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Abstract

:

Human food production is the largest cause of global environmental changes. Environmental benefits could be achieved by replacing diets with a high amount of animal-sourced foods with more plant-based foods, due to their smaller environmental impacts. The objective of this study was to assess the environmental impacts of the three most common plant-based milk alternatives (PBMAs)—oat, soy, and almond drink—in comparison with conventional and organic cow milk. Life cycle assessments (LCA) were calculated by the ReCiPe 2016 midpoint method, in addition to the single issue methods “Ecosystem damage potential” and “Water scarcity index”. PBMAs achieved lower impact values in almost all 12 of the calculated impact categories, with oat drink and the organic soy drink being the most environmentally friendly. However, when LCA results were expressed per energy and by the protein content of the beverages, the ranking of the beverages, in terms of their environmental impacts, changed greatly, and the results of PBMAs approached those of milk, particularly with regard to the protein index. The study highlights the importance of considering a broader range of impact categories when comparing the impacts of PBMAs and milk.
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1. Introduction


In the concept of global sustainability, Rockström et al. [1] defined planetary boundaries as biophysically safe operating spaces for environmental processes and systems, within which the humanity can operate safely. Outside of these boundaries, the stability and resilience of the earth system is not given, and human-induced environmental changes can have catastrophic impacts on the earth system. Rockström et al. [1] also proposed the quantification of boundaries for: climate change, ocean acidification, stratospheric ozone, the nitrogen cycle, the phosphorus cycle, global freshwater use, land system change, and the rate of biodiversity loss. Three boundaries are estimated to have already been transgressed, i.e., for climate change, the global nitrogen cycle, and the rate of biodiversity loss [1]. Against this background, human food production is of vital importance, as it is the largest cause of global environmental changes [2]. The major environmental processes and systems, which are involved in food production, relate to climate and land-system change, nitrogen and phosphorus cycles, biodiversity loss, and freshwater use, are mainly within the frame of agricultural activities [2].



The human food supply chain causes 26% of the anthropogenic greenhouse gases (GHG) emissions [3], and it is a main source of global methane (CH4) and nitrous oxide (N2O), with 56 and 280 times higher global warming potential (GWP) than carbon dioxide (CO2), respectively [4]. In food production, carbon dioxide is released through various agricultural activities, such as the conversion of natural ecosystems to arable land, burning to clear the land, tillage of soils, burning of fossil fuels by agricultural machinery, transport of agricultural products, and the production of synthetic fertilizers and crop protection agents. Nitrous oxide is mainly emitted through the activity of soil microbes in pastures and cropland, while methane mostly originates from the enteric fermentation of ruminant livestock [2].



The FAO (Food and Agricultural Organization of the United Nations) publication, “Livestock’s Long Shadow” [5], was the first comprehensive study on the global impact of livestock production, and it drew public attention to the sustainability of human food production. In fact, within the food web, only about 10% of the consumed energy is stored in the biomass of the next trophic level [6,7]. Accordingly, when human diets are mainly based on plants, more people can be fed per limited resources than through animal products [7].



Globally, the livestock sector is a major stressor for many ecosystems. It is a key player in increasing water use and a leading causal factor for biodiversity and species loss [5]. According to IPCC [8], the livestock sector contributes to 14.5% of the total human-induced greenhouse gas emissions. Animal products, such as meat and dairy use approximately 83% of the world’s farmland and contribute 56–58% to food´s different emissions, while they provide only 18% of the calories and 37% of the protein in human diets [3]. As the environmental impacts of animal-sourced foods clearly go beyond those of plant-based products (e.g., [9,10]), environmental benefits would be achieved by replacing diets with a high amount of animal-sourced foods with more plant-based foods, e.g., [11,12,13,14].



In the last decade, a growing market emerged for substitutes of animal products with plant-based ones. In particular, plant-based milk alternatives (PBMAs) to cow milk are becoming increasingly popular in Europe and other industrialized countries, e.g., the United States [15,16]. The most consumed PBMAs are oat, almond, and soy drink, followed by coconut and rice drink [16,17,18,19]. According to a survey (N = 1712, [17]) in Germany, 86% of the respondents consumed cow milk and 34% consumed PBMAs (multiple answers were possible), while 37% partially waived milk products deliberately. Reasons for the reduction in milk products were animal welfare (50%), environmental and climate protection (38%), food intolerances (28%), special diets (26%), and health reasons (24%). Similarly, in a consumer survey of Grunert et al. [20], respondents (N = 4408) showed a medium to high level of concern for the sustainability of food production.



