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A B S T R A C T   

Dietary changes are needed to align the global food systems with the planetary boundaries and contribute to 
Sustainable Development Goals. We employed a Life Cycle Assessment (LCA) framework, extended with in-
dicators on human health and animal welfare, to assess 2020 food consumption data of a pilot sample collected 
through an online survey in the Rhine-Ruhr Metropolis (Germany). Feasible optimisation scenarios representing 
alternative sustainable choices towards overarching environmental, societal and policy goals were explored. 
Meat and meat products contributed most to overall environmental impacts (e.g., climate change, terrestrial 
acidification), and fish and seafood to animal welfare loss (e.g., animal lives lost, animal life years suffered). 
Sodium intake was the most contributing risk factor for life minutes lost. The combined optimisation scenario 
reduces 55% of greenhouse gas emissions, improves human health indicators by 25% and reduces animal welfare 
loss substantially (by 52-97%). This is possible with a shift towards flexitarian and vegetarian dietary scenarios. 
These optimisations deliver improvements across One Health dimensions with marginal changes in dietary 
scenarios and align with the sustainability goals of the EU Green Deal. Working with regional data can offer 
advantages in obtaining more realistic baseline dietary information to promote localised dietary shifts. While this 
research has limitations regarding sample representativeness, it can serve as a case study to encourage sus-
tainable consumption in the Rhine-Ruhr region.   

1. Introduction 

Global food production and consumption are heading beyond safe 
planetary boundaries, and urgent transformations are necessary to 
ensure food security and climate change mitigation (Aiking and de Boer, 
2020; Gerten et al., 2020). Food systems are increasingly altering eco-
systems while causing unprecedented global health burden, including 
communicable and non-communicable diseases (NCDs) (Ridoutt et al., 

2021; Talukder et al., 2022). The UN Food Summit emphasised the need 
for profound dietary changes for a sustainable future for better human, 
animal, and ecological health (UN, 2021; von Braun et al., 2023). 
Consequently, diets should shift towards more environmentally sound, 
healthy and ethical consumption patterns that respect planetary 
boundaries, acknowledging regional differences and socio-cultural 
values (Vanham et al., 2021). 

The European Union’s (EU) Green Deal aims to reduce greenhouse 
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gas emissions (GHGE) by 55% in 2030 by transforming the EU food 
systems (European Commission, 2021). The EU’s Farm to Fork Strategy 
targets both consumption and production, focusing on environmental 
and socioeconomic aspects (European Commission, 2020). While EU 
consumers are becoming more aware of sustainability issues, meat re-
mains relatively cheap and widely available in the food basket (de Boer 
and Aiking, 2022). In Germany, Western diets high in animal-sourced 
foods intake predominate, with a total meat supply quantity of 78.9 
kg/capita/yr. in 2020 (FAOSTAT, 2023; Helander et al., 2021). The 
Rhine-Ruhr Metropolis is a densely populated urban area in the federal 
state of North-Rhine-Westphalia (NRW), one of Germany’s leading 
poultry and pig livestock producers (Deblitz et al., 2022). Nevertheless, 
concerns have been raised about agricultural sustainability, animal 
welfare labels, and nutrition (BMEL, 2020). Developing sustainable so-
lutions and investigating various dimensions encompassing the trans-
formation of urban food systems is important. 

Life Cycle Assessment (LCA) is a widely used tool to assess the sus-
tainability of food consumption, compare diets, and support the baseline 
for alternative scenarios (Heller et al., 2013). While LCA focuses pri-
marily on environmental aspects, more comprehensive sustainability 
assessments warrant further investigation involving multiple societal 
dimensions (Nemecek et al., 2016). Progressively, more studies have 
explored other dimensions, including human health and animal welfare 
(Jolliet, 2022; Scherer et al., 2019). These indicators intersect the One 
Health (OH) approach, which combines the health of humans, animals 
and the environment as essential for transitioning towards more sus-
tainable food systems (Angelos et al., 2017). Although studies scrutinise 
OH towards the classical approach, narrowing it down to the human- 
animal interface zoonotic transmission (Lebov et al., 2017), other 
studies emphasise an extended approach, incorporating environmental 
interactions, chronic diseases, mental health and wellbeing (Falkenberg 
et al., 2022; Schmiege et al., 2020). 

Although One Health is recognised as having an important role in the 
sustainability of food consumption, recent studies using multidimen-
sional LCAs still lack the animal health component (Gibin et al., 2022). A 
recent study integrates animal welfare and human health indicators into 
an extended LCA framework (Paris et al., 2022a). However, estimating 
human health impacts is challenging due to the lifetime dietary risk 
intake at the population level versus individual daily food intake (Paris 
et al., 2022b). The “Health Nutritional Index” (HENI) estimates the 
marginal human health burden attributed to food intake in a single 
score, facilitating the link between population-level health burden and 
daily food intake (Stylianou et al., 2021). A few studies applied HENI to 
assess the health implications of food consumption (Jolliet, 2022; Pink 
et al., 2022). However, the potential of HENI to assess diets from a 
multidimensional LCA perspective remains underutilised (Thoma et al., 
2022). Moreover, animal welfare is often neglected in LCA, with few 
exceptions, despite the relevant public concern towards animal farm 
conditions (Bonnet et al., 2020). Animal welfare is a complex societal 
issue intrinsically interconnected with human well-being and the envi-
ronment at different levels (Garcia, 2017). Beyond public and political 
appraisal, animal welfare moves consumer expectations to more ethical 
production systems, especially in Germany (BMEL, 2020). 

Still, it remains challenging to influence consumer choices as con-
sumption decisions are largely based on satiety, affordability and cul-
tural values (Batlle-Bayer et al., 2020; Ridoutt, 2021). That is why some 
studies implement diet optimisation to assess the effects of dietary 
changes. Optimisation calculates optimal dietary scenarios fulfilling 
determined sustainability and nutritional criteria closest to actual di-
etary behaviour, thus being more feasible for individuals to adhere 
(Kramer et al., 2018; Tyszler et al., 2016). Optimising self-reported di-
etary practices captures more representative and realistic food choices, 
identifying minimal dietary changes to achieve sustainability goals, 
ideally at a sub-national level (Vieux et al., 2022). 

