUDJHV��EHFDXVH�QRW�KRPH-SUHSDUHG�DQG�RU�FRXQWHG�E\�IRRG�SURGXFWV�ZLWK�
ZKRP�LW�LV�FRQVXPHG�WRJHWKHU��DQG�RU�FRQVXPHG�DV�UDZ� 
�  
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Table 4. Environmental impact of home preparation. 

Way of home preparation Foods 

Boiling water Coffee, tea, cocoa beverages 

Boiling potatoes Potatoes, soups, grains, vegetables, jams and juices, legumes, puddings  

Frying Fried dishes 

Microwaving Oat porridge 

Oven baking Bread products and cookies, dried eggs and dried vegetables 

Roasting Meat and fish products 

 
 
 
&DOFXODWLRQV�RI�WKH�ILQDO�YDOXHV�RI�*+*(�DQG�/8���
DV�LQFOXGHG�LQ�WKH�6+$53�ID�
For each FoodEx2-code, total GHGE and LU per kg of food as eaten were 
calculated using the following formula, respectively:  
 
GHGE = GHGE at farm gate x production factor x (1/edible factor) x 
(1/shrinkage, swelling factor) x (1/losses, waste factor) + packaging + transport 
+ preparation at home 
 
LU = LU at farm gate x production factor x (1/edible factor) x (1/shrinkage, 
swelling factor) x (1/losses, waste factor)  
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RATIONALE 
 
Composing healthy diets is quite complex, as each food has a different mixture 
of nutrients, non-nutrients and bio-actives, but also differently affects non-
communicable disease risk. Current dietary practices fail to meet guidelines for 
a healthy diet, hereby contributing to the triple burden of malnutrition, including 
undernutrition, obesity and non-communicable diseases. Apart from that, they 
also have a major impact on the environment, affecting greenhouse gas 
emissions, biodiversity, land and freshwater use, and nitrogen and phosphorous 
cycles. The key challenge is therefore to design future diets that not only meet 
guidelines for a healthy diet, but also reduce environmental impact of the diet. 

Previous research has addressed this problem of designing improved 
diets by using food-based mathematical diet optimisation models [1]. Such diet 
models construct linear combinations of foods, in which the total nutrient intake 
and environmental impact meets a priori defined criteria for a healthy diet at 
minimum environmental impact. The weights of the various foods then reflect 
an optimised dietary pattern. As these improved diets are just linear 
combinations of foods, they ignore intrinsic interdependencies in the diet 
pattern, unless additional a priori criteria on food habits are added to the model. 
Defining these food-habit criteria, however, involves expert judgements on basic 
food interrelationships, realistic food quantities and dietary preferences of 
consumers. There is thus a need for a diet model that implicitly accounts for 
these aspects without specifying these as additional subjective constraints on 
foods or dietary preferences.  

A benchmarking diet model does not calculate optimal diets as linear 
combination of foods, but as linear combinations of whole diets, and 
consequently preserves many of the intrinsic interdependencies between foods 
[2]. It therefore contributes to the literature by composing diets that are not only 
healthy and environmentally sustainable, but also implicitly account for dietary 
preferences. In a benchmarking diet model, starting from a set of observed diets, 
those diets that perform better than others are identified and are used to improve 
the diet of others. In this way, improved diets are assumed to be realistic and 
feasible for each consumer in the population as they are within the range of 
observed diets and preserve intrinsic interdependencies between foods.  
 

  



THE BENCHMARK DIET MODEL  191

6

 
 

THE METHOD OF BENCHMARKING DIETS 
 
The benchmarking diet model builds on a Data Envelopment Analysis (DEA) 
model. Briefly, starting from all observed diets within a population sample, the 
DEA-model identifies efficient diets, and subsequently uses this set of existing 
efficient diets to generate linear combinations in order to arrive at a healthier 
diet for others. Unlike the food-based diet optimisation models, the 
benchmarking approach does not necessarily imply that the modelled diets do 
fully comply with the a priori defined criteria, but modelled diets are closer to this 
set of criteria than observed diets, and thus they move in the proper direction.  
 

,GHQWLILFDWLRQ�RI�H[LVWLQJ�HIILFLHQW�GLHWV�
The identification of efficient diets starts with a set of existing diets (or day 
menus) as observed in the population, for example obtained from dietary survey 
data collected at the individual level. In our model, observed diets are 
standardised for energy using the density method in order to allow for a fair 
comparison of the diet quality between the diets [3].  

While benchmarking diets for health, the identification of existing efficient 
diets is based on a comparison of each observed diet with all other diets 
regarding a priori defined criteria for a healthy diet. A diet is identified as efficient 
when this diet has the most “dietary components to increase” for the least  
“dietary components to decrease”, as compared to the other diets, or vice versa. 
Criteria for a healthy diet should thus enclose both “dietary components to 
increase” and “to decrease”. Staring from the observed diet, the “dietary 
components to increase” represent the additions to the diet for arriving at a 
heathier diet, and the “to decrease” the sacrifices.  

Using the criteria for a healthy diet, the set of existing efficient diets 
creates a ‘solution space’ (an ‘envelop’) to arrive at healthier diets for the others, 
hence the term Data Envelopment Analysis. This implies that the included 
criteria for a healthy diet and the set of existing efficient diets are the starting 
point to set the direction for dietary improvement. The rationale for selecting 
criteria for a healthy diet is therefore of crucial importance, while the set of 
efficient diets determines the range of dietary improvement options to arrive at 
realistic and feasible healthier diets. 
 �
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0RGHOOHG�KHDOWKLHU�GLHWV���
L�H��GLHWV�JHQHUDWHG�IURP�WKH�VHW�RI�H[LVWLQJ�HIILFLHQW�GLHWV�
In the benchmarking diet model, for each observed inefficient diet, options for a 
healthier diet are sought within the range of observed diets in the population 
under study. These healthier diet options are defined by the so-called efficient 
frontier (see Figure). The efficient frontier includes all efficient diets, as identified 
by the DEA-model, and is used to generate healthier diets as linear 
combinations (weighted averages) of those efficient diets. For each inefficient 
diet, options for healthier diets are calculated by minimising the distance to the 
efficient frontier, i.e. either by increasing “the components to increase” for the 
same level of “to decrease” or analogously decreasing “the components to 
decrease” for the same level of “to increase”. Similar to food-based diet 
optimisation models, to increase the likelihood of adopting the modelled diets, 
the benchmarking diet model also aims to minimise some measure of distance 
between the modelled and observed diets. Such measures of distance still 
require expert evaluation. Nevertheless, the benchmarking diet model builds on 
empirical diets as a way to implicitly account for dietary preferences. The 
assumption underlying this is that peer resemblance is one of the most important 
determinants to affect consumer diets.  
 

 

Figure A benchmarking diet model derives 
options for dietary improvement within the 
range of observed diets. 

 

The benchmarking diet model derives 
options for dietary improvements within 
the range of observed diets (ellipse, #1), 
but not necessarily in the normative 
domain for a healthy diet (upper-left 
rectangle, #2). In the diet benchmark, a 
diet that performs better than others with 
regard to the ratio of “dietary components 
to increase” to “to decrease” (Y and X-
axis respectively, #3) is identified as an 
efficient diet. All those efficient diets lie 
on the efficient frontier, and they 
determine the “envelop” for dietary 
improvements (#4). 
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The model enables to study trade-offs between different objectives for dietary 
change, related to e.g. dietary preferences, healthiness or environmental 
sustainability. Within the envelop for dietary improvement, these options for 
healthier diets can be explored by taking different linear combinations of the 
existing efficient diets on the efficient frontier. In our model, trade-offs between 
pairs of� objectives were studied as a weighted sum objective function to 
calculate a set of so-called pareto optima solutions [3]. In our case, objective 
functions were a measure of absolute deviations from the observed diet for 
dietary preferences, a nutrient-based diet score for healthiness in terms of 
nutrient quality, and diet-related greenhouse gas emissions for environmental 
sustainability. After normalising these objective functions, a set of pareto optima 
solutions were calculated by giving full weight to one objective (e.g. dietary 
preferences), followed by stepwise increasing the weight for another objective 
(e.g. healthiness), and calculating the alternative diet after each step until full 
weight was given to that second objective. In particular, in our model, trade-offs 
of dietary preferences against nutrient quality and against environmental 
sustainability were studied, and this resulted in three dietary improvement 
options, i.e. modelled diets that (a) remain close to the observed diet, (b) have 
a high nutrient quality or (c) have a low environmental impact [3].   
 

 

CONCLUSION  
 
A benchmarking diet model allows for the identification of existing better diets 
and provides a framework for improvement of diets and making trade-offs 
between different objectives. As compared to the food-based diet optimisation 
model, the advantage of benchmarking diets is that the improved diets are a 
combination of existing diets, and thus they implicitly account for intrinsic 
relationships between foods in the diet. Benchmarked diets that are frequently 
used for dietary improvements can provide guidance for defining policy goals to 
improve human health and to protect the environment. In addition, using the 
efficient frontier of existing healthier diets enables to model diets that offer 
policymakers and consumers options to improve the diet by giving weights to 
their public or personal priorities. Thus, by using peer resemblance, the 
benchmarking diet model provides different solutions for an improved diet within 
the range of observed diets.   
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SUPPLEMENTARY MATERIALS 
 
'HVFULSWLRQ�RI�WKH�'DWD�(QYHORSPHQW�$QDO\VHV��'($��PRGHO�
As described by Kanellopoulos et al. [2], the DEA-model can be used as an 
alternative for designing options for dietary improvement by benchmarking diets. 
The DEA-model identifies efficient diets in two stages [4]. The first stage 
PD[LPLVHV�WKH�YDOXH�RI�WKH�GHFLVLRQ�YDULDEOH�ș��Ͳ ൑ ߠ ൑ ͳሻ which is the relative 
efficiency score of the evaluated diet. TKH�KLJKHU�WKH�YDOXH�RI�ș, the higher the 
efficiency of the evaluated diet, and an efficient diet receives the value of 1. The 
efficiency score ș is obtained as follows: 
 

��� ቐߠ െ ߳ ቌ෍ݏ௜ି

௜

൅෍ݏ௝ା

௝

ቍቑ  

Subject to:  

෍ݔ௜௞
௞

௞ߣ ൅ ௜ିݏ ൌ ݅ ௜଴ݔߠ ൌ ͳǡʹǥ ǡ  ݌

෍ݕ௝௞ߣ௞
௞

െ ௝ାݏ ൌ �௝଴ݕ ݆ ൌ ͳǡʹǥ ǡ  ݍ

෍ߣ௞

௡

௞

ൌ ͳ�  

௞ߣ ൒ Ͳ ݇ ൌ ͳǡʹǥ ǡ ݊ 

௜ିݏ ൒ Ͳ ݅ ൌ ͳǡʹǥ ǡ  ݌

௝ାݏ ൒ Ͳ ݆ ൌ ͳǡʹǥ ǡ  ݍ
 

:KHUH�Ȝk is the decision variables and the weight of diet k in the efficient alternative of 
the evaluated diet, ݏ௜ି is the slack decision variable for the decreasing dietary 
component and captures the deviation between the amount of decreasing dietary 
component i of the improved diet and that of the observed diet, ݏ௝ା is the slack decision 

variable for the increasing dietary components and captures the deviation between the 
amount of the increasing dietary component j of the improved diet and that of the 
observed diet, İ is a marginal positive number, xik and yjk are the amounts of the dietary 
components to decrease i and to increase j respectively of the observed diet k, , and 

௜଴ݔ  and ݕ௝଴  are the amounts of the decreasing dietary components i and increasing 
dietary components j in the evaluated diet. In the first stage, İ is set to a very small 
number, which effectively negates the contributions from the slack terms ݏ௜ି and ݏ௝ା��
and the second stage maximises the total slack. 
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ABSTRACT  
 
Background: Dietary practices have a major impact on non-communicable 
disease risk and the environment. To facilitate the transition to healthy and 
environmentally sustainable diets, future food and nutrition policies need to 
respect the environment and dietary preferences. The present study aimed to 
identify diets with improved nutrient quality and environmental sustainability, 
within the boundaries of dietary practices in four European countries. 
 
Methods: Based on national dietary surveys, we used Data Envelopment 
Analysis (DEA) to benchmark diets from Denmark, Czech Republic, Italy, and 
France (~6,500 adults) for improved adherence to food-based dietary guidelines 
(FBDGs). We then optimised these diets for dietary preferences, nutrient quality, 
and environmental sustainability. Diets were evaluated using the Nutrient Rich 
Diet score (NRD15.3), diet-related greenhouse gas emission (GHGE), and a 
diet similarity index that quantified the proportion of food intake that remained 
similar as compared to the observed diet.  
 
Results: When dietary preferences were prioritised, NRD15.3 was ~6% higher� 
GHGE was ~4% lower and ~85% of food intake remained similar to the 
REVHUYHG�GLHWV�� WKLV� GLHW� KDG�KLJKHU� DPRXQWV�RI� IUXLWs, vegetables and whole 
grains than observed. When nutrient quality was prioritised, NRD15.3 was ~16% 
higher, GHGE was ~3% lower, and ~72% of food intake remained similaU��WKLV�
diet had even higher amounts of fruit, vegetables, legumes and fish, and lower 
amounts of sweet and alcoholic beverages. When environmental sustainability 
was prioritised, NRD15.3 was ~9% higher, GHGE was ~21% lower, and ~73% 
of food intake remaineG�VLPLODU��WKLV�GLHW�KDG�D�higher amount of animal-sourced 
foods but protein sources shifted from red and processed meat to either eggs, 
fish or dairy. Modelled diets had a similar proportion of animal- and plant-
sourced foods as the observed diet, but energy density was lower. 
 
Conclusion: Benchmark modelling can generate alternative diets with 
improved nutrient quality and environmental sustainability within the range of 
common dietary practices. While improving adherence to FBDGs, consumers 
may improve their nutrient quality up to 16% and reduce GHGE up to 20%, but 
these objectives cannot be achieved simultaneously. For larger improvements 
in nutrient quality or environmental sustainability, complementary policy 
measures or larger dietary changes are required.  
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BACKGROUND 
 
Unhealthy diets, including overconsumption, contribute to a substantial rise in 
the incidence of obesity and non-communicable diseases, including coronary 
heart disease, type 2 diabetes and cancer, in Europe [1]. Diets not only impact 
human health, but also the environment [2-4], hence an urgent need to shift 
towards more healthy and environmentally sustainable diets. Such diets would 
fulfil nutritional requirements, reduce overall disease risk, and can be produced 
within planetary boundaries. To find the best balance between the health and 
environmental dimension of a diet, mathematical modelling and optimisation 
techniques are used [5, 6]. 

In recent years, various models have been developed to optimise diets 
using individual-level data from specified countries and with objectives for health 
and the environment [7, 8]. Usually, these diet models have taken the form of 
linear programming (LP) and started from a set of food items from dietary 
surveys, with the goal to compose a total diet that satisfies a predefined set of 
norms for nutritional requirements and environmental footprints. As these 
models are based on single and unrelated food items, additional constraints are 
needed to account for cultural acceptance and dietary preferences of the 
optimised diet [6, 9]. Examples are minimum and maximum amount of foods 
FRQVXPHG��DQG�RU�DVVRFLDWLRQV�EHWZHHQ foods in meals, such as cereals and 
PLON��EUHDG�DQG�MDP��DQG�RU�SRSXODULW\�RI�IRRGV�E\�PLQLPLVLQJ�GHYLDWLRQV�IURP�
the observed average diet [10].  