The present study focused on plant-based milk alternatives to evaluate their possible contribution to reducing environmental impacts caused by human food production. In the last decades, a growing number of food life cycle assessment (LCAs) studies have been published. However, while numerous LCAs for cow milk are available, information on environmental impacts of PBMAs is limited (Table 1). Nijdam et al. [21] calculated, from 12 dairy milk LCA studies for Northern European countries and Canada, the GWP of milk to be 1–2 kg CO2 eq/kg. In a comprehensive meta-analysis of global data, mean GHG emission for cow milk was calculated as 3.2 kg CO2 eq/L, with a broad range of 1.7–4.8 kg and a median of 2.8 kg CO2 eq/L, respectively [3]. Differences between results for cow milk are due to the feed composition [22], the production system and country [21,23], and the manure management [24]. In comparison, the published GHG emissions of soy drinks (n = 354) were considerably smaller, with a median of approximately 1.0 kg CO2 eq/L and a range of a 0.6–1.5 kg CO2 eq/L [3].



With regards to land use, Poore and Nemecek [3] reported a mean of 8.9 m²/year/L milk (range: 1.1–9.0, median 2 m²/year/L). In contrast, the soy drink [3] had a clearly smaller land use, with a mean of 0.7 m²/year/L (range: 0.3–0.9, median 0.7 m²/year/L). Nijdam et al. [21] found a slightly higher land use of about 1–2 m²/year/kg soy drink.



The objective of this study was to assess the environmental impacts of the three most common PBMAs—oat drink, soy drink and almond drink—in comparison with conventional and organic cow milk. For consumers, environmental product declarations (EPDs) have been developed, focusing on carbon, water, or ecological footprint. However, such labelling does not cover the entire breadth of environmental impacts [9,25,26]. In addition, LCA results from different studies are only partly comparable due to different LCA methods, databases, diverse production methods of a beverage of the same type, transportation scenarios, different system boundaries, and cut offs of LCAs [9]. Taking into account these drawbacks, a variety of environmental impacts were evaluated by applying the multifactorial life cycle assessment method, ReCiPe 2016 midpoint [27], the two single issue methods water scarcity index (WSI), according to Hoekstra et al. [28], and the ecosystem damage potential (EDP) defined by Koellner and Scholz [29,30]. This approach allows for a comparison of the environmental impacts within and between PBMAs and milk on a broader breadth. Thus, the results of this study elucidate which contribution PBMAs can make to reducing the environmental impacts of human nutrition. Finally, comparing the food impacts of the beverages contributes to inform consumers in their dietary choice.
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Table 1. Global Warming Potential (GWP) from life cycle assessment (LCA) studies for plant-based milk alternatives and cow milk.
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	Beverage
	GWP
	System Boundary/Origin
	Method
	Reference





	Oat drink
	0.21 kg CO2 eq/L drink
	up to supermarket
	study
	[31]



	
	0.45–0.48 kg CO2 eq/kg drink
	up to supermarket
	study
	[32]



	Soy drink
	0.22 kg CO2 eq/L drink
	up to consumer
	study
	[33]



	
	0.66–1.40 kg CO2 eq/kg drink
	varying system boundaries
	meta-analysis
	[9]



	Almond drink
	0.50 kg CO2 eq/L drink
	up to factory gate
	study
	[34]



	
	0.39–0.44 kg CO2 eq/kg drink
	varying system boundaries
	meta-analysis
	[9]



	Cow milk
	1.20–1.35 kg CO2 eq/L milk
	up to grave
	study
	[35]



	
	1.77–2.40 kg CO2 eq/kg FPCM
	up to grave
	study
	[36]



	
	0.54–7.50 kg CO2 eq/L milk
	worldwide
	meta-analysis
	[9]



	
	0.54–2.39 kg CO2 eq/L milk
	average Europe
	meta-analysis
	[9]



	
	1.7 kg CO2 eq/kg FPCM
	OECD countries
	study
	[37]







FPCM: fat and protein corrected milk.












2. Materials and Methods


2.1. Databases


The calculation of LCA for diverse foods in human nutrition, especially substitute products, is hampered by gaps in the available databases. For the present study, the software SimaPro® created by PRé Sustainability (Amersfoort, The Netherlands) in the Sima Pro PhD version, Release 9.9.0.49 and the supplied Ecoinvent database 3.5. (November 2018) were used. In addition, the ESU World food LCA database (October 2019) was used for oat drink, conventional and organic soy drink, almond drink, and conventional and organic milk. Fortified PBMAs differ largely in their additives (Pointke et al.) [38]. Taking into account these differences, only data sets from unfortified PBMAs with similar percentages of plant-based raw material were used (Table 2).



