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Summary

The purpose of this study is to compare the environmental sustainability and nutrient densities of various
plant-based drinks from soy, oat, almond, rice, spelt, and cashew against cow’s milk from different
production systems (i.e., grass-fed, pasture-raised, and arable-land based). For the nutritional
assessment, we developed the Food Substitution Index 20 to rank the substitution potential of plant-based
drink for cow’s milk. This nutrient algorithm is characterized by micronutrient deficiencies that exist in a
specific dietary pattern. In addition to essential nutrients, we also included an analysis of amino acids, fatty
acids, and disqualifying nutrients. For the environmental assessment, we performed a life cycle
assessment to calculate cradle to factory gate impacts per one serving size of drink for seven impact
categories; namely, global warming potential, deforestation, water scarcity, acidification, particulate matter,
eutrophication, soil quality, and non-renewable energy use. Finally, we measured environmental impacts
against the aforementioned nutrient density algorithm to calculate nutritionally-invested environmental
impacts. Overall, plant-based drinks are environmentally favorable when compared to cow’s milk but while
these drinks may have lower climate impacts they can have higher impacts than cow’s milk in other
environmental categories such as deforestation or water scarcity, which underscores the importance of
considering multiple impacts to avoid burden shifting. When the nutritional dimension is introduced, only
soy drink systematically outperforms cow’s milk, which complicates setting recommendations. Moreover,
plant-based drinks must be fortified to compete with cow’s milk on a micronutrient basis whereas for the
other nutrition categories (e.g., fatty acids) there are tradeoffs across animal and plant drinks.

Zusammenfassung

Ziel dieser Untersuchung ist ein Vergleich von pflanzlichen Getréanken aus Soja, Hafer, Mandeln, Reis,
Dinkel und Cashew mit Kuhmilch aus unterschiedlichen Produktionssystemen (Grasfitterung,
Weidehaltung, ackerlandbasiert) in Bezug auf die 6kologische Nachhaltigkeit und die Nahrstoffdichte. Zur
Bewertung der Nahrstoffe wurde der «Food Substitution Index 20» entwickelt, um das
Substitutionspotenzial pflanzlicher Drinks gegeniber Kuhmilch einzustufen. Dieses Nahrstoff-
Bewertungsmodell ist dadurch gekennzeichnet, dass es Mikronahrstoffdefizite in einem bestimmten
Ernahrungsmuster aufzeigt. Neben den essenziellen Nahrstoffen wurden Aminosauren, Fettsduren und
sogenannte disqualifizierende Nahrstoffe in die Analyse einbezogen. Fir die Umweltbewertung wurde eine
Lebenszyklusanalyse durchgefiihrt, um die Auswirkungen von der Wiege bis zum Fabriktor pro
Portionsgrosse eines Getranks in sieben Wirkungskategorien zu berechnen: globales Treibhauspotenzial,
Entwaldung, Wasserknappheit, Versauerung, Feinstaubbelastung, Eutrophierung, Bodenqualitdt und
Verbrauch nicht erneuerbarer Energieressourcen. Schliesslich setzten wir die Umweltwirkungen in
Relation zum oben beschriebenen Nahrstoffdichte-Modell, um erndhrungsbezogen gewichtete
Umweltwirkungen zu berechnen. Insgesamt sind pflanzliche Getranke im Vergleich zu Kuhmilch aus
Okologischer Sicht vorteilhaft. lhre Klimaauswirkungen sind generellgeringer; allerdings kénnen sie in
anderen Umweltkategorien wie Entwaldung oder Wasserknappheit starkere Auswirkungen verursachen.
Daher ist es wichtig, mehrere Umweltwirkungen gleichzeitig zu bericksichtigen, um eine Verlagerung von
Belastungen («burden shifting») zu vermeiden. Hinsichtlich der Nahrstoffe schneidet nur Sojadrink
systematisch besser ab als Kuhmilch, was die Formulierung von Empfehlungen erschwert. Zudem mussen
pflanzliche Getranke angereichert werden, um hinsichtlich der Mikronahrstoffe mit Kuhmilch
konkurrenzfahig zu sein, wahrend es in anderen Nahrstoffkategorien (z. B. Fettsauren) bei tierischen und
pflanzlichen Getranken Vor- und Nachteile gibt.
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Résumé

L'objectif de cette étude est de comparer la durabilité environnementale et la densité nutritionnelle de
différentes boissons végétales a base de soja, d'avoine, d'amande, de riz, d'épeautre et de noix de cajou
par rapport au lait de vache issu de divers systémes de production (animaux nourris a I'herbe, élevés au
paturage ou sur des terres arables). L'évaluation nutritionnelle repose sur le développement de l'indice de
substitution alimentaire 20 congu pour classer le potentiel de substitution des boissons végétales par
rapport au lait de vache. Cet algorithme nutritionnel prend en compte les carences en micronutriments
caractéristiques d’un régime alimentaire spécifique. Outre les éléments nutritifs essentiels, I'analyse inclut
également le profil en acides aminés, en acides gras ainsi que les éléments nutritifs dits défavorables.
L'évaluation environnementale s’appuie sur une analyse du cycle de vie visant a quantifier les impacts
d'une portion de boisson «du berceau a la porte de l'usine» dans sept catégories: potentiel de
réchauffement global, déforestation, pénurie d'eau, acidification, émissions de particules fines,
eutrophisation, qualité des sols et utilisation d'énergies non renouvelables. Les impacts environnementaux
ont ensuite été rapportés a l'algorithme de densité nutritionnelle mentionné plus haut afin de calculer les
impacts environnementaux par unité de valeur nutritionnelle. Dans I'ensemble, les boissons végétales
présentent des performances environnementales plus favorables que le lait de vache. Toutefois, si elles
génerent généralement des impacts climatiques plus faibles, elles peuvent entrainer des impacts
supérieurs dans d'autres catégories environnementales telles que la déforestation ou la pénurie d'eau,
soulignant ainsi limportance d'une approche multicritere afin d'éviter le transfert des impacts
environnementaux. Lorsque la dimension nutritionnelle est intégrée a I'analyse, seule la boisson au soja
surpasse systématiquement le lait de vache, ce qui complexifie I'élaboration de recommandations
nutritionnelles. De plus, les boissons végétales doivent étre enrichies pour rivaliser avec le lait de vache
en termes de micronutriments, tandis que pour d’autres catégories nutritionnelles (p. ex. les acides gras),
il existe des compromis entre les boissons d'origine animale et végétale.