Recently, Kanellopoulos et al. (2019) [11] presented Data Envelopment 
Analysis (DEA) as a benchmark approach that models new diets as a linear 
combination of observed diets, which implicitly keeps basic interrelationships 
between food items in the diet of the study population intact. This allows to 
model diets from different countries in a comparable way, and to account for 
cultural acceptance and dietary preferences without specifying additional 
constraints for each country. The present study applies this benchmarking 
approach to individual-level food consumption data from four European 
countries, i.e. Denmark, Czech Republic, Italy and France. For men and women 
in each country, trade-offs are addressed between nutrient quality, 
environmental impact and dietary preferences. By providing solutions within the 
range of existing diets, such benchmark models could be useful to guide policies 
towards healthy and environmentally sustainable diets that are culturally 
acceptable for each country and that contribute to health and environmental 
sustainability goals at the national and European level.  
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METHODS 
 
6WXG\�SRSXODWLRQ�DQG�IRRG�LQWDNH�GDWD�
Food consumption data for the adult population, aged 18-64 years, were 
obtained from nationally-representative dietary surveys in four countries, i.e. 
DANSDA (2005-2008) in Denmark, based on seven-day diet records on 
consecutive days [12]��6,63��������-2004) in Czech Republic, based on two 
24-hour recalls spaced over three to five months >��@��,15$1-6&$,������-2006) 
LQ�,WDO\��EDVHG�RQ�WKUHH-day diet records on consecutive days [14]��DQG�,1&$-2 
Study (2006-2007) in France, based on seven-day diet record on consecutive 
days [15]. For each country, we sampled two non-consecutive days [16].  

Food intakes were classified for each country according the FoodEx2 
classification developed by the European Food Safety Authority (EFSA) [17, 18]. 
Nutrient composition of the consumed foods was estimated using country-
specific food composition databases [19-25]. Estimates of greenhouse gas 
emission (GHGE, in kgCO2equivalents (kgCO2eq)/kg food as eaten) were 
assigned to each of the 944 FoodEx2-codes that were consumed in the four 
countries, obtained from a standardised life-cycle-assessment (LCA) database 
RI�*+*(�YDOXHV��6+$53-,QGLFDWRU�'DWDEDVH��[26]). 

Quantities of foods were calculated for each individual from the mean of 
two days, and were expressed per 2500 kcal for men and per 2000 kcal for 
women [27]. ,Q�WKLV�ZD\��ZH�DFFRXQWHG�IRU�WKH�REVHUYHG�YDULDWLRQ�LQ�DPRXQW�RI�
foods consumed for different levels of reported energy intake, while composition 
of the diet is maintained. Under- and over-reporters were excluded from the 
analysis using the Goldberg equation [28] as adopted by Black [29], i.e. cut-off 
YDOXH� RI� ����� DQG� ����� IRU� UDWLR� RI� UHSRUWHG� WR� HQHUJ\� UHTXLUHPHQW�� 3UHVHQW�
analyses were conducted on a ILQDO�VDPSOH�RI������DGXOWV�LQ�'HQPDUN�������
DGXOWV�LQ�&]HFK�5HSXEOLF�������DGXOWV�LQ�,WDO\��DQG�RI������DGXOWV�LQ�)UDQFH� 
 

7KH�EHQFKPDUN�GLHW�PRGHO�
As described by Kanellopoulos et al [11]., the DEA-model can be used as an 
alternative for modelling healthier diets based on a nutritional benchmarking that 
starts from the observed diets in a population sample. We used the DEA-model 
to identify efficient diets, i.e. diets that perform better with respect to an a priori 
defined set of FBDGs specified as dietary components to in- or decrease in 
RUGHU�WR�DUULYH�DW�D�KHDOWKLHU�GLHW��VHH�7DEOH�����EDVLFally, a diet performs better 
if the ratio of “dietary components to increase” to “dietary components to 
decrease” is higher. This identification of efficient diets was solved in two stages 
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following [11, 30], using Xpress-IVE release 1.24. Subsequently, for each of the 
observed inefficient diets, this set of observed efficient diets was used to 
calculate healthier diets as a linear combination of existing efficient diets. In this 
study, the DEA-model was used to generate linear combinations that remain as 
close as possible to the observed diet, are the most healthy or the most 
environmentally sustainable. Diets were modelled for each country, and for men 
and women separately. 
 

 

Table 1 Dietary components to identify existing healthier diets while benchmarking diets, 
including capping values if necessary a. 

Dietary component to increase Dietary component  to decrease 
Consolidated knowledge on diet and health, based on food-based dietary guidelines [31, 32] 

Fruit (200g/2000kcal) Red and processed meat 

Vegetables (200g/2000kcal) Sweet beverages 

Legumes Alcoholic beverages (ethanol) 

Nuts and seeds Refined grains 

Fish (21g/2000kcal)b Saturated fatty acids 

Whole grains  

Unsaturated fatty acids (20E%)  

Nutrients to increase, to safeguard nutrient quality in the eight population subgroupsc 

Calcium (750mg/d)  

Zinc (7.5mJ�G�IRU�PHQ�����mg/g for women) 

Vitamin B2 (1.3 mg/d)  

Vitamin B12 (4.0 �g/d)  
a Capping values for food groups were based on an inventory of current food-based dietary guidelines of European 
countries >��@, for nutrients were obtained from EFSA using average requirement (AR), and adequate intake, if AR 
cannot be set [33]. 
b Amount of fish consumed on an intake day cannot be representative for a usual day due to toxicological risks [34], 
WKHUHIRUH�KLJK�LQWDNH�DPRXQWV�RI�DERYH���J�G�ZHUH�UHSODFHG�E\�WKH�ORZHVW�REVHUYHG�QRQ-zero intake divided by two 
to put high intakes at a disadvantage while benchmarking diets. 
c Nutrients to be safeguarded, i.e. nutrients were to be safeguarded when modelled nutrient intake, as calculated 
using the DEA-model based on food-based dietary guidelines variables, was lower than the observed intake and 
less than 125% of the reference value for that nutrient. This criterion was added because of the data on Czech 
ZRPHQ��DQG�GLG�QRW�DIIHFW�WKH�PRGHOOLQJ�UHVXOWV�IRU�RWKHU�SRSXODWLRQ�JURXSV� 
 

 

0RGHO�YDULDEOHV�DQG�LGHQWLILFDWLRQ�RI�HIILFLHQW�GLHWV�
The energy-standardised survey data were used as the set of observed diets 
from which efficient diets were identified. For the variable selection, foods were 
classified into food groups that correspond to health-based food-based dietary 
guidelines (FBDGs) based on the scientific evidence for diets to reduce non-
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communicable disease risk (factors) in the four countries [16]��LQVWHDG�RI�RLOV�ZH�
included unsaturated fats (to increase) and saturated fats (to decrease), for 
DOFRKROLF�GULQNV�ZH�XVHG�FDOFXODWHG�HWKDQRO�LQWDNH��$IWHU�LQFOXGLQJ�WKHVH�)%'*-
EDVHG�YDULDEOHV�LQ�WKH�PRGHO��ZH�VXEVHTXHQWO\�LGHQWLILHG�DQG�DGGHG�QXWULHQWV�
WKDW�QHHGHG�WR�EH�VDIHJXDUGHG��7KHVH�ZHUH�GHILQHG�DV�QXWULHQWV�IRU�ZKLFK�WKH�
modelled mean LQWDNH�ZDV�ORZHU�WKDQ�WKH�REVHUYHG�LQWDNH�DQG�ZDV�OHVV�WKDQ�
�����RI�WKH�UHIHUHQFH�YDOXH�IRU�WKDW�QXWULHQW��7DEOH����� 

)RU�HDFK� REVHUYHG� GLHW� DQG� DOO� GLHWDU\� FRPSRQHQWV� LQFOXGHG�� WKH�'($�
model compares and weighs the multidimensional ratio of “dietary components 
to increase” to “dietary components to decrease”. As this decision variable is 
HVVHQWLDOO\� based on ratios, zero LQWDNHV� DUH� QRW� SHUPLWWHG�� 7KHUHIRUH�� ]HUR�
intakes of food JURXSV�ZHUH�UHSODFHG�E\�WKH�REVHUYHG�ORZHVW�QRQ-zero intake of 
WKDW�IRRG�JURXS�GLYLGHG�E\�WZR�[35]��6LPLODU�WR�WKH�FDOFXODWLRQ�RI�WKH�1XWULHQW�5LFK�
'LHW�VFRUH��15'�� [36, 37]��WKH�DPRXQW�FRQVXPHG�IRU�FHUWDLQ�IRRG�JURXSV�DQG�
QXWULHQW� LQWDNHV�ZDV�FDSSHG� LI�KLJKHU� LQWDNHV�ZHUH�QRW�FRQVLGHUHG� WR�SURYLGH�
DGGLWLRQDO�KHDOWK�EHQHILWV��7DEOH�����)RU�H[DPSOH��FRQVXPLQJ�PRUH�WKDQ����J�
IUXLWV� SHU� ����� NFDO�ZDV� FRQVLGHUHG� HTXDOO\� KHDOWK\� DV� FRQVXPLQJ� ���J� SHU�
�����NFDO��)XUWKHUPRUH��IRU�IRRG�JURXS�ILVK�ZKHUH�DPRXQWV�KLJKHU�WKDQ�D�FHUWDLQ�
OHYHO�RI�LQWDNH�DUH�KDUPIXO��VHH�7DEOH�����REVHUYHG�LQWDNHV�KLJKHU�Whan this level 
ZHUH�DOVR�UHSODFHG�E\�WKH�ORZHVW�REVHUYHG�QRQ-]HUR�LQWDNH�GLYLGHG�E\�WZR��WKLV�
JLYHV�WKHVH�GLHWV�D�ORZ�OLNHOLKRRG�IRU�LQFOXVLRQ�DV�D�EHQFKPDUN� 
 

0RGHOOHG�GLHWV�DQG�WUDGH�RIIV��
)RU�HDFK�LQHIILFLHQW�GLHW�LQ�WKH�REVHUYHG�GDWD��DQ�DOWHUQDWLYH�KHDOWKLHU�GLHW�ZDV�
PRGHOOHG�DV�D�OLQHDU�FRPELQDWLRQ�RI�WKH�H[LVWLQJ�HIILFLHQW�diets �WKH�EHQFKPDUNV���
+RZHYHU�� E\� WDNLQJ� GLIIHUHQW� OLQHDU� FRPELQDWLRQV�� more RSWLRQV� IRU� GLHWDU\�
LPSURYHPHQW� ZHUH� H[SORUHG�� L�H�� WUDGH-RIIV� RI� GLHWDU\� SUHIHUHQFHV� DJDLQVW�
nutrienW� TXDOLW\� DQG� HQYLURQPHQWDO� VXVWDLQDELOLW\�� $OO� PRGHOOHG� GLHWV� KDG�
LPSURYHG� DGKHUHQFH� WR� )%'*V� DQG� KDG� HLWKHU� WKH� OHDVW� GHYLDWLRQ� IURP� WKH�
REVHUYHG�GLHW� �0D[3�� IRU� WKH�PRVW�SUHIHUUHG�GLHW��� WKH�KLJKHVW�QXWULHQW�TXDOLW\�
(MaxH, for the healthiest diet), or tKH�ORZHVW�HQYLURQPHQWDO� LPSDFW��0D[6��IRU�
WKH�PRVW�HQYLURQPHQWDOO\�VXVWDLQDEOH�GLHW���0RGHOOHG�GLHWV�ZHUH�FRPSDUHG�ZLWK�
REVHUYHG�GLHWV�IRU�GLHWDU\�SUHIHUHQFHV��QXWULHQW�TXDOLW\��HQYLURQPHQWDO� LPSDFW��
DQG�IRRG�DQG�QXWULHQW�FRPSRVLWLRQ�� 
7R�FKDUDFWHULVH�GLHWDU\�SUHIHUHQFHV��ZH�XVHG�WKH�PLQLPXP�GHYLDWLRQ��0,1'9��
DSSURDFK� [11], ZKLFK�PLQLPLVHV� WKH� VXP� RI� SRVLWLYH� DQG� QHJDWLYH� GHYLDWLRQV�
�DEVROXWH�YDOXHV��RI�IRRG�JURXS�LQWDNH�IURP�WKH�REVHUYHG�GLHW��)RU�LQWHUSUHWDWLRQ�
SXUSRVHV��ZH�XVHG�D�VR-FDOOHG�GLHW�VLPLODULW\�LQGH[��DV�VLPSOH�GHVFULSWLRQ�RI�WKH�
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overall similarity between observed and alternative healthier diet. For each 
individual, this diet similarity index was calculated as the summed amount of 
each food group that remains the same in the modelled diet as compared to the 
observed diet divided by total diet weight of the observed diet. To characterise 
nutrient quality and environmental sustainability of the diet, we used NRD15.3 
[36, 37] and GHGE respectively. NRD15.3 is the unweighted sum of percentage 
daily values for fifteen nutrients to encourage (protein, mono-unsaturated fatty 
acids, dietary fibre, calcium, iron, potassium, zinc, vitamin A, D, E, C, B1, B2, 
B12, and folate) minus the sum of percentage maximum recommended values 
for three nutrients to limit (saturated fat, added sugar and sodium), calculated 
per 2500 kcal for men and 2000 kcal for women and capped at 100% of the 
dietary value. Because of slight between-country differences in the definition of 
sodium and added sugar, the NRD15.3 was not entirely comparable between 
the  countries. Therefore, we expressed the results relative to the observed diet, 
in strata of country and gender, and calculated averages by country. The trade-
offs were done by first giving full weight to dietary preferences in the MaxP 
model (i.e. minimum deviation form observed diet), followed by stepwise 
increasing the weight for either nutrient quality or environmental sustainability 
by 10%, and calculating the alternative diet after each step until full weight was 
given to either nutrient quality (MaxH) or environmental sustainability (MaxS).  
 