The novelty of our study is optimising the sustainability of real diets 
in a pilot study conducted in a metropolitan region in Germany using an 

extended LCA framework combining environmental, human health and 
animal welfare dimensions. Food consumption data was collected in 
2020 from a pilot sample via online questionnaires disseminated among 
inhabitants in the Rhine-Ruhr Metropolis during the first year of the 
COVID-19 pandemic. Three dietary patterns were observed: Prudent, 
Western type 1 and Western type 2. Four optimisation scenarios repre-
senting alternative sustainable choices towards overarching environ-
mental, societal and policy goals were explored to optimise baseline 
dietary patterns: i) reducing GHGE by 55%, ii) zero animal welfare loss, 
iii) improving health indicators by 25%, and iv) combined scenario. 
Overall, we aim to identify more effective scenarios in reducing impacts 
from food consumption towards more sustainable dietary choices 
encompassing the three dimensions of One Health, considering the 
trade-offs among these dimensions. 

2. Methods 

2.1. Study design 

The study developed an online data collection method adapted to the 
pandemic between June 2020 and January 2021 to collect data on food 
consumption for a pilot study aiming to optimise diets to achieve “One 
Health”. Participant recruitment was done extensively via social media 
networks, community digital networks, and postcards with QR codes 
advertised in commercial and residential areas within the Rhine-Ruhr 
Metropolis. This metropolitan region is located in NRW, composed of 
21 cities (“kreisfreien Städte”) and 15 districts (“Kreise”) with approxi-
mately 14 million inhabitants (Destatis, 2022a; IKM, 2022). The area is 
one of the largest conurbations in Europe, economically relevant as an 
industrial pole and innovation hub and has recently progressed to 
become the greenest metropolitan region in Germany (Goess et al., 
2016). 

Participants of 18 years of age or older completed a general survey on 
demographics and a validated and cost-effective food frequency ques-
tionnaire EPIC II (FFQ) (Nöthlings et al., 2007), developed by the 
German Institute of Human Nutrition Potsdam-Rehbrücke (Harttig, 
2021). Participants under 18 were withdrawn from the study. A written 
informed consent was provided digitally by recruitment. The Research 
Ethics Committee, Center for Development Research at the University of 
Bonn approved ethical clearance. 

A total of 206 participants registered for the survey after six months 
of active survey dissemination. From them, 189 participants (N = 189) 
filled out the FFQ, and 183 completed the socio-demographic survey. 
Invalid questionnaires were treated as missing cases (n = 11), and 6 
participants who were not residents of the Rhine-Ruhr Metropolis were 
excluded. Although the sample is small, it has a 6.69% margin of error 
within a 95% confidence interval with an effect size of 0.995, estimated 
by power for one-way ANOVA, F-test for group effect with group vari-
ance 0.1 to 1.0 (α = 0.05), including male (n = 46), female (n = 140), 
total population size (N = 206) and optimal sample size for adult pop-
ulation in NRW (ideally 316). The study population is majority female 
(76.9%), German nationality (89%), 50% ranging from 32 to 56 years 
old, possessing graduation or higher level of education (63.4%), with an 
average monthly income of Int$ 5956 ± 370 (see Table S1 in the 
Supplementary Information (SI)). 

2.2. Life cycle assessment: goal and scope 

This LCA study follows the framework proposed by Paris et al. 
(2022a), based on the ISO14040/44:2006 (ISO, 2006a, 2006b). The 
system boundaries included crop and animal production, transport of 
raw materials, processing, packaging production, distribution, retail, 
consumption, transportation between sub-stages, food losses and waste 
and food packaging disposal (Fig. S1 in SI). Waste management and 
disposal were excluded. Economic allocation was assumed when 
different co-products were obtained using the same process (European 
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Commission, 2018). Except for dairy, which follows the International 
Dairy Federation guide that applies physical allocation among meat and 
feed and dairy co-products (skimmed milk powder, cream and milk fat 
derivates) (Broekema et al., 2019; International Dairy Federation, 
2016). Cut-off criteria were applied for a few co-products (citrus pulp, 
brewer grain, animal manure, and nutshells) due to their low economic 
value (Broekema et al., 2019). Emissions from land-use changes (LUC) 
were not covered, as these require modelling techniques to simulate 
future land transformation caused by future food demand changes. 

2.3. Life cycle inventory (LCI) 

2.3.1. Food data 
The FFQ estimates daily food and nutrient intake over the last 12 

months, categorised into 19 major food groups, including diversified 
food items and beverages. The quantities of specific food items within 
respective food categories were estimated using food frequencies. The 
LCI food data was based on the EFSA food and nutrient database (EFSA, 
2018a, 2019a). The mapping of food items consisted of reallocating 
them into different food categories, renaming them, allocating them into 
the most representative food item within the group, or reallocating them 
to proxies. Due to their intake representativeness, 13 food items were 
added: avocado, broccoli, cherries, decaffeinated coffee, dried fruits, 
figs, game meat, grapes, olives, rabbit meat, soymilk, tofu and zucchini. 
For these, LCI was complemented with the EFSA food composition data 
(EFSA, 2019a), nutrient intake in g/day from the FFQ and other sources 
(RIVM, 2021) — further details on assumptions in Table S2 in SI. 

Factor analysis was conducted in IBM SPSS v.28.0 (IBM Corp, 2021) 
over the inter-correlation between food intake, food items and cate-
gories to identify patterns in food consumption. The dietary patterns 
were defined by clustering average group linkages and grouping 
together the cases within specified patterns. Three distinct dietary pat-
terns were observed within the sample N = 189: (a) Prudent (PRU) (n =
73), (b) Western-type 1 (WT1) (n = 60), and (c) Western-type 2 (WT2) 
(n = 56) (Table S3 in SI). PRU (1897 kcal) has a high intake of fruits, 
vegetables, and animal protein substitutes, with low animal protein 
intake. WT1 (1867 kcal) has a high intake of meat, grains, eggs and 
alcoholic beverages. WT2 (2240 kcal) is high in dairy products, fish, 
eggs, grains, and processed snacks. The average daily intake per person 
in this population segment was the functional unit used to compare the 
observed diets, estimated at 3.44 kg, 2.73 kg, and 3.57 kg of food for 
PRU, WT1, and WT2, respectively. 