Riassunto

Il presente studio mira a confrontare la sostenibilita ambientale e la densita nutrizionale di varie bevande
vegetali a base di soia, avena, mandorle, riso, spelta e anacardi con il latte vaccino proveniente da diversi
sistemi di produzione (ad es. alimentazione a base d’erba, al pascolo o basata su terreni coltivati). Per la
valutazione nutrizionale abbiamo sviluppato il Food Substitution Index 20 (indice di sostituzione alimentare
20) per classificare il potenziale di sostituzione del latte vaccino con le bevande vegetali. Tale algoritmo
nutrizionale & caratterizzato da carenze di micronutrienti presenti in un modello alimentare specifico. Oltre
ai nutrienti essenziali, abbiamo incluso anche un'analisi degli aminoacidi, degli acidi grassi e dei nutrienti
non essenziali. Per la valutazione ambientale abbiamo eseguito un’analisi del ciclo di vita volta a calcolare
l'impatto di una porzione di bevanda dalla culla alla fabbrica in sette categorie: potenziale di riscaldamento
globale, deforestazione, rarefazione delle risorse idriche, acidificazione, particolato, eutrofizzazione,
qualita del suolo e impiego di energie non rinnovabili. Abbiamo infine misurato I'impatto ambientale rispetto
all'algoritmo di densita nutritiva sopraccitato per calcolare gli impatti ambientali correlati al valore
nutrizionale. Nel complesso, le bevande vegetali sono piu rispettose dellambiente rispetto al latte vaccino.
Tuttavia, se da un lato possono avere un impatto minore sul clima, dall'altro I'impatto risulta maggiore in
altre categorie ambientali, come la deforestazione o la rarefazione delle risorse idriche. Ci0d sottolinea
I'importanza di considerare numerosi impatti per evitare lo spostamento dell’'onere ambientale. Una volta
introdotta la dimensione nutrizionale, solo le bevande a base di soia dimostrano sistematicamente un
impatto migliore del latte vaccino, risultato che complica la definizione delle raccomandazioni. Inoltre, le
bevande vegetali devono essere fortificate per poter competere con il latte vaccino in termini di apporto di
micronutrienti mentre, per quanto riguarda le altre categorie nutrizionali (come gli acidi grassi), esistono
compromessi tra bevande animali e vegetali.
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1 Introduction

With increasing pressure on our planet’s natural resources, agri-food production actors are looking toward
alternative proteins such as plant-based milk alternatives, which we will refer to as plant-based drinks
(PBD) in this study. The market share of PBD has, overall, continued to increase (BCG 2023) and
consumer acceptance of PBD is growing because of their lower climate impacts, absence of lactose (an
advantage for people with lactose intolerance), and perceived health benefits. However, many studies
point to the varied (Drewnowski et al. 2021) and lower nutrient contents of PBD (Scholz-Ahrens et al.
2020); additionally, impacts other than climate change such as water scarcity and deforestation are also
important to evaluate to avoid burden shifting. Consequently, we examine the environmental and nutritional
sustainability dimensions of cow, cashew, almond, oat, rice, and spelt drinks found in Swiss supermarkets.
We further differentiate between milk from grass-fed cows, arable-land based cows, and pasture-raised
cows because the choice of production system can influence nutrient contents and environmental impacts.

As shown in other studies, understanding tradeoffs between nutritional and environmental sustainability
dimensions is critical (Willett et al. 2019). Moreover, using nutritional and environmental data differentiated
by region can reveal different results (Green et al. 2021), extoling the limitations of studies relying on
globally-averaged data for implementing actions at more local scales. Additionally, results can vary across
temporal scales, such as seasons or years (Bar et al. 2020), and even at more granular scales (Pedolin
et al. 2021; Romeiko et al. 2020). Consequently, more context-specific studies are needed. Overall,
however, the findings of this study are globally relevant.

With regards to the added-value of this study, most studies that assess PBD do not quantify tradeoffs
between nutritional and environmental dimensions (Queiroz Silva and Smetana 2022). Additionally, to rank
drinks based on their nutrient density, we developed the Food Substitute Index 20 (FSI20), which is a
metric that ranks substitute food items (within a food group) based on their ability to address nutrient
deficiencies of concern within a specific population and dietary pattern. Such nutrient algorithms are
increasingly used in studies to understand the relative nutrient density of various products. However, there
have been calls to make these nutritional profiling methods used in environmental analyses more
standardized, robust, and adapted to context-specific cases (i.e., less generalized) (Green et al. 2023;
Kytta et al. 2023; Mozaffarian et al. 2021a). Accordingly, we followed the points of differentiation framework
(Green et al. 2023) to develop the FSI20. Additionally, we quantify (when possible) and explore the role of
nutrient bioavailability. We also include nutrients that are commonly unlisted on PBD labels such as fatty
acids, amino acids, and additional micronutrients (Walther et al. 2022). Finally, most papers only consider
more common drinks (i.e., cow, almond, oat, soy) (Carlsson Kanyama et al. 2021; Ramsing et al. 2023),
whereas we analyzed a wider range of relevant products.

As climate change becomes ever-present in our lives, one of the major drivers of PBD consumption are
lower GHG emissions. However, this is only one impact category and measuring multiple environmental
impacts to avoid burden shifting (i.e., optimizing one impact at the expense of another) is critical. Therefore,
in this study, we included cradle to factory gate assessments for eight impact categories: acidification,
deforestation, eutrophication, global warming potential (GWP), soil quality, non-renewable energy use,
water scarcity, and particulate matter.

Finally, we use the aforementioned data to apply the method of nutritional life cycle assessment (n-LCA),
which measures environmental impacts against nutrient-based functional units to calculate nutritionally-
invested impacts (FAO 2021). Thus, we evaluate environmental impacts on a volume (200 ml serving size)
and nutritional basis (FSI20) basis.
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2 Methods

2.1 Developing the Food Substitute Index 20 (FSI20) metric

Nutritional contents were measured for 25 drinks found in Swiss supermarkets. We examined nutrient data
for cow milk (n=2), almond (n=4), soy (n=7), oat (n=4), cashew (n=2), rice (n=5), and spelt (n=1) drink. A
previous study measured protein, essential amino acids, phosphorus, magnesium, potassium, calcium,
chloride, manganese, iron, copper, zinc, selenium, iodine, carbohydrates, vitamin C, biotin, niacin,
pantothneic acid, vitamin B1, vitamin B2, vitamin B6, vitamin B12, folate, vitamin A, vitamin E, vitamin D,
vitamin K1, vitamin K2, fiber, calories, and fatty acids including saturated fat (SFA), trans saturated fat
(TFA), monounsaturated (MUFA), polyunsaturated (PUFA), and omega-3 (n-3) and omega-6 (n-6)
contents (Walther et al. 2022).

As mentioned, we developed a novel nutrient index following the recommendations from the ‘points of
differentiation’ framework (Green et al. 2023). This framework is inclusive of ten major points to consider
when using and developing indices; Table 1 in Appendix A details each ‘point’ and our choice for it. For our
proposed FSI20 nutrient metric (Eqn. 1), we include two types of nutrients: those for which nutrient
deficiencies exist and those for which the base product (i.e., cow’s milk) exceeds an adequacy ratio
threshold of 20%; we include this threshold to avoid introducing new micronutrient deficiencies into the
diet with the adoption of substitute products. A detailed description of this index is provided in Appendix A.
Deficiencies were gathered from a previous study on omnivore, vegetarian, and vegan diets in Switzerland
(Schupbach et al. 2017). Further explanations of these weighting factors as well as the rationale for
focusing on omnivore diets in this paper are provided in Appendix A. Fatty acids, protein quality, and
disqualifying nutrients are assessed separately. Disqualifying nutrients are those whose consumption we
should moderate to protect health (e.g., sodium, added sugar, certain fats).

nutrient i/ dib 1 nutrient i/ db
FSI20 =Z foodjb) +Z — [Joodb .\ > 20% |;Eqn1
1

RDA or Al; _ deficiency i, d RDA or Al;
100

i=nutrient, j= substitute food (e.g., PBD), d=nutrient deficiency in population and dietary pattern of interest, b= base food (e.g., cow’s milk), a;,=

adequacy ratio for nutrient j in base product.