 
 

RESULTS 
 
,GHQWLILFDWLRQ�RI�HIILFLHQW�GLHWV�
Table 2 shows the general characteristics of subjects in the study sample and 
those with efficient diets. The proportion of subjects with an efficient diet varied 
from 23% (Italian women) to 45% (Czech women). General characteristics were 
similar to the overall sample for age, educational level and overweight.  
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Trade�RII�RI�GLHWDU\�SUHIHUHQFHV��
DJDLQVW�QXWULHQW�TXDOLW\�DQG�HQYLURQPHQWDO�VXVWDLQDELOLW\�
Figure 1 shows the trade-off of dietary preferences against nutrient quality (1A) 
and environmental sustainability of the diet (1B), for all four countries, averaged 
for men and women. Of course, the MaxP diet remained closest to the observed 
diet (diet similarity index on average 85%) as compared to the MaxH diet and 
the MaxS diet (diet similarity index on average 72 and 73% respectively). 
Because of the FBDG-based modelling, the MaxP diet had already a 4-9% 
higher NRD15.3, whereas GHGE was only 0.5-5% lower than the observed 
country-specific diets. For the maxH diet, nutrient quality was increased at the 
expense of diet similarity and the NRD15.3 became 11-20% higher (Figure 1A). 
The GHGE of this diet was not sensitive to this trade-off except in Denmark 
where this lowered to about 10%. For the trade-off of environmental 
sustainability against dietary preferences (Figure 1B), the MaxS diet had a 13-
28% lower GHGE, and the NRD15.3 appeared sensitive to this trade-off and 
became 6-12% higher. The shape of the trade-off curves for nutrient quality and 
environmental sustainability shows that the largest gains occurred in the first 
part of the curve, and were attenuated thereafter. Moreover, the maxH diet did 
only marginally affect GHGE and the maxS diet did reach only half the maximum 
for nutrient quality, indicating a trade-off between these objectives. 
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1A: Trade-off between dietary preferences and nutrient quality 
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1B: Trade-off between dietary preferences and environmental sustainability 

 
Figure 1 Trade-offs of dietary preferencesa against nutrient qualityb (3A) and 
environmental sustainability of the dietc (3B).  
a Dietary preferences were expressed as the diet similarity index, i.e. weight of foods in the 
modelled diet that corresponds to the observed diet, as a percentage of the latter. Total 
observed food weight (excluding water, coffee and tea) was around 1800g/2500kcal for men 
and around 1450g/2000kcal for women, respectively. 
b Nutrient quality was calculated as NRD15.3 and expressed relative to its observed value for 
each popXODWLRQ�JURXS��DV�����observed NRD15.3 was 938 for Denmark, 812 for Czech Republic, 977 for Italy, and 
831 for France.   
c  Environmental sustainability of the diet used GHGE as indicator and is expressed relative to its observed value 
�DV�����Rbserved GHGE in kgCO2eq/2,000kcal was 4.85 for Denmark, 4.42 for Czech Republic, 4.88 for Italy, and 
6.08 for France. �
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)RRG�FRPSRVLWLRQ�RI�REVHUYHG�DQG�PRGHOOHG�GLHWV�
Figure 2 presents the total weight of the diet and the amounts consumed for 
each main food group, for the observed and modelled diets  

In all countries, and for both genders, total weight of foods in the diet 
(including dairy, excluding coffee, tea, water, sweet and alcoholic beverages) 
was higher for the modelled diets. For the MaxP diet, this amounted to a higher 
diet weight of 65-130g/2500kcal (6-9% increase) for men and of 60-
140g/2000kcal (6-11%) for women, followed by the MaxS diet where diet weight 
was around 122-288g/2500kcal (11-20%) higher for men and 106-
248g/2000kcal (11-21%) higher for women, as compared to observed. The 
MaxH diet had the highest amount of foods, which was around 240-
310g/2500kcal (18-24%) higher for men and 211-380g/2000kcal (20-29%) 
higher for women, as compared with the observed diet. For drinks (excluding 
water, coffee and tea), all models showed that alcoholic beverages and sweet 
drinks had to be substantially reduced, especially for the maxH and maxS diets 
among men (43 to 52% reduction). 

Despite the higher food consumption, for all modelled diets the proportion 
of animal-sourced foods remained similar to the observed diets, i.e. 
approximately 35% of total weight (including dairy, excluding water, coffee and 
tea), but there were shifts within the animal and plant sourced food groups. Most 
marked were differences for the food groups that were incorporated in the 
model. The total amount of animal-sourced foods was higher in most modelled 
diets, except for MaxH in Danish men and MaxS in Danish women (Figure 3). 
The amount of meat from beef and pork was, however, lower in all modelled 
diets. The amount of poultry remained roughly similar, but amounts of fish, eggs 
and total dairy were higher in most of the modelled diets. Total dairy products 
(including cheese) were not entered in the model, and amounts slightly either 
de/increased (-8% to +74%) depending on the model and population subgroup. 
Taken together, for the MaxP diet, animal-sourced foods were on average 25g 
higher for men (+5%) and 40g higher for women (+8%) as compared with 
animal-sourced foods in the observed diet. Amounts were even higher for the 
0D[+�GLHW�IRU�PHQ��XS�WR���J���������H[FHSW�IRU�'DQLVK�PHQ��DQG�IRU�WKH�0D[6�
diet for Czech and French women (up to 79g (+21%)).  

The total amount of plant-sourced food was also higher in all modelled 
diets (11%-36%). Especially, vegetables (+36%), fruits (+49%), legumes 
(+91%), and whole grains (+103%) increased, whereas refined grains 
decreased (-16%), and was the most clearly seen for the MaxH diet and the 
MaxS diet. The amount of nuts and seeds was only slightly higher than 
observed.
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Results of the modelled diets differed by country and gender and were 
dependent on the trade-offs between dietary preferences, nutrient quality and 
environmental sustainability. For most population groups, the MaxH diet had the 
highest amount of fruit (+60%, except for Italian men), vegetables (+75%, except 
for Italy), legumes (+132%), and fish (+124%), and the lowest amount of sweet 
beverages (-60%, except for Czech women), as compared to the other diets. 
The amount of red and processed meat was lowest for the MaxS diet (-45%), 
followed by the MaxH diet (-36%), and closest to observed diets for the MaxP 
diet (-20%) (see Supplementary Table 1 and 2).  
 

Nutrient�TXDOLW\�RI�REVHUYHG�DQG�PRGHOOHG�GLHWV�
In the detail for the nutrient quality, the nutrient improvements and/or 
deficiencies for each nutrient included in the NRD15.3, i.e. a summary measure 
for nutrient quality, are shown in Supplementary Table 3 and 4. In our data, the 
three modelled diets alleviated the nutrient inadequacies, but for dietary fibre, 
potassium, magnesium, vitamin E and vitamin D, the average intakes remained 
below recommended intake levels, although differences by modelled diet, 
country and gender. Nutrient inadequacies showed the most improvement for a 
MaxH diet, and the least for a MaxP diet. Next to nutrient to encourage, the 
NRD15.3 included three nutrients to limit. Compared to the observed diet, 
intakes in the modelled diets were improved (i.e. lower) for saturated fat in all 
four countries, and for added sugar in Denmark and Czech Republic, while 
intakes remained roughly the same for sodium in all four countries, and for 
added sugar in Italy and France. A note of caution is due here since sodium and 
added sugar were differently assessed in the countries. For example, in Italy, 
only the sodium intake from raw foods is included, which resulted in a sodium 
intake that is much closer to or even lower than the maximum reference value. 
In Italy and France, total sugar is assessed which resulted in less change as 
compared to added sugar that excludes sugars naturally occurring in fruit, 
vegetables and dairy. 
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DISCUSSION 
 
This application of the DEA-model to dietary survey data from four European 
countries (Denmark, Czech Republic, Italy and France) showed that the most 
preferred diet had a larger impact on nutrient quality (on average 6% higher) 
than on GHGE (on average 4% lower). The diet with the highest nutrient quality 
(on average 16% higher NRD15.3), however, did not result in a lower GHGE, 
whereas the most environmentally sustainable diet (on average 21% less 
GHGE) had a higher nutrient quality (on average 9% higher NRD15.3) as 
compared with the observed diet. Although results differed by country and 
gender, the modelled diets had higher amounts of both plant-sourced and 
animal-sourced foods, but their relative amounts remained similar. Plant-
sourced foods were highest in the diet with the highest nutrient quality, and red 
and processed meat was lowest in the most environmentally sustainable diet. 

The modelled diets account for prevailing dietary preferences in the study 
populations. This is because the DEA-model preserves the existing 
interrelationships between food groups as it uses (linear combinations of) 
observed diets as benchmarks. These observed diets implicitly account for 
sensory preferences and culinary practices as well as availability, acceptability, 
and affordability of foods. We  stratified our  analyses for country and gender 
under the assumption that subjects in these strata share many unspecified 
variables, including educational level, overweight status and determinants of 
food choice. Indeed, the descriptive variables of the efficient diets compared 
well to the population segments they represent (Table 2). In our data, nutrient 
quality but not environmental impact of the diet was associated with gender and 
educational level [16, 38]. Future analyses might, however, also account for 
educational level or include indicators such as sensory profiles [39, 40] or food 
prices [41]. Such analyses in a more homogeneous population subgroup could 
identify solutions for dietary improvement that fit even better with subgroup-
specific dietary practices and preferences. This way, DEA keeps the proposed 
diet realistic as they stay in the range of observed national diets. 

To derive the most preferred diet, the DEA-model minimised the absolute 
value of the deviation between between the modelled and observed food intake, 
summed over all food groups. Our results suggest that a partial shift to poultry, 
fish and increased intake of legumes would be more preferred than a sole focus 
on reducing red and processed meat. Although the algorithm of minimal 
deviation might improve by using relative or squared differences instead, it is 
important to consider algorithms that can suggest likely steps to improve the 
diet, for example based on food replacements within meals and recipes instead 
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of day menus. Although improvements in modelling would be possible, the DEA-
model provides a first step to arrive at likely and realistic changes that could 
guide national policies towards improved dietary quality and environmental 
sustainability.  

Data comparability between the countries was a challenge because food 
consumption data were obtained from different national dietary surveys. To 
enhance comparability, we expressed nutrients and GHGE relative to energy 
intake [16, 26] and used the NRD15.3 as a summary measure for nutrient 
quality. When the NRD15.3 is used to maximise nutrient quality, then it might be 
possible that the protein-rich foods, such as fish, eggs, dairy, legumes, and nuts 
and seeds, are chosen as a meat-replacement, because of the inclusion of 
protein, vitamins B1, B2 and B12, iron and zinc as nutrients to encourage in the 
NRD15.3. However, as sodium and added sugar are part of nutrients to limit in 
the NRD15.3, cross-country comparisons are hampered as they were differently 
assessed in the countries. We therefore expressed our results relative to the 
observed diet in each of the strata. For example, in Italy and France, total sugar 
is assessed which biases the NRD15.3 downwards as compared to Denmark or 
Czech Republic where added sugar is assessed. This may partially explain that 
in Italy intakes of fruit, vegetables and whole grains were not the highest for the 
diet that maximised NRD15.3. In Italy, only sodium intake  from raw foods is 
assessed which biased the NRD15.3 upwards as compared to Denmark, Czech 
Republic and France where discretionary salt is assessed as well. Furthermore, 
environmental impact only included GHGE data averaged for the European 
context, and further refinement to national food systems is needed to 
incorporate differences between agricultural systems, including the influence of 
locally produced food and seasonality [42]. Moreover, pan-European 
standardised indicators of land and fresh water use, nitrogen and phosphorous 
flows and biodiversity could give a more balanced picture of environmental 
impact of the diet. Because of these imperfections in comparability of survey 
data and incompleteness of indicators, the observed and modelled diets differed 
by country, but the general pattern was similar, both in men and women, 
suggesting robustness of the findings. 

The food consumption data were derived from national dietary surveys, 
and we used the average of two non-consecutive days for each individual which 
slightly reduces day-to-day variability [43]. The use of two averaged days for the 
benchmark diets exploits within- and between-subject variation within the 
demographic strata and creates a larger window of opportunity for improving 
diets than time-integrated long term dietary habits. Because part of the diets that 
is already efficient cannot be improved further, the modelled range of food and 
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nutrient intake and GHGE was slightly lower than in the observed diets. 
Nevertheless, the range of solutions remained in the same order of magnitude 
(data not shown), which suggests that the results from the three models are 
realistic steps for dietary shifts at the population level. At the same time, the use 
of only two days raises  questions on occasionally consumed foods, like fish, 
nuts and seeds, and legumes. Fish was of particular concern because its 
recommended consumption frequency is around one to two portions a week to 
avoid toxicological risks because of contaminants like (methyl)mercury [44]. 
Using this occasionally consumed  high portion size of fish as a benchmark for 
an average diet, would allow the whole population to shift to these high intakes 
that are not representative for an usual day. This was tackled by capping fish 
intake at 1/7th of one portion, and by replacing upper intake levels by a lowest 
non-]HUR�LQWDNH�GLYLGHG�E\�WZR��WKH�IRrmer was to not favour higher intakes than 
recommended, and to latter to put extreme upper intakes at a disadvantage, 
while benchmarking diets. Because of their small portion sizes and infrequent 
consumption, legumes, and nuts and seeds did not increase substantially in our 
diets. In other studies, food-based linear programming approaches have shown 
that these food groups can contribute to healthy and environmentally 
sustainable diet [45-47], as is also suggested by the healthy reference diet 
presented by the EAT-Lancet Commission [48]. Targeted efforts and/or product 
development would therefore be warranted to increase consumption of some 
foods beyond current national eating habits.  

Results of our analyses depend on the choice of variables included in the 
model. In our modelling strategy, we aimed for diets that would increase 
adherence to FBDGs that are considered relevant to non-communicable 
disease risk (factor). After all, a healthy diet not only implies meeting food-based 
dietary guidelines, but also includes nutrient requirements, non-nutrients, bio-
actives and direct physiological effects on hunger, digestion and satiation. 
Because of the underlying nutritional rationale, we replaced the guideline “use 
oils instead of hard fats” by unsaturated and saturated fats as “to increase” and 
“to decrease”, respectively. In all population groups the modelled diets 
performed the same or better for all nutrients, except in women from the Czech 
Republic. In these women, a substantial decrease in animal-sourced foods 
occurred which lowered intake of calcium, zinc, vitamin B2 and vitamin B12 
(results not shown). To safeguard the intake of these nutrients, they were added 
to the DEA-model. Nevertheless, it must be realised that the modelled diets are 
based on calculated nutrient intake from dietary surveys, that do not account for 
bioavailability. We observed that the proportion of animal-sourced foods and the 
daily protein intake in modelled diets was essentially similar to observed diets. 
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However, bioavailability of protein and some minerals from plant-sourced foods 
is less than from animal-sourced foods, warranting physiological research into 
nutrients that can become critical for vulnerable population groups. For example, 
some plant compounds can inhibit the absorption of minerals, such as calcium, 
zinc and non-haem iron [49, 50], whereas vitamin C may increase the 
bioavailability from iron from plant foods [49].  

In line with previous studies [47, 51-55], changing to a healthier diet 
implies higher amounts of fruits, vegetables and whole grains, whereas an 
environmentally sustainable diet implies an emphasis on lowering red and 
SURFHVVHG�PHDW��OHJXPHV��QXWV�DQG�VHHGV�LQFUHDVHG�RQO\�PLOGO\��'DLU\�SURGXFWV�
essentially remained in the diet, although results differed slightly by country and 
gender. Nevertheless the proportion of animal- and plant-sourced food in the 
PRGHOOHG� GLHWV� UHPDLQHG� VLPLODU�� EXW� QXWULHQW� TXDOLW\� �15'������ LQFUHDVHG��
6XUSULVLQJO\��WKH�WRWDO�DPRXQW�RI�IRRGV��LQFOXGLQJ�GDLU\��LQFUHDVHG�E\���WR�����
for the modelled diets, most for the healthiest diet, and thus the overall energy 
density for these food groups decreased accordingly. At the same time, we 
observed that the modelled more healthy and environmentally sustainable diets 
had lower amounts of sweHW�DQG�DOFRKROLF�EHYHUDJHV��HVSHFLDOO\�LQ�PHQ���ZKLFK�
might be implicated in improved weight control [56]. Earlier we have shown that 
– independent of nutrient quality – ORZHULQJ� %0,� E\� FLUFD� ���� E\� UHGXFLQJ�
HQHUJ\�LQWDNH�ZRXOG�UHGXFH�*+*(�E\�FLUFD����>��@. As overconsumption is a 
major driver of obesity >������@, these results suggest that the modelled diets not 
only help to improve nutrient quality and environmental sustainability, but also 
reduce energy density and contribute to a healthier body weight. These results 
show that at the national level important first steps can be made in nutritional 
policy, but the priorities will differently affect nutrient quality and environmental 
sustainability. However, on average, the proposed diets do not achieve the 
proposed global targets for healthy and environmentally sustainable diets and 
additional policy measures are warranted.  
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CONCLUSION 
�
The DEA benchmarking diet model shows that generally accepted FBDGs and 
nutrient requirements can be used to model more healthy and environmentally 
sustainable diets based on dietary surveys from a set of diverse European diets. 
While improving the adherence to FBDGs, the most environmentally sustainable 
diet resulted in a win-win for both health and the environment, but did not reach 
WKH�IXOO�KHDOWK�SRWHQWLDO�� IRFXVLQJ�RQ�KHDOWK�DORQH�GLG�QRW� LPSURYH�*+*(��)RU�
larger improvements in nutrient quality or environmental sustainability, larger 
dietary changes and/or complementary measures in agricultural production and 
processing [59]�� food loss and waste management, as well as an equitable 
distribution via the food supply chain [60] are required. 
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This thesis focussed on healthy and environmentally sustainable diets for 
European consumers. The main aim of this thesis was to develop a 
methodology for designing the first steps towards more healthy and 
environmentally sustainable diets that are acceptable for European consumers. 
First, methodologies for assessing health and environmental sustainability were 
operationalised (Chapter 2 and Chapter 3). After that, the current status of 
European diets was assessed in terms of health (Chapter 4) and environmental 
sustainability (Chapter 5). Finally, options for dietary improvement for European 
diets that integrate health, environmental sustainability and dietary preferences 
were identified using a benchmarking diet model (Chapter 6 and Chapter 7).  
 