2.3.2. Inventory data 
The environmental background data was available in the software 

Optimeal® (Broekema et al., 2019), which aggregates impact values and 
nutrients per 100 g of food product from farm-to-fork. This LCI used 
SimaPro, based on the Agri-footprint 4.0 methodology, and additional 
data sources in agricultural production, transport, and processing 
(Durlinger et al., 2017a, 2017b). Energy and water use followed the 
Product Environmental Footprint (PEF) Guidance 6.3 (European Com-
mission, 2018). Agricultural products’ origin considered import mix and 
underlying transport distances for raw materials, based on FAOSTAT 
agri-food trade data and additional statistics (Broekema et al., 2019; 
FAOSTAT, 2013). The transport of raw materials between each sub- 
stage included the different transport modality features (road, rail, 
water, and air) (Broekema et al., 2019). Packaging production was based 
on the Ecoinvent 3 (Wernet et al., 2016) and the ELCD databases (JCR- 
IES, 2012). The distribution and the retail were modelled as per the PEF 
Guidance (European Commission, 2018), considering the energy use 
during the storage time and food losses at the retailer. The consumption 
level considered energy use for several cooking methods, raw-to-cooked 
ratio, and food losses (European Commission, 2018). The disposal of 
packaging material was modelled in the European context using the 
Ecoinvent database 3.4 (Wernet et al., 2016). Impact values per 100 g of 
the extra 13 food items were added using data from existing literature. 

LCI data sources and assumptions in estimating environmental impact 
categories for food items are in Table S5 in SI. 

2.4. Life cycle impact assessment (LCIA) 

The environmental dimension was assessed with eight environ-
mental impact categories at the midpoint level, according to the ReCiPe 
Midpoint (H) 2016 characterisation method, in line with the recom-
mendations of the Product Environmental Footprint (PEF) (European 
Commission, 2018; Huijbregts et al., 2017). The ReCiPe 2016 Method is 
well documented in the context of Europe and a consistent framework 
for assessing impacts from the FU: food consumption in a sample group 
in the Rhine Ruhr Metropolis. 

The eight selected environmental indicators are: 1) fine particulate 
matter formation [kg PM2.5 eq], measured by the concentration of 
particulate matter by emissions of NH3, NOx, SO2 and PM2.5 to the air; 2) 
fossil resource scarcity [kg oil eq], measured as the ratio between fossil 
resource heating and crude oil energy; 3) freshwater eutrophication [kg 
P eq], measured as phosphorous emissions to freshwater; 4) global 
warming [kg CO2 eq], measured as the radiative force of increasing of 
greenhouse gases emissions to the atmosphere; 5) land use [m2a crop 
eq], measured as land occupation of annual crop equivalent; 6) marine 
eutrophication [kg N eq], measured as nutrient matter enrichment 
originated from N compounds; 7) terrestrial acidification [kg SO2 eq], 
measured as acidification of soils due to SO2 deposition and emissions 
from the atmosphere, and 8) water consumption [m3] measured as m3 

water consumed (Ferreira et al., 2011; Huijbregts et al., 2017; Roy et al., 
2014). 

Three animal welfare indicators represented the animal health 
dimension: “Animal Life Years Suffered [ALYS]”, “loss of Animal Lives 
[AL]”, and “loss of Morally Adjusted Animal Lives” [MAL], following the 
proposed framework by Scherer et al. (2018). ALYS represents the loss of 
quality of life attributed to farming conditions considering German 
minimum requirements, including improved standards. AL captures 
premature death and suffering through slaughtering within the EU 
context. MAL measures the degree of animal awareness of experiencing 
negative sensations based on neural development. Impact values, as-
sumptions and equations for calculating indicators and LCI sources for 
cattle (beef and milk), calf, pig, chicken (broiler and laying hens), 
turkey, salmon and trout, and several processed foods containing animal 
ingredients were retrieved from our previous studies (Paris et al., 
2022a). This study calculated new impact values per 100 g for rabbit 
meat, red deer (as game meat), sheep (as lamb meat), and shrimp. The 
quality of life of rabbit meat and shrimp was calculated based on the 
stocking density. For sheep meat, we used the days of pasture/year. Wild 
deer hunting practices were assumed to estimate the impact of game 
meat on animal welfare. Animal welfare impacts from food items con-
taining animal products (e.g., custard, dressing, mayonnaise, and pork 
liver) were calculated considering the quantities of the ingredients for 
each preparation/processing method. Detailed information on the cal-
culations, criteria, assumptions, and data sources are found in S4 and 
Table S6 in SI. 

2.5. Dietary risk factors and HENI 

Human health impact is quantified as a marginal health burden using 
the “Health Nutritional Index” (HENI) proposed by Stylianou et al. 
(2021). HENI measures the combined health benefit of all dietary risk, 
scaled to minutes of healthy life gained, considering lifetime chronic 
intake. HENI is calculated using Dietary Risk Factors (DRFs, in μDALYs/g 

risk component) that express the burden of disease per gram of intake 
amount of each of 15 dietary risks. Information on dose-response of all 
the 15 dietary risks and the corresponding diseases was obtained from 
the Global Burden of Disease study 2019 (GBD 2019) database, as well 
as the disease burden and mean dietary intakes at the country-level 
(Germany) (Global Burden of Disease Collaborative Network, 2020). 
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All DRFs were standardised to the population of Germany according to 
age, gender and population number using data from the last census 
(2011) (Destatis, 2022a). Once GBD does not provide the intake vari-
ance, we assumed a conservative coefficient of variation of 70%, based 
on the mean coefficient of variation observed in the US population using 
the National Health and Nutrition Examination Survey (NHANES) 
2011–2016. However, we performed sensitivity analysis by varying 
DRFs using a wider range of coefficient of variation from 35% to 140% 
(Table S9 in SI). 