2.2 Environmental assessment

A myriad of value chains exist for a single product (e.g., almond drink), complicating definitive analyses.
Our paper focuses on the more common value chains based on literature, patents, and expert
consultations in the food processing industry. Moreover, we focus on value chains for which we have data.
Overall, data for many PBD is limited because processing data is often proprietary, even in published
studies. Relatedly, few robust LCA studies on PBD have been conducted. For this study, PBD data came
from literature and LCA databases (i.e., ecoinvent, Agri-footprint, and World Food LCA Database), or were
calculated in absence of at-scale production data.

Our FU was 200ml and we used the Swiss Agricultural Life Cycle Assessment (SALCA) method for our
impact assessment (Douziech et al. 2024). Our system boundaries are illustrated in Figure 1; we include
the most relevant supply chain activities; namely, farm activities, pre-processing, and processing. Our
system boundaries exclude packaging, retail, consumer, and end-of-life stages. Based on the literature,
packaging can have variable impacts depending on how it is modeled (SIK 2013; te Pas and Westbroek
2022). For our study, packaging is relatively less important because the packaging is similar for all
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products. Retail impacts are mostly relevant for pasteurized milk that requires refrigeration, which is not
the case for our UHT drinks. Lastly, end-of-life was excluded because our products have similar shelf lives.

SOY GRAINS NUTS cow
1. Farm activities Cultivation & harvesting Milking
| -
- 1)
%B . : SRR, O
,,,,,,,,,,,,,,,,, |
| 2. Pre-processing to | -——————mm—m | white rice, spelt flour, | i almond kernel & cashew |
| create intermediary | |  dehulled soybean | | &oat groats creation | { kernel creation | =)
] i creation ] e e I chilled
product ] o sksadow g
) = =)
25 l v
[URs)
\; E storage storage storage E
Do v v v D
2°c cleaning cleaning cleaning 3
o = ! ! ! ] o =
== L. T e 3 [0)
20 wet milling wet milling pre-milling — 32
2 e ! ¢ ¢
s 3 3. Processing at v — — S o
% 30) drink/milk facility filtering inactivate enzymes wet milling 55
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s 9 formulation filtering filtering Il o]
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| 5. Retail |
I 6. Consumer ‘
[ 7. End-ofIife \

——
Co-products

Figure 1: System boundaries of modelled value chains. The dashed lines denote the included processes. Repetitive activities,
such as cooling and cleaning in place, are only represented once in the figure for the sake of clarity.

We differentiate between pre-processing and processing steps to ease explanations regarding the data
and interpretation of results. Pre-processing involves all steps needed to transform the harvested plant
material into the intermediate product that will be used for drink processing (e.g., dehulled soybean, spelt
flour, oat groats). Pre-processing examples include drying, grinding, and steaming. These steps are often
differentiated across various PBD, while the remaining processing steps are fairly similar across the drinks
(Aydar et al. 2020; Makinen et al. 2016); examples of these steps include filtering, mixing, or UHT
processing. A detailed description of the processing data is presented in Appendix B.

The country of origin for the farm stage of the base plant material (i.e., almond— Spain, Italy; cashew—
Vietnam; soy — France, ltaly; oat— Germany, Italy; rice— ltaly; spelt— Switzerland; cow— Switzerland)
was given by product information. Secondary data was used to determine the most common region for
production within these countries (Appendix B Table S2). We use country-specific inventories for all base
products, excluding almond, for which there was no European inventory; accordingly, we used the global
average as a proxy and adapted relevant flows (i.e., electricity and water) to the requisite countries. While
losses are almost never reported in PBD LCA studies, for all drinks, a loss ratio of 1.03 was assumed for
the base scenario (with a minimum ratio of 1—i.e., no loss and maximum of 1.05) (te Pas and Westbroek
2022; Toth et al. 2021). For allocation, we used economic allocation percentages from the literature or
LCA databases. For the cultivation stage and pre-processing, we used economic allocation values for
coproducts as given in the databases, with the exception of cashew cultivation for which we used the
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allocation percentages from a previous study (Brito de Figueirédo et al., 2016). Lastly for soy drink
processing, which produces okara, we use allocation percentages from a previous study (Herrmann et al.,
2024).

We conducted a Monte Carlo uncertainty analysis for GWP. We calculated base, minimum, and maximum
values for energy inputs and raw materials. The variations in raw material inputs were attributed to the
possible range of additives, base raw material, and co-products; these ranges can vary due to factors such
as differences in flour extraction rates or the percentage of hulls by weight. For pre-processing energy, the
differences were based on equipment specifications or variations in literature values. For processing
energy, differences in energy inputs were calculated based on variations in the percentage of raw materials
used. For a more detailed explanation, refer to Appendix B.

Transport of the raw materials was calculated from average ship or truck distances, using EcoTransit
(EcoTransIT 2021). Most raw materials in Europe are transported via road (Eurostat 2022) and the same
is true for Vietnam (Rementsov et al. 2020). All stages for the cow’s milk were assumed to take place in
Switzerland. Currently, over a third (38%) of PBD are produced in Switzerland, based on a market analysis
conducted of current drinks sold, and the rest is assumed to be produced in the center of Europe (Mehner
et al. 2024). Energy mixes and water flows were adapted to account for the proportion of production in
Switzerland versus Europe. Transport values were calculated for the base plant materials; for other
materials (e.g., sugar), the market activity was used to account for transport. Table S2 in Appendix B lists
the specific region (i.e., the most common region of production for a specific crop based on the literature)
in each country that we used to calculate transport distances. We included additives and fortification when
data or proxy data was available. Certain data for fortification was unavailable; however, it is expected that
such exclusions should have a minimal impact on results (SIK 2013).
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3 Results

3.1 Nutrient profiles

Figure 2 shows the nutrient profiling system scores for each drink category; overall, cow’s milk and soy
drink show the most promise. The figure further illustrates that nutrient density scores within one drink
category can vary substantially between products (e.g., soy and almond drink); this is partly due to the
different levels of fortification. Across the drink types, four nutrients were commonly fortified: Ca and
vitamins D, B2, and B12. PBD are often fortified to be competitive with the higher nutrient contents naturally
found in animal milk. Table S3 in Appendix C reports fortified nutrients for each drink. In Figure 2, the
minimum values of certain drinks (i.e., almond, soy, and cashew) represent unfortified versions. Of the
unfortified drinks, cow’s milk scores highest, followed by soy, almond, and cashew. However, when
compared to cow’s milk, these PBD are nutritionally poor in their natural state. Out of all drinks, including
those fortified, the FSI20 nutrient density scores are highest for cow’s milk; however, depending on the
product selected and the level of fortification in soy drink, soy can have slightly higher nutrient density
scores. Almond is the next nutrient dense drink, on average, while oat drink is comparable in certain cases.
Rice drink has similar median levels to almond but overall has lower nutrient density scores. Spelt and

144
12
10 1
S 4] _ . Male
i I Female
6 4
2 1
36y Almond Rice Cashew Oat Sp;elt Cow
Beverage

Figure 2: FSI20 scores for plant-based drinks and cow’s milk. The graphs show the nutrient index scores of each
drink for males and females. Cow (n=2), almond (n=4), soy (n=7), oat (n=4), cashew (n=2), rice (n=5), and spelt
(n=1).

cashew have comparable median levels to oat drink.