 

 

 

MAIN FINDINGS 
 

 

Table 1 gives an overview of the main findings for the three objectives 
addressed in this thesis. 
 

 

Objective 1: To operationalise the methodology for assessing health and 
environmental sustainability of European diets. 
 

Results from the literature review showed that the method of dietary assessment 
plays a key role in integrating both health and environmental sustainability 
aspects of the diet (Chapter 2). When using national-level food supply data, the 
health aspect of the diet usually covers total energy and protein only. This is 
because the diet is described in a limited number of primary commodities that 
are available for human consumption. Individual-level dietary data reflect a wide 
variety of food choices in the consumer domain. These data allow studying diet 
in relation to health in terms of food groups and nutrient intakes, without directly 
hampering the linkage with environment impact indicators, using foods as 
common denominator.  
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Diet-related environmental impact was assessed using greenhouse gas 
emissions (GHGE) and/or land use (LU) in most studies (Chapter 2). As for 
assessment of nutrient and food intakes, environmental impact of the consumer 
diet was underestimated when using a food frequency questionnaire (FFQ) 
compared to 24-hour recalls (Chapter 3). In addition, calibration of the FFQ to 
24-hour recalls increased the strength of the association with dietary quality. 
However, independent of the method of dietary assessment, associations 
between the healthiness and environmental impact of the diet appeared to be 
dependent on the definition of a healthy diet. In particular, the environmental 
impact of the diet was lower when adhering to food-based dietary guidelines, 
but not necessarily when complying with nutrient recommendations (Chapter 3). 
This highlights the need for an approach in which both foods and nutrients are 
taken into account to ensure both non-communicable disease risk reduction and 
nutrient adequacy. In addition, this is in line with the observation in the applied 
EHQFKPDUNLQJ�GLHW�PRGHO��&KDSWHU�����HYHQ�ZKHQ�LPSURYLQJ�GLHWV�DFFRUGLQJ�WR�
the food-based dietary guidelines, the diet solutions were still different 
depending on whether nutrient quality or environmental sustainability was 
maximised. 
 
The complexity of a healthy and environmentally sustainable diet comprises 
both the amounts of food, energy consumed and the diet composition, i.e. 
energy-adjusted food and nutrient intakes, and environmental impact. For 
designing alternative diets, this may be captured in a reproducible and valid way 
using a diet model (Chapter 2). Such a diet model aims to compose a diet that 
satisfies objective criteria for a healthy diet, environmental impact and dietary 
preferences.  
 
As an avenue for future research in designing alternative diets, Chapter 2 
proposed the concept of a SHARP diet. This diet not only improves 
environmental Sustainability and nutritional Health, but also fits with existing 
food cultures, as reflected in the terms of Affordability, Reliability and 
Preferences.  
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Objective 2: To assess European diets in terms of health and environmental 
sustainability 
 
The assessment of the current status of European diets was based on available 
individual-level dietary survey data from four European countries, i.e. Denmark, 
Czech Republic, Italy and France. To enable cross-country comparison, dietary 
data were harmonised using the FoodEx2 classification system of the European 
Food Safety Authority (EFSA), and standardised for the number of days and 
reported energy intakes. Moreover, to assess adherence to food-based dietary 
guidelines, a common set was constructed using existing guidelines from 
European countries as a reference (Chapter 4). To assess GHGE and LU of the 
diet, the SHARP-Indicator Database (SHARP-ID) was constructed, i.e. a 
standardised life cycle assessment (LCA) database for each food consumed, as 
coded by FoodEx2 (Chapter 5, Appendix).  
 

Results showed that cultural and individual dietary preferences play an 
important role in dietary choice, resulting in substantial variation among 
consumers in both nutritional health (Chapter 4) and diet-related environmental 
impact (Chapter 5). Within countries, the healthiness of a diet varied by age, 
gender and educational level, but not by overweight status (Chapter 4). These 
demographics were of minor importance for explaining the environmental 
impact of the diet across countries (Chapter 5).  
 

One-quarter to half of the populations of the four selected countries were 
overweight (i.e. BMI � 25 kg/m2) (Chapter 4). Moreover, the observed variation 
in daily environmental impact of a consumer diet was mainly explained by the 
amount of energy consumed (~35%) (Chapter 5). It was estimated that if these 
overweight subjects would be able to reduce body weight (to a mean BMI of 
22.5 kg/m2) and adapt their energy intake accordingly, then they could reduce 
their daily GHGE and LU by about 12%. 
 

For food groups, adherence to food-based dietary guidelines was in general low 
at the population level in all four countries (Chapter 4). Intakes of fruit and 
vegetables showed considerable geographical variation. Intake of dairy, 
excluding cheese and butter, was relatively high in Denmark, as was the case 
for sweet and alcoholic beverages. Italy and France had the highest intake of 
fish. In all countries, however, intakes were low for legumes, and nuts and 
seeds. Intake of red and processed meat was high in all countries (84-94g/day). 
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Intake of red and processed meat contributed to 70-80% of the total meat intake 
(Chapter 4), comprising mainly of meat from pork in Denmark and Czech 
Republic, and from beef in Italy and France (Chapter 5). In addition, of all food 
groups, the intake of total meat – especially the proportion of ruminant meat – 
explained most of the variation (~15 and 20%, respectively) in the environmental 
impact of consumer diets (Chapter 5). 
 
For nutrients, inadequate intake of dietary fibre was highly prevalent in all four 
countries (Chapter 4). Intakes of potassium and folate were the most inadequate 
in Czech Republic, magnesium in Italy, and vitamin E in Denmark When 
changing diet composition for improving environmental sustainability, the food 
group meat, and in particular the proportion of ruminant meat, was the most 
important. Milk was relatively neutral, while grain products were associated with 
a lower environmental impact. However, a theoretical shift from meat to plant 
products resulted in lower intakes of vitamin B2 and B12 (Chapter 5). 
 

 

Objective 3: To identify dietary improvement options in Europe that integrate 
health, environmental sustainability and dietary preferences 
 
Dietary improvement options that integrate health and environmental 
sustainability were identified using a benchmarking diet model (Chapter 6). 
When benchmarking diets, part of the observed diets were identified as efficient 
diets, and they were not improved further by the model, but were used as 
examples for improving the diets of others. In Chapter 7, diets were compared 
with each other based on an a priori defined set of food-based dietary 
guidelines, and basically they were efficient if the ratio of “dietary components 
to increase” to “dietary components to decrease” was higher. Modelled diets by 
definition were more in line with the food-based dietary guidelines and either 
had the least deviation from the observed diet (Max P, for the most preferred 
diet), the highest nutrient quality (Max H, for the healthiest diet), or the lowest 
environmental impact (Max S, for the most environmentally sustainable diet).  
 
An important aspect of the benchmarking diet model is that improved diets are 
a combination of other existing diets as observed in the population under study, 
hence population-specific options for dietary improvement. As a visual 
representation of the results in Chapter 7, Figure 1 summarises the relative 
improvement on nutrient quality and environmental sustainability for the 
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modelled diets as compared to the observed gender- and country-specific diets. 
The modelled diets were compared with the observed diet and each other with 
respect to healthiness (Y-D[LV��XVLQJ�SHUFHQWDJH�FKDQJH� LQ� WKH�1XWULHQW�5LFK�
'LHW� �15'�� VFRUH� ������ DQG� HQYLURQPHQWal sustainability (X-D[LV�� XVLQJ�
SHUFHQWDJH�FKDQJH�LQ�*+*(���0D[LPDO�IHDVLEOH�LPSURYHPHQW�IRU�QXWULHQW�TXDOLW\�
ZDV�WKH�KLJKHVW�LQ�&]HFK�5HSXEOLF��IROORZHG�E\�'HQPDUN��)UDQFH�DQG�WKH�ORZHVW�
LQ�,WDO\��WKLV�UDQNLQJ�ZDV�UHODWHG�WR�WKH�UDQNLQJ�RQ�QXWULHQW�TXDOLty of the observed 
GLHWV� ZKHUH� QXWULHQW� TXDOLW\� ZDV� WKH� KLJKHVW� LQ� ,WDO\�� IROORZHG� E\� )UDQFH��
'HQPDUN�� DQG� WKH� ORZHVW� LQ� &]HFK� 5HSXEOLF� �&KDSWHU� ���� 5DQNLQJ� RI� WKH�
countries on their maximal feasible improvement for environmental 
VXVWDLQDELOLW\� ZDV�� KRZHYHU�� QRW� LQ� OLQH� ZLWK� UDQNLQJ� RQ� WKHLU� REVHUYHG� GLHW-
UHODWHG�HQYLURQPHQWDO� LPSDFW��0D[LPDO� IHDVLEOH� LPSURYHPHQW� IRU� WKLV�ZDV� WKH�
KLJKHVW�LQ�,WDO\��IROORZHG�E\�'HQPDUN��)UDQFH�DQG�WKH�ORZHVW�LQ�&]HFK�5HSXEOLF��
This high reduction potential of Italy was related to a steep decrease in the 
SURSRUWLRQ� RI� EHHI��ZKLOH� WKDW� RI�)UDQFH� IDLOHG� WR�PDWHULDOLVH�SUREDEO\� GXH� WR�
GLHWDU\�FKRLFHV�ZLWKLQ�D�IRRG�JURXS��&KDSWHU���� 
 
'LHWDU\�LPSURYHPHQW�RSWLRQV��SURSRVHG�E\�D�EHQFKPDUNLQJ�GLHW�PRGHO��DUH�LQ�
general based on partial replacement of food groups. In WKLV�WKHVLV��the healthier 
diets showed substantially higher levels of fruit DQG�YHJHWDEOHV��DQG�alleviated 
QXWULHQW�LQDGHTXDFLHV��:LWKLQ�WKH�UDQJH�RI�REVHUYHG�GLHWV��LW�ZDV�SRVVLEOH�WR�VKLIW�
from red and processed meat to ILVK��HJJV��SRXOWU\�DQG�RU�GDLU\��GHSHQGLQJ�RQ�
WKH�REVHUYHG�GLHW�DQG�QDWLRQDO�GLHWDU\�KDELWV��ZKLOH� URRP� IRU� LPSURYHPHQW� LQ�
OHJXPHV��DQG�QXWV�DQG�VHHGV�ZDV�OLPLWHG��:KHQ�WDNLQJ�WKLV�ILUVW�VWHS�WRZDUGV�D�
healthier diet (Max P diet��� RQ� DYHUDJH� ���� RI� WKH� IRRG� JURXS� LQWDNH� FRXOG�
UHPDLQ�VLPLODU�DV�WKH�REVHUYHG�GLHW��EXW�PRUH�FKDQJHV�ZHUH�QHHGHG�IRU�D�IXUWKHU�
LPSURYHPHQW�LQ�QXWULHQW�TXDOLW\�RU�HQYLURQPHQWDO�VXVWDLQDELOLW\� 
 
:KHQ�QXWULHQW�TXDOLW\�was prioritised (the Max H GLHW��� the improved diet had 
even higheU�DPRXQWV�RI�IUXLW��YHJHWDEOHV� fish and legumes��DQG�ORZer amounts 
of sweet and alcoholic beverages. 6XUSULVLQJO\�� Zhen environmental 
sustainability was prioritised (the Max S GLHW���the improved diet had still a similar 
proportion of animal- to plant-souUFHG�IRRGV�DV�WKH�REVHUYHG�GLHW��EXW�ZLWK�VKLIWV�
within the group of animal-VRXUFHG� IRRGV�DV�H[SODLQHG�HDUOLHU��0RUHRYHU�� WKH�
Max H GLHW�GLG�RQO\�PDUJLQDOO\�DIIHFWHG�*+*(��ZKHUHDV�WKH�Max S diet did still 
UHDFK�KDOI�WKH�PD[LPXP�IRU�QXWULHQW�TXDOLW\��)RU�ERWK�LPSURYHPHQW�RSWLRQV��RQ�
DYHUDJH�RQO\�a����RI�WKH�IRRG�JURXS�LQWDNH�UHPDLQHG�VLPLODU�DV�WKH�REVHUYHG�
diet. This indicates a trade-RII�EHWZHHQ�KHDOWK��HQYLURQPHQWDO�VXVWDLQDELOLW\�DQG�
dietary preferences. 
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Figure 1 Evaluation of the nutrient quality and the environmental sustainability of the modelled 
diets according to a benchmarking diet model ab 
a All modelled diets have an improved adherence to food-based dietary guidelines. Max P is the most preferred diet 
based on minimal deviation from the observed diet, Max H the most healthy diet based on NRD15.3 for nutrient 
quality, and Max S the most environmentally sustainable diet based on GHGE.   
b Dots represent the averages from the analyses reported in Chapter 7, and the country-specific results are 
presented by a check mark for the Max P diet, a heart for the Max H diet, and a leaf for the Max S diet. 
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METHODOLOGICAL AND CONCEPTUAL CONSIDERATIONS 
 

 

Methods of dietary assessment 

Findings described in Chapter 4, Chapter 5 and Chapter 7 apply to consumer 
diets in Europe using national dietary surveys carried out at the individual level. 
This thesis makes use of survey data from Denmark (2005-2008), Czech 
Republic (2003-2004), Italy (2005-2006), and France (2006-2007). Because of 
differences in survey methodologies, available dietary data were harmonised 
and standardised to enable comparisons between countries.  
 