HENI was calculated for all 110 food items by 100 g. All NCDs 
associated with DRFs, as well as dietary risk definition and threshold 
levels based on the GBD 2019 study (Murray et al., 2020), can be found 
in Table S7 in SI. Nutrients and food group intake was used as LCI input 
for HENI calculations (e.g., calcium, sodium, omega-3 and trans-fatty- 
acid, vegetables, fruit, legumes, processed meat intake) based on the 
EFSA food composition table (EFSA, 2018a). This food composition 
table comprises >60 nutrients (macro and micronutrients) for over 2500 
products in several European countries (Broekema et al., 2019). HENI 
(minutes of healthy life gained/person/day) was calculated using Eq. 
(1). It is the result of the multiplication of the constant -0.53 min by the 
cumulative standardised DRF per gram of dietary risk component r (in 
μDALYs/grisk component, e.g. μDALYs/gsodium or μDALYs/glegumes) and the 
amount of dietary risk component r per person per day (dr, in grisk 

component/person/d) above or below the healthy threshold levels by each 
food item. 

HENIfood item = − 0.53
∑

r
DRFr,DALY × dr,food item 1 μDALY

= 1 year of healthy life lost× 365 (days per year)
× 24 (hours per day)× 60 (minutes per hour)× 10− 6

= − 0.53 minutes 

Sodium used additional modifiers mediated by systolic blood pres-
sure, dependent on ethnic group and hypertension incidence in the 
population (Stylianou et al., 2021). We considered both direct and 
mediated effects (via increased systolic blood pressure). The prevalence 
of hypertension in Germany (31.6%) was based on epidemiological 
studies (Neuhauser et al., 2015). The vulnerable population to hyper-
tension was taken as the percentage of African descendants in the pop-
ulation (0.65%), assumed to be proportional to the number of foreigners 
in Germany from African countries (Destatis, 2022b). Details on calcu-
lating DRFs can be found in S5 in SI. 

2.6. Diet optimisation 

Quadratic optimisation was applied to the three observed diets 
through 100-run Monte Carlo simulations in Optimeal® to evaluate 
differences in trade-offs on the shifts of optimised properties among 
optimisation strategies while satisfying several nutritional constraints. 
Quadratic programming increases the penalties when changing the 
grams of each food item, producing shifts on a larger range of food items 
but less amount in grams of each modified food item. This is meant to 
capture realistic changes in food consumption to be adopted by con-
sumers, as they are not significantly different from the observed food 
basket (Broekema et al., 2019; te Pas et al., 2021). The algorithm fol-
lowed the approach described by te Pas et al. (2021) (Eq. 2), where i 
represents each food item of all 110 food items, xi is the total quantity in 
grams of each food item in the current diet, and x*

i , quantity in grams of 
each food item of the optimised diet. 

deviation =
∑110

i=1

(
x*

i − xi
)2 

Nutrient data comprised 60 nutrients (macro and micronutrients) 
using the European Food Composition Database (EFSA, 2018a). Nutri-
tional constraints were applied using upper and lower nutrient values 
for every nutrient according to EFSA average nutrient requirements 

(EFSA, 2018b, 2019b). The only exception was vitamin D and B12, 
whose lower values were not considered due to difficulties finding 
feasible outcomes from Monte Carlo simulations. Linear programming 
was also conducted as a sensitivity analysis (see SI, part S6). The 
following arbitrary interventions were defined on top as scenario anal-
ysis to represent potential sustainability improvements in line with EU 
policies and societal demands:  

(a) 55% GHGE reductions (55% GHGE): a hypothetical scenario to 
reduce GHGE by 55% of each diet aligned to the EU 2030 climate 
targets as part of the EU’s Green Deal.  

(b) Zero animal welfare loss (Zero AWL): a scenario to reduce 
animal suffering by eliminating all animal-based products from 
the diet. Minimum amounts of fruit, vegetables, whole grains, 
water, nuts and seeds, legumes and vegetable protein were kept 
equal to the observed diets to avoid decreasing the intake of these 
food items and remaining similar to the original diets.  

(c) 25% improvement in health indicators (25% Health): this 
scenario encourages or discourages the intake of certain food 
items, groups, or nutrients. It is characterised by an increase of 
25% in beneficial DRFs and a decrease of 25% in detrimental 
DRFs, representing improved human health through modified 
dietary intake.  

(d) Combined scenario (Combined): this scenario combines an 
increase of 25% in human health benefits and a reduction of 55% 
of GHGE in diets and evaluates the animal welfare reduction 
outcomes without removing animal products from the optimised 
scenario. 

3. Results 

3.1. Cross-comparison of observed diets using the OH approach 

Results show WT2 has the highest mean values in almost all envi-
ronmental and animal welfare indicators (Fig. 1) compared to WT1 and 
PRU (see Fig. 1). The exceptions are water consumption (Fig. 1k), 
greater in PRU due to a larger share of plant-based foods, e.g., legumes, 
nuts and oilseeds (with nuts having a higher share of the impact), veg-
etables and vegetable products, fruits and fruit products, and non- 
alcoholic beverages; and morally adjusted animal lives (MAL) 
(Fig. 1c), pronounced in WT1, due to a higher meat intake. 

Among the food categories, meat and meat products make the 
greatest contribution to overall environmental impacts in all diets, 
ranging from 22% in fossil resource scarcity (Fig. 1e) to 47% in terres-
trial acidification (Fig. 1j). In water consumption (Fig. 1k), higher in 
PRU, around 47% of the impact are due to fruit and fruit products, non- 
alcoholic beverages, vegetable and vegetable products, and legumes, 
nuts and oilseeds altogether. The most contributing individual food 
items to environmental impacts in all diets are beef, sausages, pork/ 
piglet meat, cheese and pastries. 

Fish and seafood make the greatest contribution to animal welfare 
loss in all diets, ranging from (65 to 69%) in animal lives lost (AL) 
(Fig. 1a) and, on average, 36% in animal life years suffered (ALYS) 
(Fig. 1b). Because smaller animals take a higher number of animals 
affected than larger animals to produce the same amount of food in 
kilogram. Meat and meat products are the main contributors to MAL in 
WT1 (79%), in PRU (63%), and WT2 (58%) (Fig. 1c). Milk and dairy 
products also showed a substantial contribution to ALYS in PRU (28%) 
and WT2 (24%). Shrimp, chicken, turkey, fish fingers, and salmon are 
the most impacting food items to animal welfare loss. 