Protein quantity and quality are key topics of discussion when substituting plant-based products for those
of animal origin because, often, plant-based foods are poorer sources of amino acids, which are the
building blocks of protein quality. As shown in Figure 3, for the reference pattern corresponding to infants
aged six months to children aged three years, cow's milk is the only drink that meets the eAA requirements
in all categories, meaning it as a complete protein with a Digestible Indispensable Amino Acid Score
(DIAAS) of over 100%. Soy drink follows closely, fulfilling the requirements for all but one eAA. Cashew
and oat drinks provide moderate amounts of eAA, while spelt, rice, and almond drinks are comparatively
poorer sources.

For the reference pattern applicable to older children, adolescents, and adults, both cow’s milk and soy
drink contain sufficient amounts of all eAAs. Many of the remaining drinks have a moderate AA profile,
meeting the requirements for five to six eAA, with the exception of almond drink, which is, relatively, an
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inadequate source. Furthermore, in terms of overall protein content, soy drink has the highest protein
concentration (37.8 g/kg), followed by cow's milk (32.6 g/kg). Nevertheless, amino acid requirements can

eAA
. HIS
THR
LYS
VAL
ILE
Reference Pattern: 6mo-3yr Reference Pattern: older child-adult mm LEU
s TRP
mmm SAA
) I ‘ I |
c
LS. I I ‘ i ] ‘ I II [}
215
Q
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<
3 1.0 1
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<
<
) ‘ ‘ ‘ | ‘
0.0- T T T T T T - T T T T T
Almond  Cashew Cow Oat Rice Soy Spelt Almond  Cashew Cow Oat Rice Soy Spelt
Drinks Drinks

Figure 3: Essential amino acid ratios for two reference patterns: (i) infants aged 6 months to children aged 3 years and (ii) older
children, adolescents, and adults. Calculated based on data from Walther et al. (2022).

be met by combining different plant-based foods within a diet, meaning that Figure 3 only provides a limited
snapshot.

Results for fatty acids, which are important for physiological functions such as brain function, inflammation,
and energy, are shown in Table 1. Omega 6 (n-6) and Omega 3 (n-3), which are essential fatty acids, are
often reported in ratio form since they strongly affect one another by competing for the same enzymes for
conversion into further forms. For the n-6:n-3 ratio, lower values are generally desirable (Benbrook et al.
2018). Cow’s milk has the best profile followed by soy drink, since they are both higher in n-3. Aimond
drink is characterized by the worst ratio. For cow’s milk, the type of production system (e.g., herbage
proportions in feed) can affect these values and such possibilities are discussed in the sensitivity analysis.
For unsaturated fats, the nuts are highest in MUFAs. For PUFAs, soy has the highest amount on average,
but rice can also contain larger amounts; nevertheless, for most drinks, the amounts are fairly small
compared to what is needed in a 2000 kcal diet.

Table 1: Nutrient ratios, fatty acid contents, and disqualifying nutrients for plant-based drinks and cow’s
milk (min, max). Values are calculated based on data from a previous study (Walther et al. 2022).

Nutrient or nutrient

Tatio Almond Cashew Oat Rice Soy Spelt Cow
n-6/n-3 (126.8,234.8) (77.7,77.8) (83.6,105.4) (91.6,175.1) (6.7,7.9) 112.1 (2.2,2.7)
" Monounsaturated (1.3,6.4) (2.9,3.6) (0.85,0.96) (0.56,1.3) (0.63,1.4) 0.6 (1.8,1.9)
% (9/200 ml)
©
2 Polyunsaturated (0.47,1.6) (0.83,1.0) (1.2,1.4) (1.0,1.1) (1.8,2.9) 1.2 (0.29,0.32)
& (g/200 ml)
% Unsaturated / SFA (9.2,10.5) (4.3,4.3) (5.7,6.4) (6.6,7.7) (4.7,5.3) 6.9 (0.50,0.52)
*§ Sodium/ Potassium  (0.96,11.19)  (2.12,3.29) (1.74,3.29) (0,7.29) (0.17,0.74)  3.18 (0.59,0.61)
)
S Trans fat (0,0.0.01) (0.01,0.01) (0.01,0.01) (0,0.01) (0.01,0.01)  0.01 (0.27,0.31)
'E (9/200 ml)
& Calories (kcal /kg) (129,616) (323,646) (168,441) (224,396) (328,462) 297 (644,654)
Q
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Disqualifying nutrients in this discussion include TFA, sodium, SFA, and calories. While some drinks have
added sugar, it is difficult to estimate the natural sugars present in the drinks (FAO 2021). The use of
nutrient ratios as opposed to single nutrients to better reflect the food matrix have been proposed in more
recent nutrient indices (Mozaffarian et al., 2021) and we incorporate those ratios here. For example, while
sodium is harmful above recommended values, its effects can be mitigated by potassium (Kogure et al.
2021) and mitigation arguments have been made for using the ratio of unsaturated to saturated fatty acids
as well.

When considering the moderating impacts of potassium, cow’s milk and soy drink have the best profiles.
Notably, almond and rice have a large range depending on the individual product. TFA are uncommon in
nutrient metrics; however, they potentially present health concerns and are thus included. Of the drinks,
cow’s milk is much higher than PBD in TFA; nevertheless, the amount of TFA is still small when considering
upper limits for a 2000 kcal diet. When examining the moderating effect of unsaturated fat on saturated
fat, almond has the most favorable ratio as it is high in beneficial fatty acids, followed by spelt and rice. In
some indices, energy is included as a disqualifying parameter due to concerns of obesity (Drewnowski,
Amanquah, and Gavin-Smith 2021). Obesity rates in Switzerland are increasing; thus, we include it here
as well. Cow’s milk has the highest calorie content, though some almond drinks can also be high in calories
depending on the variety. Of the PBD, oat and certain almond options have lower calorie contents.

3.1.1 Nutrient variability

The choice of production system not only affects environmental scores but also nutrient contents. The
herbage proportion in cow feed across different production systems can alter n-3 and SFA contents of milk.
However, based on the feed composition for dairy cows in Switzerland, the differences between farms are
small (Table S4 in Appendix C). In general, cow’s milk from arable land-based systems has lower beneficial
n-3 contents and higher SFA contents; this is because of the higher percentage of concentrates in the feed
and lower amounts of herbage. For fresh herbage percentages, there is a slightly bigger difference in
nutrient contents than with total herbage. Lastly, in Table S5, we see that the level of zinc is low for
beverages; consequently, the influence of a high versus low phytate diet is limited. However, for males,
cow’s milk, cashew, and soy drink move from somewhat adequate sources of zinc to inadequate sources
of zinc under higher phytate diets.
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3.2 Environmental impacts
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Figure 4: Environmental impacts with a functional unit of 200 ml for plant-based and cow's milk. Cow's milk comes from three
systems i.e., pasture-raised (Cow_pa), grass-fed (Cow_gr), and arable-land based (Cow_ar).