 

Harmonisation of the food classification and food group categorisation 

EFSA has developed the FoodEx2 classification [5], and data providers code all 
foods and beverages in their national dietary survey accordingly [6]. The total 
number of foods reported in these surveys differed between the countries, 
possibly reflecting differences in the variety of foods available in these countries 
and/or a level of detail for reporting of foods in the different surveys. This, 
however, did not influence the results, as foods were categorised into food 
groups. Foods within a health-based food group are – roughly – comparable for 
health, but not necessarily for environmental sustainability. This in particular 
explains why the categorisation for meat products, and fats and oils was 
different for assessing health (in Chapter 4) and environmental sustainability of 
the diet (in Chapter 5). For health, these foods were categorised based on their 
non-communicable disease risk (factor) reduction, i.e. for meat a categorisation 
into red, processed and white meat, and for fats and oils a categorisation based 
on fatty acid composition. For environmental sustainability, categorisation was 
based on food source, i.e. meat from beef, pork or poultry, and fats and oils from 
animal or plant sources. The use of one common food classification system, as 
applied in the present thesis, was therefore an important step in the alignment 
of dietary surveys, increasing the comparability of food group categorisation 
between countries. To maintain comparability in a diet model, the deviations 
from observed diets were also quantified at the level of food groups (Chapter 7). 
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Furthermore, both the health and environmental evaluations (Chapter 4 and 
Chapter 5) and the diet models (Chapter 7) are dependent on how well the 
method of dietary assessment can describe the diet. In this thesis, for example, 
for food group adherence, the level of detail in the dietary surveys did not allow 
for a differentiation between sugar- and artificially-sweetened beverages and 
therefore the intake of ‘sweet beverages’ was reported instead of ‘sugar-
sweetened beverages’ for the four countries. However, given the increasing 
trend of consuming artificially-sweetened beverages, this differentiation 
becomes more important for future research [7, 8]. Other sources of dietary data 
uncertainties in this thesis are the intake of whole grain products and salt. Issues 
for the quantification of whole grains (and types of dietary fibre) and salt relate 
to the high variability in nutrient content of foods between the countries and this 
is not accurately captured in the national food composition tables. In particular 
for salt, a better assessment of sodium from discretionary sources and 
processed foods and/or population-wide assessment of 24-hour urinary sodium 
excretion is warranted in diet surveys to better inform public health and provide 
dietary advice on the modelled diets [9]. In this thesis, the design of healthy, 
environmentally sustainable diets for European consumers is therefore 
hampered by inaccurate data on the consumption of sugar-sweetened 
beverages (added sugar intake), whole grains (dietary fibre) and salt, and this 
has probably led to an underestimation of their impact on health and 
environmental sustainability.  
 
Sugar, dietary fibre and salt are major determinants of taste and texture of 
foods, and therefore their influence on dietary preferences of consumers 
should not be ignored when designing more healthy and environmentally 
sustainable diets. 

 
Dietary habits are different in each country, depending on food availability and 
dietary preferences. This accounts for part of the difference in nutrient intakes 
and environmental impacts of the diet across the countries (Chapter 4 and 
Chapter 5). The use of a country-specific versus standardised database for food 
composition and environmental indicators would also influence estimations of 
nutrient intakes and environmental impacts from foods, respectively. In the 
present thesis, nutrient intakes were estimated using a country-specific 
database (Chapter 4), and diet-related environmental impacts using a 
standardised database for Europe (Chapter 5). The advantage of using country-
specific databases is that the variables of interest are more accurately estimated 
for that particular country, while a standardised database ignores any country-
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specific differences in food composition and/or food supply systems. Both have 
thus their own advantages, i.e. a country-specific database provides a better 
match to national food habits and survey methods, whereas a standardised 
database is more readily available and could suffice for conclusion at the EU-
level, but lacks specificity for the national food production system. The relevance 
of our analyses for national food policy might be improved if the LCA-data would 
account for the national mix of food production systems [10]. 
 

 

Standardisation for energy intake 

To ensure a fair comparison of diets in this thesis, diets were standardised for 
energy intake using the density method [11]. Densities of intakes maintain the 
relative consumption quantities of foods in the diet, and permit disentangling diet 
composition from systematic errors in reporting the overall quantity of food and 
energy intake.  
 
In this thesis, diets were standardised for energy intake using the density 
method. Using densities is very useful to describe dietary patterns in a 
comparable way, and densities of intake can easily be translated to dietary 
advice in a public health setting. However, the use of energy-standardised 
diets disregards the impact of overconsumption on health and the 
environment.  

 
Dietary changes by individuals and populations may be considered as iso-
caloric, provided that body weight and physical activity remains constant. This 
highlights the need to keep energy constant when comparing diets between 
groups. Consistent with the literature [12-14], Chapter 3 found that using energy-
adjusted values resulted in a higher group mean bias and a lower correlation 
between FFQ and 24-hour recall, but there was less attenuation. As 
measurement errors in the assessment of the quantity of food are strongly 
correlated with errors in the measurement of total energy intake, the same is 
expected to hold when comparing 24-hour recalls with diet records. Replicates 
of a 24-hour recall in general show higher intakes of total energy as compared 
to diet records [15-17], as also seen in Chapter 4 and Chapter 5, but their group-
mean bias is expected to be lower as with an FFQ. The reason for this is that 
they share a larger amount of correlated errors as compared with an FFQ, since 
both are short-term open-ended methods of dietary assessment that allow 
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greater specificity for describing foods and food preparation methods [17]. Thus, 
24-hour recalls and diet records are both suitable methods to provide more 
objective food intake data that also captures day-to-day variation, as will be 
explained later on in this discussion. 
 
In addition, using densities is considered as a way to compensate for non-
differential under- or over-estimation of food intakes [11]. When assessing the 
healthiness (Chapter 4) and environmental impact of the diet (Chapter 5), we 
did not exclude under- and over-reporters, because some of the mis-reporters 
may truly be consuming a low- or a high-energy diet on those specific days. 
Their intake data were, however, not likely to reflect a representative day of 
intake, and because of that they were excluded from the benchmarking diet 
model (Chapter 7). After all, the benchmarking diet model is based on the 
normal range of variation in dietary habits and not on exceptional days, because 
such days should not be ‘copied’ by others. Therefore, the variation should be 
in the range of reasonable intakes for each food group. This is certainly not the 
case for under-reporters and their (upscaled) energy-standardised intakes 
leading to extremely high amounts of any particular food group. Although 
excluding mis-reporters limited the internal consistency with the previous 
chapters (Chapter 4 and 5), mean intakes on the population level were barely 
affected and distributions of intake were only slightly shrunk towards the group 
mean. 
 

 

Standardisation for the number of days 

Related to the time integration of dietary exposure, the average of two non-
consecutive days for each individual was used in this thesis. This number of 
days was standardised, but not the time span between the two assessment 
days, i.e. one day in between for Italy, one to five days for Denmark and France, 
and three to five months for Czech Republic. Because of within-subject day-to-
day variation, this raised questions on occasionally consumed foods and the 
usual intake distribution.  
 

Statistical methods correcting for the intake distribution for within-subject day-
to-day variation require the availability of one or more non-consecutive 24-hour 
recalls or diet records. In literature, it has been acknowledged that consecutive 
days, including days spaced over a week time-interval, as compared to random 
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days spaced over a longer time-period, are more dependent on each other, e.g.: 
leftovers and eating more on one day and less the next day [18]. Relying on 
nearby days is therefore likely to affect the within-subject day-to-day variation 
[19-21]. This phenomenon was, however, not supported in the present thesis 
where the intra-class correlation coefficients of the two days were comparable 
in the four countries. More research is needed to study the role of time span 
between the assessment days on the estimations of the within-subject day-to-
day variation. Moreover, removing this within-subject variation to obtain usual 
intake is more difficult in the case of densities, and in particular for densities of 
episodically consumed foods where no standard statistical packages are 
available. Not removing the within-subject day-to-day variation would not affect 
the observed mean intake of the population, but would widen the intake 
distribution [22]. This widened intake distribution gave rise to biased estimates 
for nutrient inadequacy and food-group adherence (Chapter 4), and attenuated 
associations (Table 5 of Chapter 5) (Figure 2). The latter was confirmed in 
Chapter 3, showing stronger associations between the healthiness and 
environmental impact of the diet after removing within-subject variation. 
Nevertheless, using the average of two days is regarded as a simple way to 
partly account for within-subject day-to-day variation, and leads to only a partial 
shrinkage of the intake distribution as compared to one single day [23]. 

 

Figure 2 A widened population intake distribution affects the estimated prevalence of 
inadequate intakes a and attenuates the associations with diet-related environmental impact b.  
a Percentage of the population below or above a cut-point was calculated in Chapter 4. 
b Associations of diet-related environmental impact with diet scores were calculated in Chapter 3 using repeated 
24-hour recalls as observed and corrected for within-subject variation, and with diet composition in Chapter 5 using 
two assessment days as observed.   
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Time-integration of dietary exposure in a benchmarking diet model 

In the benchmarking diet model, the diet of each individual, as averaged from 
the two assessment days, was regarded as an example of an existing daily 
menu, whereby some daily menus perform better than others (Chapter 7). A 
combination of these better performing daily menus would thus result in a better 
weekly menu. However, to obtain a weekly menu in accordance with a healthy 
diet, the combination of daily menus must be interpreted with caution, because 
for some food groups recommendations are not based on daily but weekly 
consumption, such as one portion of fish a week. In the present thesis, this issue 
was tackled by capping fish intake at sufficient intake levels, and by replacing 
XSSHU� LQWDNH� OHYHOV�E\�D�PDUJLQDO�VPDOO� DPRXQW�� WKH� IRUPHU�ZDV�GRQH� WR�QRW 
favour higher intakes, and the latter to put upper intakes at a disadvantage while 
benchmarking diets. In this way, a combination of different efficient sample daily 
menus, i.e. of fish, meat, poultry, legumes, etc. was used to guide dietary 
improvement at population level.  
 

 
This issue of weekly consumption instead of daily consumption can also be 
accounted for by closer approximating the habitual intake of an individual, e.g. 
by using the average of seven days, as representative for a week menu, rather 
than using the average of two days or just one day. Improved diets are in this 
way a combination of better performing week menus, and thus represent a 
better habitual diet. This in turn suggests the use of habitual intakes over a 
longer period of time. Habitual intake is the long-term average daily intake that 
accounts for both consumption and non-consumption days, and can be 
assessed by using a FFQ or repeated individual-level 24-hour recalls and diet 
records over a longer period of time. However, as compared to 24-hour recalls 
and diet records, a FFQ may introduce a substantial amount of measurement 
error, in particular person-specific problems with estimating frequencies and 
portion sizes of grouped food items instead of a single food item [24]. This 
person-specific bias would cause misreported dietary habits to be used in 

In this thesis, the dietary exposure in the benchmarking diet model covered 
two assessment days for each individual, as an example of an average daily 
menu. The use of these daily menus in the benchmarking diet model created 
a larger window of opportunity for dietary improvement than when using 
habitual intakes. This is because daily menus capture a substantial amount of 
variation in dietary practices to identify the most efficient diets, but warrant 
attention for food groups with a recommended weekly consumption. 
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benchmarking. In addition, averaging individual-level 24-hour recalls and diet 
records over a longer period of time may reduce benefitting from the between-
subject variation in diets. In the benchmarking diet model, this between-subject 
variation is the major factor to inspire dietary improvements and accounts for 
implicit associations between food groups for the two assessment days, but not 
for long term diet patterns at the level of the individual. Therefore, averaging 
over more than two days could lead to improved acceptability when individual 
advice is aimed at, but might be less important at the population level. 
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Healthy diets 

The present thesis made use of energy-standardised diets, and therefore 
energy balance, as one of the aspects of a healthy diet, has been separated 
from diet composition. For studying diet composition, both food- and nutrient-
based approaches were considered to ensure non-communicable disease risk 
(factor) reduction and nutrient adequacy. Food-based dietary guidelines and 
nutrient recommendations were used for evaluating the diet in Chapter 3 and 
Chapter 4, and for the design of dietary improvement in Chapter 7.  
 

 
 

Energy balance 

Using energy-standardised diets as starting point for the benchmarking diet 
model implies that options for dietary improvement only consider an iso-caloric 
substitution between food groups, as they are a combination of existing energy-
standardised diets (Chapter 7). Thus, all improved diets are healthier options 
with regard to their diet composition, but they do not tackle overconsumption 
and its associated overweight/obesity burden as such. Nevertheless, these 
energy-standardised improved diets can be re-scaled to the desired level of 
energy intake, according to energy needs. By proportionally lowering or 
increasing the intake from each food group, the diet composition, as proposed 
by the benchmarking diet model, remains the same for a different level of energy 
intake. Next to the health improvement, reducing energy intake is also an 
effective strategy for lowering the environmental impact of the diet (Chapter 5). 
 

 

Dietary variable selection 

Population adherence to food-based dietary guidelines for the Netherlands, as 
described in Chapter 3, was captured by using a summary measure, i.e. the 
Dutch Healthy Diet index 15 [25]. The use of such a summary measure was not 
possible in Chapter 4, because food-based dietary guidelines are country or 

This thesis focuses on dietary quality rather than quantity of diets in Europe. 
Caloric intake, however, is also important. Energy imbalance, as reflected in 
the BMI of individuals and populations, has a major impact on both health and 
environmental sustainability, and should be considered in policy scenarios.  
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region specific. Nutrient adequacy at population level in Chapter 3 and Chapter 
4 was captured by using a summary measure, i.e. the Nutrient Rich Diet score 
(NRD) 9.3 that includes nine nutrients to encourage and three nutrients to limit 
[26, 27], and Chapter 4 additionally included an extended version, i.e. NRD 15.3 
that captures more nutrients that are potentially relevant for European 
populations switching towards a more plant-based diet. In contrast to the 
individual components, summary measures, however, are important information 
tools to take diet quality at face value, but interpretation is limited by score-
related limitations, e.g. the inclusion of a selected number of dietary 
components, arbitrary penalties for unmet criteria, and the failure of the overall 
score to identify dietary components of public health importance.  
 

For the design of dietary improvements in Chapter 7, the starting point for 
identifying healthier diets were the dietary components that serve as a basis for 
establishing food-based dietary guidelines in the four countries (Box 1). All 
generic key elements of a healthy diet, i.e. food groups and nutrients that have 
consolidated knowledge on diet and health, were included as model variables 
for the diet comparison in the benchmarking diet model, except sodium because 
of known inaccuracy in intake assessment [9]. When modelling on the 
quantifiable generic key elements of a healthy diet, a substantial decrease in 
animal-sourced foods occurred, and this resulted in a lower intake of several 
key nutrients that are mainly derived from animal-sourced foods. This was in 
particular of concern in women from Czech Republic, where in the context of 
observed diets no appropriate plant-based alternatives could compensate for 
this. For the identification of existing efficient healthier diets in Chapter 7, food-
based dietary guidelines were, therefore, complemented by several key 
nutrients, i.e. calcium, zinc, vitamin B2 and B12, to ensure nutrient adequacy. 
Although food-based dietary guidelines and these key nutrients were used to 
identify the set of efficient healthier diets, health implications of dietary 
improvements as such were not considered. To improve modelling healthier 
diets, population impact fractions for individual dietary risks might therefore 
serve as evidence-based weights for the individual dietary components included 
in the model to identify efficient existing diets. Adding weights based on public 
health impact to the individual dietary components might thus prioritise some 
dietary improvements above others. 
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Box 1 Dietary components to identify existing healthier diets according to food-based dietary 
guidelines, using Data Envelopment Analyses. 

 

* Apart from food-based dietary guidelines, key nutrients are added for safeguarding nutrient quality. 
 