HENI captures minutes of healthy life gained through NCDs across the 
observed diets. WT1 and WT2 caused more life minutes lost than PRU 
(Fig. 1l). Cardiovascular diseases account for most minutes of life lost due 
to NCDs (Fig. 2a), especially in PRU. Nearly 7 min of healthy life are lost 
in hypertensive heart disease (HHD), and 3 min, in ischemic stroke (ISTR) 
in PRU, attributed to high sodium intake. Sodium intake causes a 
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a) b) c)

d) e) f)

g) h) i)

j) k) l)

Fig. 1. Impacts by food category per diet and day. Red diamonds represent 95% confidence interval error bars of the average intake considering the number of 
observations. Yellow diamonds are HENI net values. Stack bars represent the sum of impacts per food category. Bar colours follow the order presented in the legend. 
Note: PRU: Prudent; WT1: Western-type 1; WT2: Western-type 2; HENI: Health Nutritional Index. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 
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substantial burden in several NCDs in all diets, along with intake of trans- 
fatty-acids (Fig. 2b). In contrast, keeping the intake of dietary risks within 
healthy threshold limits may also increase the minutes of healthy life 
gained. For instance, consuming calcium and milk increases minutes of 
life gained in colon rectum cancer (CRC), and fruit, whole grains and fibre 
intake, in Diabetes type II (DT2). The loss of minutes of healthy life in 
ischemic heart disease (IHD) is mainly attributed to sodium, trans-fatty- 
acids and processed meat, which are counterbalanced with minutes of 
healthy life gained from whole grains, fibre, nuts and PUFA, resulting in 
positive net values in PRU (1.1 min ± 2.3). 

3.2. Optimisation scenarios 

Although optimisations were carefully designed to induce minimal 
alterations in dietary behaviour, the feasible solutions provided small 
changes in food intake to meet the nutritional requirements and the set 
criteria. These changes in food intake vary from a decrease of - 9.1% in 
WT2 in the Combined scenario to a + 36.1% increase in food intake in 
WT1, Zero AWL scenario. Fig. 3 illustrates each dietary pattern’s daily 
food intake in grams and optimisation scenarios broken down by food 
group categories. It is possible to see that optimisation scenarios (25% 

a)

b)

Fig. 2. Health Nutrition Index (HENI) for each diet by non-communicable diseases (a) by dietary risk factors attributed to non-communicable disease (b). 
(a) Boxplots represent Q1: lower quartile, Q2: median, Q3: upper quartile, error bars are upper and lower adjacent values, and markers are outside values at 95% 
confidence intervals. (b) Stacked bars represent the sum of HENI by dietary risk factors, and black triangles represent mean values. Note: PRU: Prudent; WT1: 
Western-type 1; WT2: Western-type 2; AE: Aortic aneurysm; AFF: Atrial fibrillation and flutter; BC: Breast cancer; CKD: Chronic kidney disease due to several causes; 
CRC: Colon and rectum cancer; DT2: Diabetes mellitus type 2; EC: Oesophageal cancer; ENDC: Endocarditis; HHD: Hypertensive heart disease; ICH: Intracerebral 
haemorrhage; IHD: Ischemic heart diseases; ISTR: Ischemic stroke; SAH: Subarachnoid haemorrhage, SC: Stomach cancer; TBLC: Tracheal, bronchus and lung cancer; 
otherCVD: other cardiovascular diseases, PUFA: Polyunsaturated fatty acids. 
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Health, 55% GHGE and Combined) provided small changes in overall 
dietary intake, except Zero AWL, which increased food intake for all 
diets due to a higher intake of vegetables and vegetable products and 
removed all animal products from the diet, which might impact con-
sumer acceptance. Shifting to a completely plant-based diet implies 
greater motivational reasons, e.g. political or ethical concerns, to sup-
port drastic dietary changes in consumer behaviour. 

Regarding food composition, all optimisations led to a 100% 
reduction in fish and seafood intake due to the higher impact on animal 
welfare loss, except 25% Health, which increased 64% in WT1. Scenarios 
also presented a reduction in intake of condiments (containing high 
sodium levels), 83% less in PRU, 49% less in WT1 and 56% less in WT2, 
due to the impact on human health. PRU, WT1 and WT2 presented a 
reduction in intake of meat and meat products by 25%, 62% and 35%, 
respectively, to allow GHGE reductions. The Combined and 55% GHGE 
scenarios presented an increased intake of egg and egg products, from an 
initial intake of 0.08 g to 15.3 g in PRU, 0.14 g to 23.4 g in WT1, and 
0.15 g to 8.6 g in WT2. Although changes in egg consumption are sub-
stantial because the initial intake was too low (<0.2 g), dietary shifts 
represent an intake of less than one egg per day, thus realistic from a 
consumer perspective. Zero AWL increased the intake of animal protein 
substitutes, particularly in WT1 (50-time fold) and WT2 (18-time fold), 
which is around 230 g/day to compensate for meat reduction. All sce-
narios increased the intake of fruit and fruit products from 58% in PRU 
to 163% in WT1, except Zero AWL, which maintained the intake. Sce-
narios induced a remarkable increase in the intake of vegetables (173% 
to 352% on average) and legumes, nuts, and oilseeds (107% total 
average). Except for Zero AWL, scenarios led to increased milk and dairy 
intake to satisfy nutritional and health constraints (5 to 107% change). 

In most cases, optimisation helps reduce the impacts across OH di-
mensions. However, trade-offs arise in some of the indicators. The 55% 
GHGE and Combined scenarios resulted in the most significant re-
ductions across environmental impact categories. WT2 benefits from 
greater reductions in environmental impacts. WT1 showed a 

considerable decrease in fine particular matter formation (Fig. 4d), 
marine eutrophication (Fig. 4i) and terrestrial acidification (Fig. 4j). 
Water consumption (Fig. 4k) and freshwater eutrophication (Fig. 4f) 
decreased moderately in PRU. 25% Health contributed the least to 
improving environmental impact categories and worsened fossil 
resource scarcity by 7.9% in WT1 (Fig. 4e), land use by 13% in PRU 
(Fig. 4h) and water consumption in all diets, from 6% in WT2 to 28% in 
WT1 (Fig. 4k). Likewise, Zero AWL also increased water consumption in 
all diets (24% in PRU to 54% in WT1) (Fig. 4k), and in PRU, fossil 
resource scarcity (Fig. 4e) by 9.9% and global warming by 1.4% 
(Fig. 4g). 