Figure 4 provides environmental impacts on a volume basis. For climate impacts, cow’s milk induces much
higher burdens compared to PBD. The nut drinks have moderate GWP impacts, and this is partly due to
the processing needed but also the lower percentage of the intermediate product (i.e., kernel) compared
to the rest of the plant. Rice also has moderate impacts, due to the methane emissions caused by the
anaerobic conditions resultant from flooding. Finally, soy, oat, and spelt have the lowest impacts. A similar
story of cow’s milk having much higher impacts than PBD is seen for acidification and particulate matter
(PM). Cow’s milk also has higher soil quality impacts than PBD meaning it is more disruptive to the system,
although oat has similar impacts to cow’s milk from arable land. For other impact categories (i.e., water
scarcity, non-renewable energy, deforestation) some PBD have substantially higher impacts than cow’s
milk. For water use, almond has the highest impacts by far. This is due to its large water consumption and
reliance on irrigation in water scarce regions (Vanham et al. 2020). Cashew has moderate impacts
because while it also requires considerable amounts of water, large parts of its cultivation cycle are rainfed
(Brito de Figueirédo et al. 2016; FAO 1998). Rice also has moderate impacts due to its higher water
demand. Cow’s milk has the lowest water footprint, likely due to the low water stress of Switzerland (Ritchie
and Roser 2024) and the specific, optimized cow production models used for our data source.
Contrastingly, the base material for PBD came from more water stressed regions. This is relevant since
the majority of water impacts happen during the farm stage (Carvalho et al. 2022; te Pas and Westbroek
2022). In the literature, many studies attribute higher water impacts to cow’s milk; accordingly, these site-
specific results may not be reflective of other contexts.

Almond drink also has the highest impacts for non-renewable energy which are largely attributed to the
farm stage and pre-processing, while cow’s milk and other PBD have similar energy usage values. Cashew
has a very high deforestation footprint, as also indicated in other studies because they are grown in
monocultures under full sun (Powell et al. 2023), meaning significant land clearing is required, while cow’s
milk has moderate impacts. For eutrophication, the picture is more nuanced. Drinks from almond, grass-
fed, and pasture-raised cows have the highest impacts while spelt has the lowest. Unlike the other cow’s
milk, milk from arable-land based cows has moderate impacts along with oat, soy, cashew, and rice. Lastly,
when examining the three types of cow’s milk, it is evident that there can be variable impacts depending
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on the production system. For most impacts, with the exception of deforestation, cow’s milk from arable
land has lower impacts than milk from cows that were pasture-raised or grass fed, largely due to the higher
milk yield per cow (Bystricky et al. 2014). For deforestation, the difference, while small, is due to the higher
amount of concentrates in the feed for cow’s milk from arable land based systems.

Comparing study results to the literature is difficult due to the differences in processing stages (e.g., UHT
vs. pasteurization), energy mix, system boundaries, formulation including the amount of raw base material,
allocation, functional unit, and country of origin. Such conclusions have been confirmed in other studies
(Carlsson Kanyama et al. 2021; Ferdouse et al. 2024). For many drinks, impacts are aligned with the
literature, at least for GWP. As mentioned, discrepancies occur due to differences in value chain modeling,
and the literature is not robust enough for a full benchmark while accounting for such variations. For
instance, Bussa et al. (2020) reported that environmental LCA results were more favorable for PBD with a
lower percentage of base material; however, such information on base material percentages is often
missing from studies. Outside of GWP, data for other environmental categories are scarce, when
comparing criteria of similar system boundaries, similar impact assessment methods, and comparable
functional unit. Moreover, for other categories such as water use, limited studies are available for impacts
that are scarcity weighted (Ramsing et al. 2023).

3.2.1 Uncertainty analysis impacts for GWP

For GWP, we conducted an uncertainty analysis based on the input ranges previously described (Appendix
B). We emphasize climate-related impacts due to their significant importance and because we want to
compare our findings to established data, and the majority of existing literature measures GWP. Figure 5
illustrates that the drinks with the highest potential variation in GWP is soy and oat while rice and almond
have moderate ranges compared to the rest of the drinks. The variation in soy drink is likely due to the
differences in steam use as well as the difference in soy sourced from lItaly versus France. For oat this is
due to the differences in impacts across different countries as well as variability in hull weight. For almond
drink, the variation is likely due to the differences in the amount of nut material in the drink and the
associated energy needed in cultivation and pre-processing. There is a 250% difference between the
minimum and maximum amounts of almond content in the drinks, while the next highest difference is for
rice at 65%. As almond drink has higher GWP impacts, it follows that its GWP may vary a lot depending
on formulation. Spelt, cow, and cashew have the least amount of variability. For cashew drink, this is
because the amount of raw material is relatively consistent (it has an 8% base material variation) and
cultivation makes up the dominant impacts for this drink because the farm-level impacts for cashew nut
are very high.
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Figure 5: Panel A) Uncertainty analysis for GWP impacts of plant-based drink and cow’s milk per 200 ml. The columns show
the mean value and the lines represent the 2.5 and 97.5 percentile results from the uncertainty analysis. Panel B) Coefficients
of variation (CV) from the uncertainty analysis.
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3.2.2 Nutritionally-invested environmental impacts compared to impacts on a volumetric basis

Figure 6 illustrates how results change with the FSI20 n-FU; at times, higher nutrient densities can lead to
relatively lower nutritionally-invested impacts. Such a result is commonly seen for cow’s milk and soy drink.
In other instances, environmental impacts are sufficiently high such that their nutrient density does not
result in more favorable nutritionally-invested environmental impacts (e.g., almonds and water, cashew
and deforestation). Overall, soy and spelt score the best, while cashew scores poorly. Compared to the
volume-based FU, soy and almond are relatively unaffected by the use of an n-FU; this is likely because
soy already has lower environmental impacts and is highly nutrient dense, while almond has higher
impacts and is only of moderate nutrient density. The environmental impacts most affected by the use of
the n-FU are GWP, eutrophication, soil quality, and non-renewable energy use. For water scarcity and
deforestation, the FU has limited influence on results because the difference in extremes across drinks on
a volume basis is already quite large.
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Figure 6: Impacts of drinks on a volumetric (FUS=200ml) vs. nutritional basis (FU= FSI20 nutrient profiling algorithm). Impacts
for each category are relative to the maximum value for that impact group, which is scaled to 1.

4 Discussion

4.1 Evaluating environmental and nutritional tradeoffs and synergies

Holistically evaluating the nutritional and environmental dimensions of foods requires assessing tradeoffs
and synergies; as no single metric can realistically capture all facets of these areas. Over all of the PBD,
soy is the best alternative to cow’s milk. For soy drink, environmental impacts are favorable across all
categories apart from water scarcity for which it has moderate impacts. Soy drink could be optimized by
reducing steam use and or switching to renewable energy sources. Even when considering unfortified
amounts, soy still ranks the best out of the PBD. When considering fatty acids and disqualifying nutrients,
soy, for most categories, has favorable scores when compared to the other drinks. Furthermore, lysine, an
AA of concern because it is predominately found in animals, is only found in adequate amounts in soy
drink and cow’s milk. One topical issue is the deforestation driven by Brazilian soy production. However,
currently, most Brazilian soy is used as animal feed. Despite this, impacts could change drastically if
growing demand necessitates soy from Brazil. On an environmental basis, spelt is as strong as soy.
Contrastingly, on a nutritional basis, it scores quite poor for most categories when compared directly
against cow’s milk and would need to be fortified.