 

Reference values 

In all health evaluations, the chosen reference values play a key role in 
assessing food group adherence and nutrient intake adequacy. For food group 
adherence, the amounts presented in food-based dietary guidelines give an 
indication on how much from a certain food group an individual should include 
in the daily menu. Although the food groups were rather similar in the food-
based dietary guidelines of European countries, the reference values differed 
between countries [28, 29]. In Chapter 4, the less restrictive reference values 
for an individual’s diet was used for assessing adherence at population level 
across countries. It might, however, be questioned whether such reference 
values are suitable for evaluating adherence to food-based dietary guidelines 
on the population level. This issue has been acknowledged for nutrient 
evaluations, where several indicators and cut-points of the nutrient level are 
available [30, 31]. Although the probability method is considered theoretically 
the best choice for evaluating nutrient adequacy [32], the AR cut-point method 
was adopted as a feasible and acceptable alternative [32, 33],and applied for 
the nutrient evaluation in Chapter 4. There is currently no such framework for 
adherence to food-based dietary guidelines. It is unlikely that the assumptions 
underlying the AR cut-point method also apply to the skewed intake distribution 
RI�IRRG�JURXSV��WKH�UHVXOWV�RI�WKLV�HYDOXDWLRQ�RI�DGKHUHQFH�VKRXOG therefore be 
viewed as comparative descriptors rather than as valid estimates of adherence 
for the population. 
 
When designing healthier diets, dietary reference values serve as a guide for 
safeguarding diet quality, and they are important for monitoring the nutritional 
status of individuals and populations. Most food-based diet optimisation models 
rely on dietary reference values that are included in the model as constraints in 
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order to compose a healthy diet from all foods available [34]. In contrast, in a 
benchmarking diet model, there is no need to specify any dietary reference 
value, as the healthiness of a diet is principally determined by the ratio of “dietary 
components to increase” to “dietary components to decrease” (Chapter 6 and 
Chapter 7).  
 
This thesis shows that improved diets for consumers may be designed by a 
benchmarking model that is commonly used in economics. With the 
econometric frontier approach – data envelopment analyses (DEA) – diets are 
efficiently maximised for their benefits, i.e. “dietary components to increase”, 
against minimal costs, i.e. “dietary components to decrease”, without 
specifying any dietary reference value. 

 
While benchmarking diets, a diet is thus efficient when the benefit-cost-ratio of 
“dietary components to increase” to “dietary components to decrease” is higher. 
To allow for fair comparison between the diets, diets were standardised for their 
energy intake. In diet planning, the estimated average energy requirement 
associated with gender, age, height, weight and physical activity level of the 
population can be used as a reference energy intake [31]. The average energy 
requirement is estimated to be 2,500 kcal for men and 2,000 kcal for women, 
and subsequently in the benchmarking diet model, diets were standardised to 
2,500 kcal for men and 2,000 kcal for women (Chapter 7). This, however, limited 
the internal consistency for men with Chapter 4 where their diets were 
standardised to 2,000 kcal, though a 2,500-kcal diet represents a more realistic 
assumption of energy intake for men. 
 
Moreover, in practice, “dietary components to increase” are only beneficial up 
to a certain level, whereby intakes higher than this level may not offer additional 
health benefit. To account for this while benchmarking diets, a capping value at 
the level of the reference intake was applied for each of the dietary components 
to increase, except for the infrequently consumed food groups like legumes, and 
nuts and seeds (Chapter 7). All diets with an intake at the level of the capping 
value or higher are for the diet benchmark considered equivalent for health with 
regard to the intake of that particular dietary component. Using capping values 
affects the number of efficient diets, leading to a larger set of efficient diets that 
not only includes diets with extreme high intakes for a particular food group. This 
in turn results in improved diets that are closer to the observed diet, and thus 
are assumed to be more realistic and feasible.  
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Environmentally sustainable diets 

 

Assessment of environmental impact of consumer diets 

Diet-related environmental impacts of consumer diets are commonly assessed 
using attributional LCA that describes the environmental impacts throughout all 
the stages of a product’s life cycle under the current architecture of the food 
system [35]. The assessment of the diet-related environmental impact is, 
however, hampered by uncertainties involved in the environmental impact 
analyses based on attributional LCA. This results in a large variation in available 
LCA data, due to differences in model choice and assumptions underlying the 
LCA method. In the present thesis, LCA data used in Chapter 3 (Blonk 
Consultants data set version 2016 [36]) differed from those used in Chapter 5 
and Chapter 7 (the SHARP-ID constructed in this thesis). The Data provided by 
Blonk Consultants are specific for the Dutch context and were used for the 
assessment of the environmental impact of diets in the Netherlands in Chapter 
3. The data in the SHARP-ID represent a broader European context, and 
therefore ignores variation originating from nationally different food supply 
systems, and these data were used for the assessment of environmental impact 
of diets across Europe (Chapter 5 and Chapter 7). Comparison of both LCA-
databases revealed that although absolute impact values for foods were 
different, the contribution by food group and the hierarchy in impact per amount 
of food group as consumed was approximately the same [37]. This further 
supports the idea that for most foods the largest environmental burden in food 
production originates from the primary production phase, involving crop 
production and animal breeding [38]. Adding impacts from the other stages of a 
product’s life cycle adds thus to the precision of the estimate [10], and any 
differences in these stages has until now limited influence on the ranking in the 
diet as a whole. Nevertheless, with increasing data availability on LCA and on 
dietary practices, such as packaging, home preparation, and food waste at 
home, these aspects of food consumption are likely to affect the environmental 
impact of a specific food with an food group to a greater extent [10, 39] and to 
increase the precision of the estimate. As the aim of Chapter 5 and Chapter 7 
was to advance dietary advice for consumers, it could be relevant to separate 
out the role of food choice between and within food groups at the consumer 
level. 
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This thesis makes use of a standardised database for environmental impact 
indicators of GHGE and LU, i.e. the SHARP-ID, to assess the environmental 
impact of European diets. The SHARP-ID allows for direct comparison of 
dietary patterns, but precludes comparison of national food supply systems. 
In addition, including environmental impact indicators on fresh water use, 
nitrogen and phosphorus flows, biodiversity loss and land-system change 
would give a more balanced picture of environmental footprints. 

 
 

Broad spectrum of environmental impact indicators 

In this thesis, GHGE, LU and fossil energy use (FE) were used as indicators for 
environmental impact assessment. GHGE is the most commonly used indicator 
for environmental impact [40, 41], although a narrow focus on this ignores many 
other ecosystems that are affected by diets and agri-food systems. This can be 
illustrated by the contribution of food groups to diet-related environmental 
impact, which ranks differently per indicator (Chapter 3 and Chapter 5). Foods 
like fruit, vegetables and fish have a lower contribution to LU as compared to 
GHGE, which implies higher amounts of these foods for an environmentally 
sustainable diet when using LU instead of GHGE as an indicator (Chapter 3 and 
Chapter 5). On the other hand, instead of GHGE and LU, using FE is likely to 
result in an environmentally sustainable diet that includes lower amounts of 
vegetables, fruit, fish, grains and beverages, because of their higher contribution 
to FE as compared to GHGE and LU (Chapter 3). Impacts thus differ by 
environmental domain, and that is why the broad spectrum of environmental 
impact indicators should be considered when evaluating and modelling 
environmentally sustainable diets. Provided that LCA data are available for a 
large number of indicators, summary measures can be used, as applied in 
Chapter 3 for the Dutch diet, but not for the diet modelling in Chapter 7. 
However, such summary measures limit interpretations, as explained earlier in 
the case of diet scores. 
 
Moreover, next to considering trade-offs between the different environmental 
impact indicators, it is important to incorporate the supply chain of a food when 
modelling environmentally sustainable diets for consumers. This is because of 
the production interdependencies between foods, for example when considering 
side streams of production, both milk and meat from dairy cattle need to be 
included in an environmentally sustainable diet [42]. In Chapter, 7, the modelled 
diet high in environmental sustainability therefore needs to be interpreted with 
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caution, because of the use of attributional LCA. The food group substitutions 
for this modelled diet are based on the fact that under the current production 
and consumption practices the consumption of one food is better than that of 
another one. In practice, however, it is not that simple, as each change in food 
production and consumption is likely to affect the environmental impact of all 
foods in the long run. Using consequential LCA or food systems models instead 
allows to account for potential changes in environmental flows as a response to 
such changes in food production and/or consumption [43]. 
 
In addition, options for a diet that minimise the environmental impact of food 
production and consumption differ by region. In particular, replacing animal-
sourced foods with plant-sourced ones would in high-income countries reduce 
some environmental impacts, in particular GHGE, but increase fresh water use, 
and would additionally increase cropland use, nitrogen and phosphorous 
application in low-income countries [44]. In addition, as a result of globalising 
food markets, food consumption demands of Europe may put pressure on the 
environment elsewhere in the world [45]. Thus, ideally, the broad spectrum of 
GHGE, cropland and freshwater use, nitrogen and phosphorous applications, 
and biodiversity should be considered from both a country-specific and a global 
perspective when evaluating and designing diets.  
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Dietary choices 

 
The context of observed diets 

This thesis addressed dietary choices in the context of observed diets, and 
these observed better dietary choices allow to provide a wide range of 
improvement options that are assumed to be realistic and feasible for the 
population under study (Chapter 7). The assumption underlying this is that peer 
group behaviour may be seen as a key feature of human dietary behaviour [46, 
47], whereby valid information about appropriate eating is provided by similar 
others or those with whom they affiliate.  
 

In this thesis, the benchmarking diet model aimed for moderate dietary 
improvements in the subgroup of the population with inefficient diets. These 
dietary improvements were calculated based on the efficient diets in the 
population, and thus individuals with an efficient diet act as role models for 
dietary improvement.  The use of this ‘peer resemblance’ approach provides 
options for dietary improvement that are realistic and feasible, as they are 
within the boundaries of observed dietary practices.  

 
In addition to peer resemblance, a consumer dietary choice is also dependent 
on individual characteristics, such as demographics, taste, convenience, price, 
etc. [48, 49]. Therefore, the modelled dietary improvement options can still be 
disputed. In one of the models of Chapter 7, the improved diet should stay as 
close as possible to the observed diet (the Max P diet). Such a preferred 
healthier diet was modelled by minimising the sum of positive and negative 
deviations in food group intake. Using these absolute differences in 
consumption amount between food groups assumes that each dietary 
improvement is equally likely to occur, whereas in practice some are more likely 
than others. Previous studies have tried to capture the likelihood of dietary 
improvement by using penalty weights that are directionality-dependent and 
proportional to food popularity [50]. This algorithm for the likelihood of dietary 
improvement assumes that consumers do not like dietary changes, but if 
needed, they rather prefer an increase in the amounts of foods consumed than 
a decrease or an introduction of foods that were not consumed before [50]. 
Collecting and including information on individual food preferences and 
aversions will therefore obviously enhance the modelling of more realistic and 
feasible options for dietary improvement for each consumer. It is, however, hard 
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to know how the modelled diets are affected by the different measures of 
deviations. 
 
Quantifying how much a modelled diet is in line with dietary preferences is 
challenging. Therefore, Chapter 7 introduced a simple description of the overall 
similarity between the observed and alternative healthier diet, a so-called diet 
similarity index.  
 
In this thesis, a diet similarity index was calculated as the summed amount of 
each food group amount that remains the same in the modelled diet as 
compared to the observed diet divided by total diet weight of the observed 
diet. It is, however, still hard to judge how much diet similarity is needed for a 
dietary improvement option that is likely to occur. 

 
This measure of diet similarity assumes that, in the course of dietary 
improvement, consumers are willing to increase consumption of a consumed 
food without considering this as a change, and if needed they rather partly give 
up a consumed food than totally eliminating this from the diet or introducing a 
new food. Although the diet similarity index estimates the proportion of food 
intake that remains unchanged, it is still hard to say at what order of magnitude 
in diet similarity a dietary improvement is more or less likely to occur. There is 
thus a need for studying consumer perception, such as food preferences and 
aversions, price, taste and texture, personal interest in health or environmental 
sustainability etc. on the suggested improvement. If such indicators on 
consumer perception become available for each consumer, incorporating them 
to the indicators and adding them to the benchmarking diet model will help to 
further tailor dietary advice to the individual consumer.  
 
In this context, a previous observational study conducted in five urban regions 
across Europe showed that barriers of perceived “lack of willpower”, “time 
constraints” and “taste preferences” are strongly related to dietary behaviours in 
adults [51]. In particular the barrier of “lack of willpower” and “time constraints” 
appeared to be especially important for the consumption of home-cooked meals 
and a frequent consumption of breakfast. Accounting for such barriers of dietary 
behaviour in the diet model relates to the previous discussion on time integration 
of dietary exposure. This implies that a meal-oriented approach rather than a 
daily menu-oriented approach might increase the understanding of dietary 
choices towards improved diets by means of improved meals.  
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Towards healthy and environmentally sustainable diets 

Chapter 2 describes two approaches for designing alternative diets, i.e. food 
item replacements and diet models. For the design of diets towards improved 
health and environmental sustainability, it is particularly important to satisfy 
nutrient recommendations and food-based dietary guidelines, and to minimise 
environmental impact, while still accounting for dietary preferences.  
 

 

Food item replacement 

Food item replacement is a simple approach for designing alternative diets, and 
for the design of environmentally sustainable diets, the main interest is replacing 
animal-sourced foods by plant-sourced ones. In the literature review of Chapter 
2, it is found that diets with less meat may have a lower environmental impact 
up to 50% of the observed impact depending on the amount and type of meat 
included in the observed diet and the substitution food [52, 53]. In such 
replacement studies, the intake of meat was often stepwise lowered until full 
elimination, and was replaced by one food group or a combination of different 
food groups, either on a food weight, a protein or an energy basis (Chapter 2).  
 
Chapter 5 introduced a regression-based substitution to simulate a food item 
replacement that accounts for total energy intake and the underlying type of 
data, i.e. observed dietary practices. In particular, a 50% replacement of the 
energy from meat by grains or by fruit, vegetables, legumes and nuts decreased 
environmental footprints by 12% for GHGE and 17% for LU. Although these 
simple replacement messages are straight-forward, the implementation in 
practice may face some challenges. Plant-based alternatives may not fit within 
dietary preferences of consumers, because of different taste profiles. i.e. taste 
of salt/umami/fat for meat, neutral for bread, vegetables, legumes and nuts, and 
sweet/sour taste for fruit [54]. In addition, it has been shown that a more healthy 
and environmentally sustainable diet includes lower amounts of foods with a 
taste of salt/umami/fat and of bitter, and higher amounts of foods with a neutral 
taste [55]. Next to taste differences, a transition towards a more plant-based diet 
can also put critical nutrient intake under pressure in the population. Critical 
nutrients in this thesis were vitamins B2 and B12 when replacing meat (as found 
by the regression-EDVHG� VXEVWLWXWLRQ�� &KDSWHU� ���� DQG� additionally included 
FDOFLXP�DQG� ]LQF�ZKHQ� UHSODFLQJ� ERWK�PHDW� DQG� GDLU\� �DV� HDUOLHU� GLVFXVVHG��
Chapter 7). Such simple food item replacements do thus modify the diet as a 
whole, but they do not capture the complexity of the dietary pattern.  
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Diet models – in general 

Transparent and reproducible integration of health and environmental 
sustainability aspects of a diet requires mathematical modelling. Diet models 
have been used to design either population or individual diets that are more 
optimal according to certain criteria [34, 56]. The usefulness and validity of the 
results obtained with diet models is, however, dependent on how well the model 
generates realistic and feasible diets, and on the quality of the underlying data.  
 