As for animal welfare loss, WT2 and PRU show greater reductions in 
AL, ALYS, and MAL, whereas WT1 shows lower reductions after opti-
misations for the same indicators. All animal welfare indicators were 
reduced (100%) in Zero AWL because this scenario is a purely plant- 
based diet. 25% Health did not present significant reductions and 
increased ALYS by 12.1% in WT1 (Fig. 4b). The Combined and 55% 
GHGE scenarios decreased AL, as Zero AWL does (Fig. 4a). Combined 
scenario showed more substantial reductions for ALYS and MAL than 
55% GHGE (Fig. 4b, Fig. 4c). 

Since we evaluated the impact reduction to be consistent with the 
other indicators, impact reduction in human health meant lifting HENI 
scores from the negative state (life minutes lost) to a positive state (life 
minutes gained). Results are shown in change of minutes of healthy life 
gained against the observed diet (Fig. 4l). All scenarios improved overall 
human health in all diets, but the Combined and Zero AWL scenarios 
scored higher. The Combined scenario showed a higher HENI change in 
PRU of 72 min of healthy life in PRU (from -9 min of life lost to +64 life 
minutes of life gained). Zero AWL showed notable higher HENI changes 
of 67 min of healthy life in WT1 (from -18 min of life lost to +49 life 
minutes of life gained) and of 71 min of healthy life in WT2 (from -18 
min of life lost to +53 life minutes of life gained). This outcome high-
lights the importance of plant-based foods on improving human health, 
aligned with a reduction or elimination of animal-based products. 25% 

Fig. 3. Daily food intake (in grams) per person of optimised scenarios grouped by food categories compared to the baseline (observed diets). Stack bars 
represent the sum of intake per food category. Bar height indicates the total amount of food consumed per day in grams with percentages of change against the 
baseline on the top of each bar. Bar colours follow the order presented in the legend (left to right). WT1: Western-type 1; WT2: Western-type 2; PRU: Prudent; Zero 
AWL: Zero animal welfare loss; 25% Health: 25% health improvement in all dietary risk factors; 55% GHGE: 55% greenhouse gases emission reductions; Combined: a 
combination of scenario 55% GHGE and 25% Health. 
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a) b) c)

d) e) f)

g) h) i)

j) k) l)

Fig. 4. Percentage change against the observed diets of optimisation scenarios. Dots represent the plot of predicted margins resulting from robust regression 
analysis of the correlations between dietary patterns and optimisation scenarios’ changes against the baseline diet. Standard error bars are present when p < 0.05. An 
increase along the y-axis implies worsening the impacts through most of the impact categories. For HENI, changes are displayed in minutes of healthy life gained 
against the observed diets, meaning improvement of health along the y-axis. WT1: Western-type 1; WT2: Western-type 2; PRU: Prudent; HENI: Health Nutritional 
Index; Zero AWL: Zero animal welfare loss; 25% Health: improvement of health indicators by 25%; 55% GHGE: 55% GHGE reductions; Combined: a combination of 
55% GHGE and 25% Health. 
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Health scenario also improved HENI scores impact but less than the 
Combined and Zero AWL. 55% GHGE changed HENI the least compared 
to the other scenarios, which means that aiming for GHGE reductions 
has a limited improvement human health. 

4. Discussion 

Optimisations identified improved sustainable dietary shifts 
regarding human health, animal welfare, and the environment while 
respecting nutritional requirements and small changes in consumption 
behaviour. Like other studies (Broekema et al., 2020; Kramer et al., 
2017), our findings recommend reducing animal-based products while 
modifying the intake of plant-based ones. Our outcomes suggest a 
reduction of 41% (on average) of meat and meat products to mitigate 
55% GHGE. It might not be necessary to totally eliminate meat from the 
diet, as moderate consumption can provide beneficial nutrients, and 
GHGE intensity also varies among the heterogeneous production sys-
tems (McAuliffe et al., 2016; Mrówczyńska-Kamińska et al., 2021). 
However, one must consider the trade-offs related to meat intake, 
including its association with several chronic diseases, environmental 
impacts and animal welfare (Qian et al., 2020). 

From our assessment, WT1 and WT2 performed worse for environ-
mental and animal welfare than PRU. Yet, PRU had higher sodium levels 
(from salt intake) than other diets, increasing the risk of hypertension 
and cardiovascular diseases. A reduction of sodium intake of <4 g/day 
should be prioritised to provide health gains of 28 min/pers./day. Fish, 
seafood, and poultry have a higher impact on animal welfare due to the 
number of animals affected in production systems, corroborating find-
ings from other studies on multidimensional LCAs (Scherer et al., 2019). 
Nevertheless, the consumption of unprocessed white meat (i.e., poultry, 
fish) is not a dietary risk, unlike red and processed meat, and has been 
associated with healthy diets and positive metabolic health outcomes, 
according to other studies. Additionally, white meat generates less 
GHGE than ruminant meat (Damigou et al., 2022; Li et al., 2020; Poore 
and Nemecek, 2018). Therefore, trade-offs must be considered when 
structuring new optimised diets to achieve “One Health”. 

This study collected primary food consumption data at the regional 
level to capture current food consumption patterns for building realistic 
scenarios (Vieux et al., 2022). Our findings can inform dietary shifts 
towards more sustainable Western diets, especially in Germany, where 
regional socioeconomic and cultural differences largely determine food 
consumption patterns (Treu et al., 2017). However, the survey’s 
participant outreach might affect the general applicability of our find-
ings. The sampling strategy did not favour a truly representative popu-
lation sample, but it increased feasibility and participant consent. The 
pandemic context in 2020 influenced eating behaviour and self-selection 
bias. Although the sample is not representative of the whole population, 
it is homogenous. The survey reached a particular population with 
similar demographic characteristics in terms of gender (77% women), 
age, ethnicity, high education level and income. We take caution in 
overinterpreting our findings in terms of generalization to the general 
public. Instead, we suggest making dietary shifts based on the pilot 
sample we collected from a specific population segment. 