The other grain-based drinks, rice and oat, have moderate environmental impacts, on average. Rice has
moderate to low nutritional profile scores while oat has moderate environmental scores on average. Rice
is characterized by higher water scarcity and GWP impacts, but alternative farming systems could help
mitigate this. For instance, alternate wetting and drying can reduce water use when compared to traditional
management strategies and result in lower GHG emissions without significantly compromising yields (Leon
et al. 2021). Oat drink can reduce impacts via alternative sourcing; for instance, oats produced in ltaly
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have higher impacts than oats produced in Germany. More insights into the farm level in conjunction with
comparative studies across countries could allow for lower impacts in the future, provided the company
producing the oat drink has knowledge of its suppliers.

Of the PBD, nuts, on average, have higher environmental impacts and moderate nutrient densities.
However, as shown with the uncertainty results for GWP, the impacts of almond can be much lower
depending on the modelled value chain. Nuts also have a very high water use; however, a recent study
showed that water use can be greatly variable within the nut food group; for example, almond has a much
higher water use than other nuts such as chestnuts or walnuts (Vanham et al. 2020; Poore and Nemecek
2018). Since nuts are moderately nutrient dense, efforts could be directed at alternative nut-based PBD
with smaller water requirements. This is particularly important, because, at the global scale, 1 in 4 children
will live in an area of extreme water stress by 2040 (UNICEF 2020). Relatedly, almond yields can vary
quite a lot from country to country (Ritchie et al. 2022) meaning that impacts will likely vary depending on
where the almond is sourced from. Overall, cashew has high impacts at the farm level; however, if cashews
were grown in low-input systems, as suggested in a previous study (Brito de Figueirédo et al. 2016), these
results could change. This indicates there is justification for companies to incentivize farmers to optimize
their cashew farming systems. With respect to nutrition, for many categories of fatty acids or disqualifying
nutrients, almond drink scores on the extreme end (either doing much better or worse than other drinks);
this greatly increases the difficultly for consumers when assessing tradeoffs across products.

For most environmental impact categories, cow’s milk has the highest impacts; on the other hand, it is the
most nutrient dense of the investigated beverages. Accordingly, when assessing nutritionally-invested
environmental impacts, cow’s milk has relatively better profiles. As mentioned, cow’s milk from arable land,
for many categories, has lower environmental impacts compared to the other cow’s milk that is pasture-
raised and grass-fed. This leads to tradeoffs for consumers because grass-fed milk is often the more
nutritious option (Heins 2021; Nogoy et al. 2022). We also saw a similar outcome for fatty acid profiles,
which change depending on the type of feed. As mentioned, higher herbage proportions found in grass-
fed and pasture-raised systems led to higher n-3 concentrations and lower SFA concentrations (Table S4).
While the differences between our cow production systems were not very high; one study noted that even
small differences can be relevant depending on the overall diet of the population (Benbrook et al. 2018).
They noted that the small changes in fatty acids were significant because milk is the predominant source
of these fatty acids in certain diets, such as in the US, in which fish does not constitute significant enough
portions to meet n-3 requirements (Benbrook et al. 2018).

4.2 Future areas of work

There are three areas future work should target to more deeply understand the potential of PBD from an
environmental perspective: processing vs. farm impacts, valorization of side streams, and tradeoffs across
value chains. First, for many foods, the processing stage for agricultural commodities is either loosely
considered or excluded because the impacts are assumed to be low compared to the primary production
phase. While many PBD studies find that the farm stage is key differentiator in environmental impacts, the
percentage of raw material used in the drink is small and this makes the processing impacts relatively
more important for particular impact categories. For instance, in this study, for soy, the combined
processing flows for certain impact categories outweighed impacts at the farm level. Other studies have
found similar results (Beckerman et al. 2019; Bussa et al. 2020; Winans et al. 2020). Overall, the value
chain modelled can greatly affect the relative importance of processing to farm level impacts. Second, the
manner in which PBD side streams are utilized and allocated also influences the environmental impact
results. This is an open area of research as the PBD market grows. The side streams of most raw material
produced for PBD are used for animal feed and sometimes energy; however, there are other options being
explored including valorizing their functional nutrient properties. Future work should examine how different
valorization options impact results.

Third, the choice of value chain is critical for PBD. For example, while our drinks are all UHT processed,
many drinks are still pasteurized. In these cases, the processing impacts are lower while the retail stage
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contributes to a much greater extent. Grant and Hicks (2018) found that the largest impact group for most
environmental categories was the retail stage because of the electricity needed for refrigeration. Transport
assumptions (e.g., air vs freight transport), country of origin, and the influence of switching to renewable
energy during PBD processing can also greatly influence results. Formulation is also important; higher
base material amounts will lead to higher impacts, but also a higher nutrient density, and the choice of
additives and fortification can, albeit to a smaller extent, affect results. For the latter, most studies either
estimate or ignore this aspect. In this study, we used estimations based on proxy values of additives and
fortifiers in LCA databases, as previously done in other studies (SIK 2013). Alternatively, a report calculated
the environmental impacts of fortification based on average impacts from the chemical sector (Bussa et
al. 2020). Finally, to more comprehensively assess tradeoffs across alternative value chains, it would be
useful to have more company proprietary data. Currently, most input data used in the literature is based
on soy, almond, and oat, and this data is often used as a proxy without any changes for other drinks like
rice. In this report we calculated specific input data for the other PBD; nevertheless, additional company
data could be beneficial, particularly, since processing parameters can vary by factory. As mentioned, we
modelled a common value chain for each drink and their associated uncertainty values. However, myriad
other values chains are possible. Accordingly, when such data is available a more intensive uncertainty
analysis that utilizes software that can account for more flexibility in distribution ranges, should be
conducted.

From a nutritional perspective, we considered bioavailability to the extent possible; however, there are still
gaps such as interaction factors and the actual effect of fortified foods. Antinutrients such as oxalates or
phytate, which can be present in plant-based foods, will decrease the bioavailability of certain nutrients
such as calcium, zinc, and iron. Accordingly, vegetarians and vegans may be at a higher risk of this due
to the larger proportion of plants in their diets (Schipbach et al. 2017). On the other hand, with respect to
iron, cow’s milk has been shown to decrease iron absorption, particularly in children (Ziegler 2011). While
we quantified the effect of dietary phytate on zinc; future work should examine the role of other
antinutrients. Currently, industry actors are exploring novel PBD processing techniques to remove these
antinutrients (Yang et al. 2012). For fortification, certain studies have shown that increases in fortification
amounts do not always correlate to the amount in serum levels (Talsma et al. 2016). Lastly, more data is
needed to understand interaction effects between individual foods and overall dietary components.

While not quantified in this study, there are two key domains to also consider; namely, antibiotic use and
animal welfare. Future studies can quantify the global benefit that PBD adoption would have in these
spaces because animal farming is linked to global concerns of antibiotic resistance and zoonotic diseases
(Green et al. 2022). Moreover, while health is an important dimension and interlinked with nutrition, its
quantification is out of scope for this paper. However, these considerations could lead to different tradeoffs
for certain populations (e.g., consumption of certain drinks and increased cancer or cardiovascular risks).
Finally, this study predominately focused on adults, however, children have more stringent nutritional
requirements. Consequently, cow’s milk may be a more ideal option for these populations (Walther et al.
2022).