 
While common diet optimisation models starts from a set of available foods with 
data on food composition and environmental impact, the benchmarking diet 
model identifies existing healthier diets within a population and uses them as 
example for dietary improvement (Chapter 6). The main difference for dietary 
improvements is thus the decision-making unit which is a basket of foods in a 
diet optimisation model and a set of observed diets in a benchmarking diet 
model. This difference influences the generation of diets in two ways. First, in 
diet modelling ensuring realism and acceptability of the modelled diet requires 
introducing additional constraints on food associations, such as bread and 
butter, oil and green salad, milk and cereals, while there is no need for in a 
benchmarking diet model. This is because the resulting diet is a combination of 
other existing diets, and thus describes a first step for dietary improvement, or 
in other words the maximal feasible solutions for dietary improvement within the 
range of observed diets, instead of an optimised diet. Second, an increase in 
the amount of infrequently consumed foods, such as nuts and seeds, is 
hampered by a benchmarking diet model (Chapter 7), although these foods fit 
in a healthy and environmentally sustainable diet, as suggested by food-based 
diet optimisation models. Nevertheless, results of the benchmarking diet model 
suggest a need for targeted efforts and/or product development to increase 
consumption of some foods beyond observed dietary practices. Moreover, 
observed individual dietary practices are partly shaped by the food environment 
[57, 58] that is, however, subjected to changes, such as the introduction of new 
foods on the market and price fluctuations, which in turn can influence dietary 
intake. This supports the idea of adding recommendation algorithms that include 

This thesis shows the application of a benchmarking diet model for the design 
of dietary improvement options. The great advantage of using a benchmarking 
diet model is that the diet solutions fit in the context of observed diets and that 
it implicitly accounts for dietary preferences by keeping the basic relationships 
between foods intact. 
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both peer resemblance of the diet as well as product characteristics. 
Recommendation algorithms such as “people like you often use this product to 
arrive at a healthier and more environmentally sustainable diet” can thus 
complement the modelled diets by providing additional suggestions for dietary 
improvement. Such suggestions can be seen as a second step that helps to 
pave the way for more healthy and environmentally sustainable diets. 
 

 
 

Diet models – assumptions  

Several assumptions that underlie most diet models could be questioned, 
including the indicators for health, environment and dietary preferences, as 
discussed above. In a benchmarking diet model based on data envelopment 
analyses (DEA), particularly, the indicators used to identify efficient diets are of 
major importance for the direction of dietary improvement. A previous 
benchmarking diet model using a nutrient-based approach did not capture the 
full spectrum of a healthy diet, since not all modelled food group amounts were 
in line with food-based dietary guidelines [59]. This is because in the context of 
observed diets, subjects with a higher nutrient quality do not necessarily have a 
higher adherence to food-based dietary guidelines. In a cohort of 1,169 Dutch 
highly educated adults (NQplus study), for example, only 57% of the population 
that scored highly on a nutrient-based diet score had a high food-based diet 
score (Chapter 3). This suggests that subjects can cover nutrient intakes without 
necessarily fully adhering to food-based dietary guidelines. On the other hand, 
food-based dietary guidelines provide a basic framework when planning daily 
menus, and are supposed to cover 100% of the nutrient recommendations [60]. 
That is why in Chapter 7, the identification of efficient diets was based on an a 
priori defined set of food-based dietary guidelines. There appeared to be no 
need to add nutrients to the DEA-model, except for Czech Republic where no 
appropriate plant-based alternatives could compensate for a substantial 
decrease in animal-sourced foods and their key nutrients, as discussed above. 

This thesis provides examples for the first steps towards improvement of diets 
for health and environmental sustainability, within the framework of food-
based dietary guidelines, and with solutions that are close to observed diets 
in Europe. Such dietary improvement options, as explored by the 
benchmarking diet model, are highly dependent on the dietary variables used 
to identify efficient diets and the set of observed diets. 
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It was therefore important to incorporate several nutrients, next to the food-
based approach to prevent that the healthier diet in the context of observed diets 
negatively affects nutrient adequacy of the diets in these populations.  
 
Modelled diets are in general influenced by the order of modelling steps, since 
options for dietary improvement are dependent on the set of existing efficient 
diets that are identified by the model variables. In the case of Chapter 7, 
indicators for a healthy diet were used to identify efficient diets. Options for 
dietary improvement are thus in Chapter 7 first of all derived from food-based 
dietary guidelines, and after that additional constraints on dietary preferences, 
nutrient quality and environment are included. When instead of health, the 
environment is the main reason for dietary improvement, the set of existing 
efficient diets would be identified by using indicators for environmental 
sustainability. Diets with a lower environmental impact are then used as 
examples for dietary improvement of others. In this way, such modelled diets 
are expected to have a much larger improvement for environmental 
sustainability than the Max S diet as found in Chapter 7, but a lower 
improvement for health even after adding additional constraints on health. This 
implies that the maximum solutions for health and environmental sustainability 
cannot be achieved simultaneously by dietary choices alone. This also confirms 
the weak associations between healthiness and environmental impact of the 
diet (Chapter 3). That is why public health and agri-food policies and research 
programmes should be integrated in the design of future consumer diets, and 
not as an add-on of each other.  
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DISCUSSION OF THE MAIN FINDINGS 
 

Results of the diet model presented in this thesis shows that dietary solutions 
that benefit both human health and the environment promote a higher intake of 
plant-sourced foods and a lower intake of meat, in particular beef, along with 
tackling overconsumption.  
 

Overconsumption 

Obesity (i.e. BMI � 30 kg/m2) ranks among the leading five risk factors for early 
death and disability in Europe [61, 62], and is highly prevalent (10-15%) across 
the four countries. Nevertheless, this burden of disease is potentially 
preventable. A modest weight loss of 5-10% significantly improves metabolic 
and cardiovascular health, with more improvement for greater weight loss [63]. 
Caloric restriction is one of the key features for achieving weight loss that would 
also benefit the environment (Chapter 5). When energy intake was reduced to 
meet energy needs for a 5-10% lower body weight, then the diet-related GHGE 
and LU would decrease by 3-5%, without changing diet composition.  
 

Diet composition – national benchmarking 

Diet-related environmental impact can be further reduced by changing diet 
composition. In Chapter 7, improved diets within the framework of food-based 
dietary guidelines and in the range of observed diets were identified using a 
benchmarking diet model. A total of 6,462 individual diets across Europe were 
benchmarked, of these diets 4,344 (67%) could be improved for their adherence 
to food-based dietary guidelines by other national diets within a country-and-
gender-specific context of observed diets. In particular, dietary improvement 
was modelled for 66% of the diets in Denmark, 58% of the diets in Czech 
Republic, 74% of the diets in Italy, and 68% of the diets in France. In line with 
the food group adherence (Chapter 4), the solution space to improve inefficient 
diets was the lowest in Czech Republic, followed by Denmark and France, and 
the highest in Italy. This is because this solution space is dependent on the 
number of efficient diets that in turn is dependent on to what extent individuals 
in a population meet food-based dietary guidelines. When a number of 
individuals in the population meet only a part of the food-based dietary 
guidelines, then many of this number of individuals are included in the set of 
efficient diets, hence less improvement on a population level, and vice versa.  
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Diet composition - European benchmarking 

On top of this, a further improvement of diet composition is possible when using 
(XURSHDQ�EHQFKPDUNLQJ��DV�HODERUDWHG�LQ�WKLV�GLVFXVVLRQ�VHFWLRQ��LQVWHDG�RI�D�
national benchmarking as applied in Chapter 7. When allowing for one food 
market for Europe, and hereby allowing for exchange of dietary habits across 
European countries, 5,293 (82%) of the diets could be improved within a 
European-gender-specific context. This implies that the dietary practices of the 
different countries provide more opportunities to achieve dietary improvements 
than the dietary practices of one single country. As expected from the food group 
adherence (Chapter 4), it is apparent that the diets from Italy are included most 
frequently in the set of efficient diets in a European-wide context (44%), followed 
by diets from France (32%) and Denmark (15%), and the least frequently 
included are the diets from Czech Republic (9%).   
 

 

Diet composition – the EAT-Lancet reference diet 

In the context of integrating health and the environment, the EAT-Lancet 
Commission has proposed the global adoption of a healthy reference diet [64]. 
This healthy reference diet includes the same food groups as the food-based 
dietary guidelines in the European countries, but amounts of some food groups 
differ substantially. It is thus regarded as a future diet to strive for rather than a 
feasible solution for dietary improvement at this moment. 
 

Figure 3 shows the results on nutrient adequacy and environmental 
sustainability for the modelled diets as compared to the observed diet, and 
Figure 4 shows the food group composition of the observed and modelled diets. 
Modelled diets were based on a country-and-gender-specific context, a 
European-gender-specific context, and the EAT-Lancet reference diet. 
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This thesis provides examples for the first steps towards further improvement 
of diets for health and environmental sustainability, within the framework of 
food-based dietary guidelines, and with solutions that are in the range of the 
observed diets. 

� The Max P  diet is a modelled diet with improved adherence to food-
based dietary guidelines and is the most preferred, based on minimal 
absolute deviation from the observed diet. 

� The Max H diet is a modelled diet with improved adherence to food-
based dietary guidelines and is the most healthy, based on the NRD 
15.3 for nutrient quality. 

� The Max S diet is a modelled diet with improved adherence to food-
based dietary guidelines and is the most environmentally sustainable, 
based on GHGE. 

 

 

Figure 3 Evaluation of the nutrient quality and the environmental sustainability of the modelled 
diets according to a benchmarking diet model ab and the EAT-Lancet diet [64]. 
a All modelled diets have an improved adherence to food-based dietary guidelines. Max P is the most preferred diet 
based on minimal deviation from the observed diet, Max H the most healthy diet based on NRD15.3 for nutrient 
quality, and Max S the most environmentally sustainable diet based on GHGE.   
b Using a country-specific versus a Europe-wide benchmarking diet model. 
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Improved diet that is the closest to the observed diet – Max P diet 

A first step towards healthier diets within specific European countries can be 
achieved while preserving on average 85% of the observed diets. When 
allowing for exchange of food habits across countries, healthier diets were on 
average for 80% similar to the observed diet. In the Europe-wide context, the 
improvement in nutrient adequacy was twice as large as in the country-specific 
context. For the Max P diet, environmental impact was not improved in the 
Europe-wide context, but was on average 4% lower as observed in the country-
specific context. Because of the modelling based on food-based dietary 
guidelines, compared to the observed diet, the Max P diet has higher amounts 
of whole grains, fruit, vegetables, legumes and fish, and lower amounts of meat, 
sweet and alcoholic beverages. In the Europe-wide context, the amount of 
sweet beverages was lower for women and that of alcoholic beverages was 
lower for men as compared to the Max P diet in the country-specific context. 
 

 

Improved diet that has the highest nutrient quality – Max H diet 

In a next step, nutrient adequacy was prioritised on top of improved adherence 
to food-based dietary guidelines. However, prioritising nutrient adequacy 
occurred at the expense of dietary preferences, i.e. only 72% of the food group 
intake remained similar in the country-specific context and 61% for the Europe-
wide context. In this Europe-wide context, the improvement in nutrient adequacy 
was larger than in the country-specific context, i.e. on average 27% versus 16%. 
For the Max H diet, environmental impact was on average 11% lower in the 
Europe-wide context, with hardly any improvement in the country-specific 
context. The Max H diet had even higher amounts of whole grains, fruit, 
vegetables, legumes and fish, and lower amounts of sweet and alcoholic 
beverages. In the Europe-wide context, the amount of fruit, vegetables, and 
legumes was even higher, and the amount of sweet and alcoholic beverages 
was even lower as compared to the Max H diet in the country-specific context.  
 

 

Improved diet that has the highest environmental sustainability – Max S diet 

As for nutrient quality, environmental sustainability was prioritised on top of 
improved adherence to food-based dietary guidelines. Prioritising environmental 
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sustainability also occurred at the expense of dietary preferences, i.e. only 73% 
of the food group intake remained similar in the country-specific context and 
64% for the Europe-wide context. Again, in this Europe-wide context, the 
improvement in nutrient adequacy was twice as large as in the country-specific 
context, i.e. on average 19% versus 9%. Environmental impact of the Max S 
diet was on average 21% lower in the country-specific context and on average 
31% lower in the Europe-wide context. Compared to the observed diet, the Max 
S diet in the country-specific context had a higher amount of animal-sourced 
foods, but protein sources shifted from red and processed meat to poultry, fish, 
eggs and/or dairy. In the Europe-wide context, the amount of meat was even 
lower, while dairy was not chosen as a replacement food for meat. This finding 
is related to the fact that dietary improvement options are more frequently 
derived from Italian diets where dairy intake, excluding cheese and butter, is 
relatively low as compared to dairy intake in France and Denmark (Chapter 4).  
 

 

The EAT-Lancet reference diet 

The healthy reference diet, as presented by the EAT-Lancet Commission, is 
mainly characterised by relatively low amounts of meat (43g/2,500kcal), and 
higher amounts of legumes (75g/2,500kcal), nuts and seeds (50g/2,500kcal) 
and whole grains (332g/2,500kcal) [64]. It would require much more changes in 
the observed diet than the diets for Europe as modelled in this thesis, as it was 
only for 39% similar to the observed diet. Moreover, the EAT-Lancet diet would 
have the largest improvement in environmental impact, on average 42%, while 
the improvement in nutrient adequacy was on average only 12%.  
 
This thesis shows that dietary improvements for more healthy and 
environmentally sustainable diets requires sacrifices in terms of dietary 
preferences. Moreover, in the context of observed diets in four European 
countries, the maximal solutions for health compromise the maximal solutions 
for environmental sustainability in the design of realistic and feasible diets, 
and vice versa.  

 
A tailored approach, as applied in the benchmarking diet model, accounts for 
the large variation of individual dietary patterns, and thereby performs better 
regarding acceptability and realistic dietary improvements. The diets modelled 
in this thesis represent the maximal feasible solutions for dietary improvement 
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within the range of observed diets, i.e. not the ultimate (better) solutions that can 
go beyond observed diets. The national country-specific diet model gives 
solutions for realistic and likely short-term directions of dietary improvements, 
while long-term directions, which are the exchange of food habits across 
countries, are represented by the Europe-wide diet model. To further improve 
both modelling approaches, there is a need to not only include the consumer 
focus, but also the involvement of supporting (national) policies on consumer 
diet and agri-food production systems to strengthen the concept of food system 
thinking that encompasses the activities associated with producing, processing, 
distributing, purchasing and consuming food.  
 