One potential bias is that the population is predominantly urban, 
living in a high-income country, has access to the internet and has a 
particular interest in the survey topic. Several online surveys conducted 
during the pandemic showed similar bias due to the dissemination via 
social media, telephone messaging and emails, which does not control 
self-selection bias (Singh and Sagar, 2021). Participants’ interests in the 
topic can be the main reason behind self-selection bias in online surveys 
conducted during COVID-19 (Donzowa et al., 2023). Nevertheless, 
regional primary food consumption data remains relevant for assessing 
dietary shifts as nearby neighbourhoods indicate income level and di-
etary patterns (LeDoux and Vojnovic, 2014). Results will likely change if 
the assessment incorporates representative samples, and consequently, 
food intake changes. Other studies using several sample sizes also 

showed Western type of diets in several European countries, in which 
reducing animal-based consumption is expected to improve overall 
sustainability (Broekema et al., 2020; Irz et al., 2019; Meier and 
Christen, 2013; Treu et al., 2017). 

Optimisation of HENI is challenging due to the assumed linearity of 
DRFs, meaning that modifying the intake would change impacts pro-
portionally. For a few modifications, this might not be a potential issue; 
nevertheless, with larger intake modifications, improvements for a log- 
linear model are necessary. We also assumed a coefficient of variation 
from the NHANES to characterize DRFs. However, the sensitivity anal-
ysis showed little DRF variation within a wide coefficient variation (SI, 
S5). Additionally, sodium mediated by high blood pressure differed 
from direct sodium intake because hypertension is a risk factor for 
several diseases. More sophisticated DRFs, combining other behavioural 
or metabolic risk factors (e.g., body mass index) would better capture 
other correlations between diet and disease risk in LCA (Weidema and 
Stylianou, 2020). Ortenzi et al. (2023) highlighted the methodological 
limitations of HENI, which missed the importance of nutrient density 
and the consumption of ultra-processed food, which is intrinsically 
linked to the healthiness of food consumption. 

The scenarios 55% GHGE and Combined improved the performance 
among indicators; however, 55% GHGE had a limited improvement on 
human health. 25% Health is the least promising scenario, often wors-
ening environmental and animal welfare indicators. This highlights the 
trade-offs commonly reported between environment and health, 
meaning that only a healthy diet does not comply with the planetary 
boundaries without additional sustainable shifts along the supply chains 
and substantial socioeconomic changes (Poore and Nemecek, 2018; 
Steenson and Buttriss, 2021). However, adhering to a planetary health 
diet in high-income countries would yield a 61% GHGE reduction of 
current annual agricultural emissions (Sun et al., 2022). 

The developed Combined scenario would potentially fit into the 55% 
reduction targets of the EU Green Deal (European Commission, 2021) 
while promoting health (25% improvement of human health indicators) 
and reducing animal welfare loss substantially by 52-97% among the 
dietary patterns. To achieve this target reduction, this scenario favoured 
other sources of protein, e.g., eggs, dairy and meat substitutes and 
increased the intake of vegetables, fruits, legumes and nuts, suggesting 
flexitarian and vegetarian diets. Changing protein sources could impact 
the acceptance of new dietary habits. This is due to factors such as 
affordability, accessibility, cultural acceptability, and tailoring to spe-
cific population needs in terms of nutrition, sustainability, de-
mographics, and economic development (Drewnowski et al., 2020; 
Steenson and Buttriss, 2020). A recent nutrition study in Germany 
showed that adopting vegetarian alternatives is age-dependent, to which 
the younger population is more likely to adhere (BMEL, 2021). Further 
research looking into age-dependent sustainability assessment of food 
consumption could identify a target population to address dietary 
interventions. 

Large-scale dietary shifts may provoke supply and demand adjust-
ments across agri-food markets and diversified sustainability outcomes. 
This requires global economic models and consequential LCA to simu-
late international trade and market behaviour in response to exogenous 
shocks (Springmann et al., 2016; van Meijl et al., 2020). It is important 
to note that apart from GHGE reductions, often highlighted in the po-
litical sphere, other relevant impacts on biodiversity, for example, are 
usually disregarded and should have the same level of attention 
(Engström et al., 2008). 

Zero AWL could be feasible from the optimisation approach, pro-
vided there was a more diverse list of food items than the ones in this 
analysis and co-production allocation was considered part of the model. 
A limited number of food items under several constraints may exacer-
bate results, deviating from the realistic behaviour. This explains the 
significant change in leeks and cabbage intake, which increased fossil 
resource scarcity, global warming, water consumption. Individual-level 
modelling approach varies food item intake, offering a higher 
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acceptance with a specific reduction target. However, broader dietary 
flexibility could be better achieved using a population target goal 
(Rocabois et al., 2022). On the one hand, removing animal-based 
products from the diet can reduce the overall carbon footprint sub-
stantially, on the other, may lead to nutritional inadequacies without 
introducing suitable substitutes (Humpenöder et al., 2022; Zhang et al., 
2023). 

Animal welfare considerations in LCAs have become highly impor-
tant given Germany’s animal welfare initiative and labelling act to meet 
EU animal welfare policy and consumer aspirations (BMEL, 2022; Eu-
ropean Court of Auditors, 2018). Our results indicated fish as the main 
contributor to animal welfare impact, which could explain why its 
consumption was eliminated in optimised scenarios. This arises partly 
from the framework definition and modelling approaches (Scherer et al., 
2018) that smaller animals have a greater life loss than larger animals. 
Also, due to the unethical production practices in industrial aquaculture, 
including high mortality rate, decreased environmental conditions, and 
health issues (Berlinghieri et al., 2021; Størkersen et al., 2021). An 
ethical consensus is still needed in animal welfare assessment and a 
better resolution of available products (only a few fish and seafood types 
were considered, i.e., salmon, trout, and shrimp). This study could be 
improved by incorporating other fish and seafood species in LCI to 
enhance the resolution of results. 