5 Conclusion

We assessed the environmental and nutritional dimensions of PBD and cow’s milk produced in different
production systems. Overall, on an environmental basis, PBD show promise to be a more sustainable
alternative to cow’s milk; in particular, soy and spelt, followed by oat and rice, do well against cow’s milk
in most environmental categories. This picture is complicated when the nutritional dimension is introduced
because cow’s milk, overall, scores much better on this basis; however, this is partially diminished by cow’s
milk higher disqualifying nutrient scores when compared to PBD. Of the PBD, soy has a superior nutritional
profile while almond and oat can have moderate nutrient profile scores. Going forward, there are options
for industry to improve the environmental profile of PBD by including alternative sourcing from different
countries or suppliers, vertically integrating companies to pressure raw material suppliers to pursue more
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sustainable farming practices, adopting more sustainable value chains at the processing stage,
transitioning to renewable energy, and sourcing raw material within a certain food group that has lower
impacts (e.g., replacing almond drink with other nuts that have a lower water footprint).

It is important to remember that replacing cow’s milk on a larger scale requires an understanding of group-
specific substitution potentials because we want to introduce new, sustainable food products without
causing micronutrient deficiencies. Short of doing diet optimizations, which are time consuming, we can
use metrics such as the presented FSI20 metric. With regards to the nutritional profiles of the drinks, there
are tradeoffs across micronutrients, fatty acids, and disqualifying nutrients. As personalized nutrition
becomes more popular, consumers can decide which products suit them best. On the production side,
industry can target fortification at products with lower environmental impacts. Going forward, implementing
a balanced approach that is mindful of both the nutritional and environmental dimensions can support an
optimized integration of PBD in the dairy market.
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6 Supplementary material

6.1 Appendix A: Developing the FSI20 metric

To develop the FSI20 metric, we followed the ‘points of differentiation’ framework (Green et al., 2023) for
nutrient adequacy metrics. This framework includes ten ‘points’ to incorporate when developing a new
profiling system for nutrient adequacy, nutrient quality, and nutrient diversity metrics. A key aim of this
framework is to make metrics more comparable and transparent. In Table S1 we explain our rationale for
each ‘point’ in the framework regarding inclusion.

Table S1: Points of Differentiation Framework for the FSI120

No. Point Choice Rationale
1 Weighting Included Weighting is based on nutrient deficiencies for an omnivore diet in the
Swiss population.
2 Energy Excluded Metrics were not energy-standardized to prioritize the identification of
standardization micronutrient deficiencies. While standardization facilitates broad

comparisons, it can artificially alter nutrient concentrations and reduce the
utility of FSI20 metrics for assessing deficiency alleviation.

3 Capping N/A No nutrients exceeded 100% of requirements; accordingly, capping was not
relevant for this metric.
4 Across-the-board vs. Group-specific  Analysis is constrained to the milk food group.
Group-specific
5 Context- and/or Both included  Utilization of locally-relevant metrics provides a more accurate reflection of
dietary-specific regional conditions and supports the development of concrete, actionable
recommendations.
6 Validation Excluded Validating novel nutrient metrics for fortified foods needs further research
(Green et al., 2023; Mozaffarian et al., 2021) and is thus excluded.
7 Disqualifying nutrients ~ Excluded Disqualifying nutrients are assessed via nutrient ratios (e.g.,

sodium/potassium) rather than as isolated metrics (e.g., sodium) within the
functional unit.

8 Reference amount Serving size A 200ml serving size is chosen to ensure consistency with the functional
unit of the environmental LCA.
9 Selection of Select Included nutrients comprise those associated with known deficiencies and
nutrients/ingredients nutrients those where the base product (i.e., cow’s milk) exceeds a 20% adequacy

ratio threshold.
10  Processing quality Excluded Omitted due to insufficient data.

For the weighting ‘point’, we gathered deficiencies for different dietary patterns in Switzerland from a
previous study that measured micronutrient statuses with blood and urine samples for participants abiding
by omnivore, vegetarian, and vegan diets, with the exception of calcium that was determined via intake
data (Schupbach et al., 2017). We assume these values to be representative for the Swiss population. In
this study, we focus on an omnivore diet, because it is the most common dietary pattern and because
deficiencies (e.g., vitamin B12, Fe, vitamin B2) that are of concern for plant-based drinks (PBD) were
similar across dietary patterns due to supplementation. We use the specified weighting factors for nutrients
[i.e., 1/(1- deficiency))] instead of directly weighting by the deficiency (i.e., 0.2 for a 20% nutrient
deficiency). Such a direct weighting approach will decrease the nutrient amounts and make the metric less
comparable to others. We then multiply by our weighting factor; lower values of nutritional deficiencies
receive weightings close to 1, meaning the food item does not receive a boost in rankings for this nutrient.
Alternatively, nutrients of a high deficiency receive higher weightings.

As mentioned, we want to avoid introducing new deficiencies with the adoption of substitute products (e.g.,
PBD). Accordingly, we also include nutrients if they have a 20% or higher adequacy ratio in the base
product (e.g., cow’s milk). For example, cow’s milk has an adequacy ratio of over 20% for phosphorus,
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calcium, and vitamin B2. Calcium and vitamin B2 are already included in the metrics because these
nutrients have associated micronutrient deficiencies, whereas phosphorus does not. Accordingly, we also
include phosphorus in the metric, but we do not assign a weighting factor to it. The 20% threshold, which
classifies a food as being high in a particular nutrient, was determined based on a USA Food and Drug
Administration report (FDA, 2021). This threshold can be updated based on newer scientific evidence.

DRI values are from Switzerland or the DACH region (Germany, Austria, Switzerland) (SSN, 2021a, 2021b)
when available; missing values are supplemented from the Institute of Medicine (Institute of Medicine,
2019). Men and women can have different DRI values, thus we calculate these groups separately. For
zinc we assume a medium phytate diet. However, in the sensitivity analysis, we show how zinc adequacy
values vary depending on the level of phytate in the diet.

In our study, to convert from grams to ml, densities of the raw material were used to calculate a weighted
density of the milk product. Densities from the raw plant material were collected from the following literature
sources: almond (Aydin, 2003); soybean (Tavakoli et al., 2009); cashew (Nath & Chauhan, 2021); spelt
(Krystyna et al., 2018); rice (Bhattacharya, 2013); oat (Shah et al., 2016).

6.2 Appendix B: Processing & uncertainty analysis methodology

Processing inputs were adapted from SIK (2013). For certain steps (e.g., wet milling, UHT, filtering, mixing),
the impacts can vary based on the time needed for processing and the weight of the raw material in the
product. Data on processing durations are proprietary; accordingly, we adjusted the SIK 2013 values based
on the raw material weights in the various milks. Other processing steps (e.g., storage, cooling, filling)
were used as is. For cow’s milk we considered indirect UHT. Energy use for homogenization was
calculated based on Egn 1. We assumed the drinks were homogenized at scale, and, accordingly, we
used the specified parameters for such a setup, as given in a previous study (Bylund 2015). In the absence
of specific homogenization data for PBD, we used cow’s milk as a proxy. In reality, most PBD may have a
lower capacity than cow’s milk because the latter likely has more optimized processing lines as it is an
older technology. Nevertheless, such an assumption is not expected to strongly influence results.