The EAT-Lancet diet outlines a global average and ranges of food group intakes 
that would benefit human health within the safe planetary boundaries for food 
production [64]. The EAT-Lancet Commission acknowledged that given the 
ranges of intake included, there are possibilities for local interpretation and 
adaptation of this diet, with foods and amounts consistent with cultural 
preferences and habits [64]. Such a national and regional interpretation and 
adaptation will take time, as the EAT-Lancet diet represents an ultimate goal 
that goes beyond the current dietary practices and even beyond food-based 
dietary guidelines and food-based diet optimisation models. This highlights the 
added value of a benchmarking diet model that finds realistic and feasible 
solutions for dietary improvement within the context of current dietary practices. 
As the dietary practices are likely to change over time, re-applying such a 
benchmarking diet model with updated dietary data will provide next steps for 
moving towards the ultimate goal of healthy and environmentally sustainable 
diets. 
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IMPLICATIONS  
 
Research implications 
Modelling in this thesis was based on data from four countries from different 
European regions, i.e. Denmark (Scandinavia), Czech Republic (Central 
Eastern Europe), Italy (Mediterranean region) and France (Western Europe). 
Eastern Europe, where a third of all deaths may be caused by unhealthy diets 
[65], is not well represented in this thesis. Dietary patterns in several Eastern 
European countries may resemble that of Czech Republic. However, outcomes 
from this thesis may not merely be extrapolated to the whole of Europe. For 
future modelling and an integrated food and health policy in Europe, more 
national dietary surveys in the Eastern European region, preferably linked to the 
FoodEx2 food classification system [66], are needed. Also for other regions, 
regular monitoring of dietary intakes should be guaranteed for evidence-based 
food and health policy. 
 
Scenarios used in food and health policy often rely on macroeconomic models 
that are based on agricultural commodities and aggregate food consumption 
data (e.g. by household, per capita). This thesis emphasises the value of 
individual-level dietary data. Observed consumer diets can serve as a starting 
point for a demand-driven (rather than production-driven) journey towards 
healthier and more environmentally sustainable diets. The benchmarking 
approach applied in this thesis can be used within and across European 
countries, and even globally, provided that representative national dietary intake 
data are available. While the health impact of foods is rather comparable across 
different European countries, this is probably not the case for the environmental 
impact of foods. The latter depends, amongst others, on local production, 
transport and food waste practices by consumers. For a better estimation of 
national or regional environmental sustainability of diets, more environmental 
impact indicators and country-specific harmonised LCA data for foods are 
needed.  
 
Because this thesis relies on observed diets for modelling dietary improvements, 
it implicitly accounts for cultural preferences, sensory aspects and culinary 
practices, as well as affordability and availability of foods in the different 
countries. Nevertheless, a more sophisticated approach to capture dietary 
preferences may be considered for future modelling, including the use of food 
attributes (e.g. taste, texture, and liking) linked to food composition tables, 



264 GENERAL DISCUSSION

 

clustering of foods within meals and over time, and prices of foods. Apart from 
that, more attention could be paid to the reliability aspect of European diets, e.g. 
food safety and the stability of food supply. Ultimately, this may lead to an 
extended benchmarking diet model that captures all dimensions of the SHARP 
diet, i.e. a diet that is environmentally Sustainable, Healthy, Affordable, Reliable 
and Preferred by consumers.  
 
The benchmark diet model targets the design of improved consumer diets, but 
not the wide range of interconnected factors related to the food supply chain 
and its mutual interaction with food consumption. This highlights the importance 
of coupling a diet model, with macro-level agricultural, trade, and environmental 
impact analyses for strengthening the achievement of more healthy and 
environmentally sustainable diets within a sustainable food system. As explored 
in the SUSFANS project [67]), such a toolbox of interrelated models with 
harmonised data could become a European wide reference for advancing 
evidence-based health and food policy in Europe, and for monitoring and 
evaluating food production and consumption practices in a comparable way at 
the national level. To ensure comparability at the European level, the diet model 
could eventually be used on comparable data across Europe, whereas the 
implementation of food-based dietary guidelines could remain in the national 
policy remit, as the diet model will provide consumer-oriented dietary guidance 
considering regional food cultures and challenges.  
 

 

Public health implications 
‘Benchmarked’ diets, as presented in this thesis, are easier to implement and to 
communicate to the public than ‘optimal’ diets. Such optimal diets are (still) 
beyond reach for large segments of the population, especially for those with less 
health literacy and/or a lower socioeconomic position [68, 69]. To illustrate, this 
thesis shows that replacement of ruminant meat with other animal-sourced 
foods (e.g. fish, white meat, eggs or dairy) is a valuable first step towards more 
healthy and sustainable diets. This message is probably more acceptable to 
many European consumers than the commonly conveyed message to replace 
animal-sourced with plant-sourced foods. The latter will lead to more health and 
environmental gains, but it ignores the dietary preference aspect. When the 
public rejects the message of an ‘optimal’ diet, there will ultimately be less health 
and environmental gains than when the public accepts a more modest 
‘benchmarked’ diet.  
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OVERALL CONCLUSION 
 
This thesis provides the methodology and examples for the integration of health, 
environmental sustainability and dietary preferences in the design of improved 
healthy and environmentally sustainable diets for consumers in Europe. 
 
National dietary surveys carried out at the individual level serve as an evidence 
base to assess the healthiness and environmental impact of consumer diets. 
Direct cross-country comparison is, however, challenged by the methodological 
differences in national dietary surveys collected at the individual level. This 
thesis demonstrates that available dietary surveys can be aligned to enable 
cross-country comparison. In this way, it is possible to assess diet-related health 
and environmental sustainability in a comparable way across countries by using 
a common set of reference values for health and a standardised LCA database 
for environmental sustainability. 
 
This thesis shows that a benchmarking diet model allows designing healthier 
and more environmentally sustainable diets that are close to dietary preferences 
of consumers and national dietary practices. This extends the relevance of 
national dietary surveys from surveillance to public health and agri-food policies 
at the European level. Within the framework of food-based dietary guidelines 
and the context of observed diets, dietary solutions presented in this thesis 
showed similar proportions of animal- and plant-sourced foods as observed 
diets, but with less beef and more fruit and vegetables, that contributes to 
nutrient-dense diets with lower energy density. Maximising health and 
environmental sustainability, however, comes with a trade-off against current 
dietary preferences. To simultaneously achieve maximal improvement in health 
and environmental sustainability, current food supply chains need to be 
rethought and dietary preferences need to be inspired by the rich diversity of 
European diets.   
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In Europe, overconsumption and unhealthy diets cause a massive triple burden 
of diseases, including obesity, non-communicable diseases and nutrient 
deficiencies. Apart from that, our diet not only impacts health, but also the 
environment. Currently, the land area needed to produce an average European 
diet is roughly around half a football pitch per person per year. There is thus an 
urgent need to transform both food production systems and food consumption 
patterns.  
 
This thesis develops a methodology to design the first steps towards more 
healthy and environmentally sustainable diets that are acceptable for European 
consumers. To achieve this, this thesis operationalised health of the diet using 
a food- and a nutrient-based approach, and the environmental sustainability of 
the diet was assessed using greenhouse gas emissions (GHGE) and land use 
(LU). 
 
We first reviewed how nutritional health was operationalised in published 
research on healthy and environmentally sustainable diets (Chapter 2), and we 
conducted a validation study on the assessment of diet-related environmental 
impact using individual-level dietary data (Chapter 3). Further, the current status 
of European diets was described in terms of health (Chapter 4) and 
environmental sustainability (Chapter 5) using data from four European 
countries, i.e. Denmark, Czech Republic, Italy and France. Subsequently, health 
and environment were integrated in a benchmarking diet model (Chapter 6), 
which provides more healthy and environmentally sustainable diets that fit within 
the dietary preferences of European consumers (Chapter 7). The final chapter 
(Chapter 8) discusses the main findings and their implications.  
 
 
 
PART I: Methodological aspects of assessing health and environmental 
sustainability of diets 
 
In the past decade, various studies have optimised diets for environmental 
sustainability. How health aspects were operationalised in those studies was 
described a literature review of 49 studies (Chapter 2). Five different approaches 
were identified: three following a descriptive outline that compared diets with 
each other based on dietary guidelines, dietary quality scores or diet-related 
health-impact, and two following an analytical outline for the design of alternative 
diets using food item replacement or diet modelling. In particular, for the design 
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of alternative diets, the complexity of the diet can be captured in a reproducible 
and valid way by using a diet model. Such a diet model aim to compose a diet 
that satisfies nutrient recommendations and/or food-based dietary guidelines, 
amongst other diet-related factors, such as minimising environmental impact 
and maximising dietary preferences. As an avenue for future research in 
designing alternative diets, we proposed the concept of a diet that is SHARP: 
environmentally Sustainable, Healthy, Affordable, Reliable and Preferred. The 
operationalisation of such a diet requires further exploration of mapping all diet-
related dimensions into quantifiable indicators. 
 
Like the assessment of nutrient and food intakes, the assessment of diet-related 
environmental impact is dependent on the method of dietary assessment. In a 
validation study, the performance of a food frequency questionnaire (FFQ) for 
assessing diet-related environmental impact was compared to the 24-hour recall 
(24hR). In addition, it was assessed whether the method of dietary assessment 
affects the association that is observed with diet quality (Chapter 3). Analyses 
were based on 1,169 men and women, who participated in the NQplus study in 
the Netherlands, and completed a 216-item FFQ and two replicates of a web-
based 24hR. Life cycle assessments of 207 foods taken from Blonk Consultants 
were used to assess diet-related GHGE, LU and fossil energy use of a Dutch 
diet. After energy-adjustment, the FFQ underestimated diet-related 
environmental impact by 7-10% as compared to the reference 24hR. Energy-
adjustment by the residual method of observed values showed covariate-
adjusted attenuation coefficients that vary between 0.48-0.60, and the 
attenuation was lower for density residuals (with covariate-adjusted attenuation 
coefficients varying between 0.57-0.69). Diet-related environmental impact was 
inversely associated with a food-based diet score for both FFQ and 24hR, while 
associations with a nutrient-based diet score were inconsistent. This implies that 
in the context of observed diet, a healthy diet is not necessarily an 
environmentally sustainable diet. 
 

 

�  
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PART II: Health and environmental sustainability of European diets.  

 

European food consumption patterns were described in terms of food groups 
and nutrients using national survey data carried out at the individual level in four 
countries, i.e. Denmark, Czech Republic, Italy and France (Chapter 4). Intakes 
of food groups showed large deviations from food-based dietary guidelines in 
all countries, in particular low intakes for legumes (<20g/d), and nuts and seeds 
(<5g/d), and high intakes for red and processed meat (>80g/d). Intakes of fruit 
and vegetables showed considerable geographical variability. Intake of dairy, 
excluding cheese and butter, was relatively high in Denmark, as was the case 
for sweet and alcoholic beverages. Italy and France had the highest intake of 
fish. For nutrients, intakes were inadequate for dietary fibre in all countries. 
Intakes of potassium and folate were the most inadequate in Czech Republic, 
magnesium in Italy, and vitamin E in Denmark. Within countries, dietary intakes 
also varied by age, gender and educational level, but not by overweight status. 
 
The environmental impact associated with observed consumer diets across four 
European countries was assessed (Chapter 5).  Dietary intake data from 
Denmark, Czech Republic, Italy and France were linked to a newly developed 
pan-European environmental sustainability indicator database that contains 
GHGE and LU values for ~900 foods. Energy intake explained 41% and 33% of 
the variation in daily GHGE and LU, respectively, and a 200-kcal (10%) higher 
intake was associated with a 9-10% higher daily GHGE and LU. Expressed per 
2,000 kcal, mean GHGE ranged from 4.4 to 6.3 kgCO2eq, and LU ranged from 
5.7 to 8.0 m2/year. Country explained 49% and 45% of this variation in GHGE 
and LU, respectively, while age, gender, educational level and overweight status 
were of minor importance. In all four countries, the main contributors to total 
GHGE and LU were meat products with a relative contribution for total meat 
varying between 36 and 38 percent for GHGE and between 45 and 52 percent 
for LU. Once country and reported energy intake were accounted for, dietary 
choices of meat – especially the proportion of ruminant meat to total meat – 
explained most of the variation in GHGE, i.e. 11% for meat and 17% for the 
proportion of ruminant meat. A 5 energy percent (50g/2,000-kcal) higher meat 
intake was associated with a 10% higher GHGE, and a 20% higher proportion 
of ruminant to total meat with a 10% higher GHGE. Similar results were found 
for LU. 
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PART III: Identification of dietary improvement options for European 
consumers that integrate health, environmental sustainability and dietary 
preferences 
 

To facilitate the transition to healthy and environmentally sustainable diets, the 
first steps for dietary improvement needs to be identified. Examples for such first 
steps can be provided by a benchmarking diet model (Chapter 6). A 
benchmarking diet model composes diets that are not only healthier and more 
environmentally sustainable, but also implicitly fit dietary preferences. Dietary 
survey data of 6,462 adults from Denmark, Czech Republic, Italy and France 
were used for benchmarking diets with respect to adherence to food-based 
dietary guidelines (Chapter 7). After that, these diets were optimised for dietary 
preferences, nutrient quality and environmental sustainability. When dietary 
preferences were prioritised, the nutrient rich diet (NRD) 15.3, i.e. a diet score 
for nutrient quality, was ~6% higher� GHGE was ~4% lower as compared to the 
observed diet, and ~85% of food group intake remained similar to the observed 
diets. When nutrient quality was prioritised, NRD15.3 was ~16% higher, GHGE 
was ~3% lower, and ~72% of food group intake remained similar. When 
environmental sustainability was prioritised, NRD15.3 was ~9% higher, GHGE 
was ~21% lower, and ~73% of food group intake remained similar. Thus, the 
maximal solutions for nutrient quality and environmental sustainability occurred 
at the expense of dietary preferences, and they cannot be achieved 
simultaneously. Compared to the observed diet, all improved diets are mainly 
characterised by higher amounts of fruit, vegetables, whole grains, fish, and 
lower amounts of meat, and sweet and alcoholic beverages.  Still, the proportion 
of animal- to plant-sourced foods was similar in the observed diet and in the 
modelled diets, but animal-sourced foods shifted from red and processed meat 
(in particular beef) to fish, poultry, eggs and/or dairy.  
 
 
 
�  
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CONCLUSION 
 

In conclusion, as described in Chapter 8, this thesis provides the methodology 
and examples for the integration of health, environmental sustainability and 
dietary preferences in the design of improved diets for consumers in Europe.  
 
National dietary surveys carried out at the individual level serve as an evidence 
base to assess the healthiness and environmental impact of consumer diets. 
This thesis demonstrates that available dietary surveys can be aligned to enable 
cross-country comparison. In this way, it is possible to assess diet-related health 
and environmental sustainability in a comparable way across countries by using 
a common set of reference values for health and a standardised LCA database 
for environmental sustainability. The addition of indicators for environmental 
sustainability and country-specific harmonised LCA data for foods are, however, 
needed to obtain a more balanced picture of the diet-related environmental 
impact in a particular country. 
 
More importantly, this thesis shows the possibility of designing more healthy and 
environmentally sustainable diets that are close to dietary preferences of 
consumers and national dietary practices by using a benchmarking diet model. 
This extends the relevance of national dietary surveys from surveillance to 
public health and agri-food policies at the European level. The benchmarking 
diet model proposed here provides examples for the first steps towards 
improved diets in the framework of food-based dietary guidelines, including 
options that remain as close as possible to the observed diet, are the most 
healthy or the most environmentally sustainable. Next steps in the design of 
alternative diets are required to explore the full spectrum of the SHARP diet 
dimensions, i.e. environmentally Sustainability, Health, Affordability, Reliability 
and dietary Preferences.  
 
While improving adherence to food-based dietary guidelines within the range of 
observed diets, modelled diets had a similar proportion of animal- and plant-
sourced foods as the observed diets, but energy density of these diets was 
lower. Maximal solutions for health and environment, however, come with a 
trade-off against current dietary preferences. To simultaneously achieve 
maximal improvement in health and environmental sustainability, current food 
supply chains need to be rethought and dietary preferences need to be inspired 
by the rich diversity of European diets. 
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