Reducing animal welfare loss in dietary scenarios without removing 
animal-based products derives from the adjustment of animal products. 
The choice of animal type has implications. Larger animals generate 
more kg of food by animal, compared to small animals, which require 
more animal lives to generate the same functional unit. Ethical questions 
arise regarding the utility of animals in their purpose to serve us versus 
their moral intrinsic value of life (Killoren and Streiffer, 2020). Humans 
show more empathy and compassion for animals whose suffering simi-
larities they can relate to, such as mammals, rather than insects, fish or 
seafood (Miralles et al., 2019). Considering the high sensitivity of animal 
welfare issues, often neglected in sustainability assessments, it is 
important to highlight strategies for reducing animal welfare loss. The 
type of protein source influences the impact of animal welfare. The 
complete removal of animal-based- products or the selection of animals 
that affect fewer animal lives would ultimately reduce animal welfare 
outcomes derived from dietary choices. Another way, though, is 
improving the technology of production systems to respect the natural 
behaviour of animals, thus improving animal welfare. These technolo-
gies would eventually change the overall estimation of animal welfare 
indicators. Some examples are improving animal life quality and 
nutrition, reducing disease incidence due to animal behaviour and 
adaptation, improving environmental conditions, eliminating animals 
from production systems through in-vitro lab meat, and alternatives to 
animal-sourced products (Croney et al., 2018; Lemes et al., 2021; Ori-
huela, 2021; UNEP, 2023). 

Additional methodological limitations derive from LCI data in 
Optimeal®. Trade data is relatively old (2009-2013). However, 
improving with more updated import mixes is out of scope, as this would 
imply reassessing LCA for each product. Nevertheless, import mixes for 
agricultural commodities are assumed to be consistent with the trade 
data for the Netherlands and, therefore, representative of the Rhine- 
Ruhr Metropolis due to geographical proximity. Expected changes in 
environmental footprint will more likely respond to the difference in 
production systems in the respective exporting countries (Sandström 
et al., 2018). Other limitations arise from different LCI sources consid-
ering different system boundaries due to data limitations. Moreover, 
minimum vitamin D and B12 requirements should be taken as optimi-
sation constraints since observed diets presented values below daily 
requirements, which was impossible in this study due to technical 
limitations. 

Moreover, we conducted a sensitivity analysis using linear pro-
gramming relative to quadratic optimisation to evaluate differences in 
reduction outcomes represented by predicted margins resulting from 

robust regression analysis of the correlations between dietary patterns 
and optimisation changes against the baseline diet. While the quadratic 
programming provoked small changes in more food items, the linear 
programming caused greater changes in fewer food items. However, it 
did not imply a significant change (p < 0.05) in outcome. Only water 
consumption presented a significant difference between the two opti-
misations because fewer changes occurred in food such as fruit, vege-
tables, grains, and legumes (see SI, S6). Robust linear prediction showed 
a 36.26% difference (p < 0.001) between quadratic and linear pro-
gramming for water consumption. Individual dietary patterns displayed 
significant differences in water consumption of 24.72% (p = 0.003) in 
PRU, 51.78% (p < 0.001) in WT1, and 33.34% (p = 0.001) in WT2. 
Minor differences were observed in AL for WT1 of -16.1 (p = 0.043) and 
WT2 of -17.95 (p = 0.001), in MAL only for WT2 of -14.26 difference (p 
= 0.005) and HENI in WT1 of 8.5 min of healthy life difference (p <
0.001) (see Fig. S2 in SI). These minor differences in distinct dietary 
patterns for AL, MAL and HENI do not represent statistical differences 
between linear and quadratic programming when the three dietary 
patterns are included. Additional sensitivity analysis in future studies 
could be done to improve the robustness of the results, e.g., change in 
specific assumptions, change in parameter, or additional tests to assess 
parametric uncertainty (e.g., probabilistic methods). 

Finally, despite the contributions of this study to include three 
relevant dimensions of sustainability, additional efforts are needed to 
address One Health as a whole, including exploring zoonotic disease risk 
and other issues in both LCI and LCIA, as this directly affects meat 
consumption, environmental damage, future health outcomes and 
possible consequences to sustainability in the post-pandemic (Attwood 
and Hajat, 2020). Moreover, a better assessment of the sustainability of 
diets at the regional level requires a more comprehensive and repre-
sentative sample to inform decision-makers in supporting sustainability 
goals. This study could be reproduced in another similar or distinct 
socio-economic context to validate the application of the proposed 
framework. 

5. Conclusions 

The major innovation of this study is the employment of an extended 
LCA framework with indicators for environmental impact, human 
health and animal welfare to assess and optimise the sustainability of 
diets in the Rhine-Ruhr Metropolis in 2020. Data on food consumption 
was collected from 189 participants. Three dietary patterns were 
observed within the population: PRU, WT1 and WT2. Optimisation 
scenarios were defined to capture more sustainable food choices, which 
could potentially be adopted by the population – 55% GHGE, 25% 
Health, Zero AWL and Combined. The scenarios deliver improvements 
across the OH dimensions with marginal dietary changes but generate 
trade-offs. Achieving a 55% GHGE reduction target in line with the EU 
Green Deal goals is feasible through the Combined scenario while pro-
moting human health and reducing animal welfare loss. To meet this 
ambitious aim, it is necessary to reduce average meat consumption by 
41%, compensating with other protein sources, such as eggs, dairy, and 
plant-based, suggesting a shift towards more flexitarian and vegetarian 
dietary scenarios. Health concerns about high sodium intake were raised 
due to the assumed interlinkages of sodium with other metabolic risk 
factors. HENI should be continuously improved for further integration 
into LCA, addressing human health attributed to several risk factors. 
Finally, more comprehensive and consistent sample data on food con-
sumption are needed for a more representative regional and country- 
level assessment, as well as improving the robustness of the proposed 
LCA method and indicators to better represent the OH. This assessment 
rethinks current consumption patterns to prepare for the post-COVID-19 
pandemic. 
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