E=QinX(P1_Pin)
36,000 X 77pump X Netec.motor

;Eqn 1

E = Electrical effect, kW; Qin = Feed capacity, I/h; P1= Homogenization pressure; Pi, = Pressure to the

pump;
Neump = Efficiency coefficient of the pump; Neiec. motor = Efficiency coefficient of the electrical motor

For formulation, we estimated added sugar and added salt by subtracting the lowest sugar and salt
concentrations per drink in each beverage category from the rest of the drinks in that category.
Environmental impacts of sugar and salt generally constitute a minimal proportion of impacts; thus, these
estimations were satisfactory for our purposes.

The inventory for spelt cultivation was taken from the SALCA database; pre-processing impacts (e.g.,
drying and transport) used values for wheat as a proxy. Here, 1 kg of spelt produces 0.75kg of spelt flour
and for the uncertainty analysis this value varies based on differences in values to reflect the differences
in extraction rates (Heshe et al., 2015). This intermediary product is then transported to the final factory
for processing into spelt milk. The inventory for rice cultivation and drying stems from Agri-footprint;
transport distances between the farm and first factory are assumed to be the same as for spelt. The
electricity needed to mill 1 kg of rice into 0.7 kg of white rice was taken from a previous study (Brodt et al.,
2014). This white rice is then transported to the rice milk factory for latter processing. The oat farm and
drying inputs are from the Agri-footprint inventory; transport between the farm and the pre-processing
factory is assumed to be the same as for spelt.
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Inputs needed to create 700 g of oat groats from 1kg of oats were taken from a previous study (SIK 2013);
these values then vary based on the hull weight (Girardet & Webster, 2011). The groats are then
transported to the final factory and processed into oat milk.

Almonds in this study are cultivated in Italy and Spain but as mentioned, there is no inventory for these
countries, so we used the WFLDB global average as a proxy. Next, for pre-processing, inputs needed for
hulling and shelling were taken from the WFLDB and the appropriate flows were adapted to the requisite
Spanish and Italian contexts. For transport from the preprocessing facility to the almond milk facility, we
used distances from Italy and Spain. Cashew impacts, also based on the cashew inventory in WLFDB,
were calculated in a similar manner to almond except the coproducts in the cultivation stage were changed
to those for cashew; it was assumed that the nut was separated from the rest of the fruit manually in
Vietnam. The cashew nut was then shipped via sea to Europe for hulling and shelling. Energy and transport
(outside of the transport calculated for shipping and trucking the cashew from Vietnam to Europe) were
assumed to be the same as for almond and only the coproduct weights were adjusted. For missing pre-
processing data, we calculated the energy needed based on equipment specifications assuming an 80%
efficiency, and, in the absence of factory data, that no energy is reused. Lastly, we use the soy inventory
for cultivation and drying from Agri-footprint. After harvesting, soy is dried then transported to the soymilk
facilities. During pre-processing, steam is used for dehulling. The baseline (Grant and Hicks 2018) and
maximum (Development Commission of SMEs, 2003) values were collected from the literature and the
minimum was calculated from Grant and Hicks (2018) assuming a lower loss rate. These dehulled
soybeans are then processed into soy milk. Data for the cow production systems at the farm and for
processing come from previous studies (Bystricky et al., 2014; Chandarana et al., 1984; Keller et al., 2016).

For the uncertainty analysis, additional assumptions were applied to raw material sourcing and transport.
In instances where base materials were sourced from two countries, the base scenario assumed a 50%
contribution from each. The uncertainty analysis inversely shifted these percentages for Country A and B,
ranging from 0% to 100%. Moreover, transport values vary by weight which changes depending on the
scenario. Lastly, water use varies depending on the changes in the raw material inputs. When the additive
amounts were not specified on the label, as was the case for all ingredients except red algae, we used a
baseline value of 0.1%. For the minimum and maximum, we assumed 0.05% and 0.5%, respectively.
Finally, to determine nutritionally-invested environmental impacts, we used the FSI20 metric as the
functional unit.

Table S2: Production regions for base material

Base Material Country Specific Region Source
Almond Italy Gangi, Sicilia |.Stat, 2024
Almond Spain Cordoba, Andalusia Statista, 2020
Cashew Vietnam Binh Phuoc VEIGO, 2021
Rice Italy Vercelli, Piedmont |.Stat, 2024
Oat Germany Ulm & Bremerhaven USDA, 2022
Oat Italy Puglia |.Stat, 2024
Soy France Toulouse Pitchers et al., 2023
Soy Italy Roncajette, Veneto |.Stat, 2024
Spelt Switzerland Plains region SALCA, 2024
Cow Switzerland Variable SALCA, 2024
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6.3 Appendix C: Nutrient variability

Table S3: Fortification of animal and plant milks. [Number] is a count of the sample size.

Beverages Nutrients fortified

Soy [1] none [2] vitamin B2, vitamin B12, vitamin D, Ca [3] Ca (red algae) [4] vitamin B2, vitamin
B12, vitamin D, Ca [5] none [6] none [7] vitamin D, Ca

Almond [1] none [2] vitamin B2, vitamin B12, vitamin E, vitamin D, Ca [3] none [4] vitamin B12,

vitamin D, Ca

Rice [1] vitamin E (sunflower oil) [2] vitamin E (sunflower oil), Ca (red algae) [3] vitamin E
(sunflower oil), Ca (red algae) [4] vitamin E (sunflower oil), Ca (red algae) [5] vitamin E
(sunflower oil)

Cashew [1] none [2] none

Oat [1] Ca (red algae) [2] vitamin E (sunflower oil) [3] vitamin E (sunflower oil) [4] vitamin B2,
vitamin B12, vitamin D, vitamin E (sunflower oil), Ca

Spelt [1] vitamin E (sunflower oil)

Cow [1] none [2] none

Table S4: Influence of herbage proportions (Bystricky et al., 2014) on n-3 and saturated fat contents in
cow’s milk. Calculated based on fat content of milks in this study. Formulas were derived from data in a
previous study (Bar et al., 2020).

pI;I:;g?tsi’gn Nutrient type N?;rliﬁratoc;?;%nt Herbage type Pr:;;:::m g nutrient / 200 ml
5% n-3 0.69 fresh herbage arable 0.05
30% n-3 1.01 fresh herbage grass 0.07
52% n-3 1.30 fresh herbage pasture 0.09
53% n-3 0.84 total herbage arable 0.06
90% n-3 1.30 total herbage grass 0.09
92% n-3 1.33 total herbage pasture 0.10
5% SFA 61.68 fresh herbage arable 4.50
30% SFA 60.59 fresh herbage grass 442
52% SFA 59.61 fresh herbage pasture 4.34
53% SFA 61.20 total herbage arable 4.46
90% SFA 59.56 total herbage grass 4.34
92% SFA 59.45 total herbage pasture 4.33

Table S5: Zinc bioavailability in beverages across different diets of variable phytate intake.

Males Females
Beverage Low phytate Medium phytate High phytate Low phytate Medium phytate High phytate
diet diet diet diet diet diet
Soy 6.2% 4.9% 4.3% 9.8% 8.6% 6.9%
Almond 2.4% 1.9% 1.7% 3.8% 3.3% 2.7%
Rice 1.0% 0.8% 0.7% 1.6% 1.4% 1.1%
Cashew 5.6% 4.4% 3.8% 8.7% 7.6% 6.1%
Oat 0.5% 0.4% 0.4% 0.8% 0.7% 0.6%
Spelt 1.4% 1.1% 1.0% 2.2% 1.9% 1.6%
Cow 6.4% 5.0% 4.4% 10.1% 8.8% 7.1%
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