The functional unit was set at 1 kg of a PBMA or cow milk. The system boundary of every product was defined from cradle to supermarket. Original datasets, expressed as 1 kg/drink, were converted to 1 L/drink. Production system (conventional or organic) and origin of the main ingredients of the beverages are summarized in Table 2. For processing (factory, dairy) and distribution of the drinks, data from Switzerland were used.



The following definitions and modifications were made to harmonize the datasets:




	
Soy drinks: although the term ‘soy milk’ is widely used, it is not a milked drink, so the term ‘soy drink’ is used here instead. The original soy drink data set was based on chilled drinks, as well as cooling during the transport and in the supermarket. For the present analyses, cooling was replaced by a non-refrigerated storage and transport, as for the other PBMAs.



	
Milk: In the present study, the term ‘milk’ refers to cow milk only. The functional unit of 1 kg of milk refers to fat and protein corrected milk (FPCM), with 3.5% fat and 3.3% protein. The original milk data included only a system boundary until dairy. Therefore, a typical transport route for milk was added. From farm to dairy, there was a non-refrigerated transport of 150 km, and from dairy to supermarket a transportation route of 200 km was assumed. For an in-depth analysis of different milk products, data sets from conventional and organic milk production were included. In addition, milk processing was considered by creating two new datasets for ultra-high temperature (UHT) conventional and organic milk based on the respective datasets. For UHT milk products, the refrigerated transport from dairy to supermarket was converted to a non-refrigerated transport, saving 1.01 MJ/kg energy. On the other hand, UHT milk is processed by heating to at least 135 °C for a few seconds, corresponding to a higher energy demand of 0.29 MJ/kg compared to fresh milk. The absence of a cold chain allows for a better comparison of UHT results with those from unrefrigerated PBMAs.









2.2. Life Cycle Inventories and Impact Assessment


The datasets were modeled by means of the software tool SimaPro® (Release 9.9.0.49), by PRé Consultants, to calculate the environmental impacts of the target beverages. For impact assessment, the method ReCiPe Midpoint 2016 (v1.1) was chosen [27]. From the three ReCiPe Midpoint perspectives—‘individualist’, ‘hierarchist’, and ‘egalitarian’—the hierarchist (H) perspective was applied, with an average time horizon of 100 years and global normalization factors for the reference year 2010.



LCAs in ReCiPe can be conducted by midpoint impact categories or endpoint indicators. From a total of 18 midpoint impact categories, 9 damage pathways are derived, which are summarized in 3 endpoint areas of protection: ‘damage to human health’, ‘damage to ecosystems’, and ‘damage to resource availability’ [27]. In this study, the 10 midpoint impact categories, corresponding to the endpoint area ‘damage to ecosystems’, were applied, as detailed, in Table 3.



In addition to the ReCiPe 2016 categories, the water scarcity index (WSI, [28]) and the ecosystem damage potential (EDP, [29,30]) were calculated to evaluate the environmental sustainability. In contrast to ReCiPe 2016, these methods include only one single impact category.




2.3. Water Scarcity Index (WSI)


The WSI [28] is based on a consumption-to-availability ratio and is calculated as the fraction between consumed and available water. The consumed water only relates to the blue water footprint (defined as surface and groundwater by Hoekstra et al.) [39] and also considers the water scarcity in the producing region for the main watersheds worldwide. However, the WSI is not identical to the impact category ‘Water consumption’ in ReCiPe 2016, which only indicates the water consumption necessary for the production of a special product.




2.4. Ecosystem Damage Potential (EDP)


The ReCiPe 2016 does not cover specific information about species diversity/biodiversity and land transformation. In the light of the importance of the planetary boundary biodiversity loss, the method EDP [29,30] was applied. The EDP characterizes land occupation and transformation, and it considers diversity of plant species, threatened plant species, moss, and molluscs. The mean species number in the regions is used as a reference to evaluate whether specific land use types result in more or less species diversity per area [40,41].




2.5. Life Cycle Assessment Nutritional Value—Index


Both PBMAs and milk beverages differ in their nutritional composition, as shown by Pointke et al. [38]. Accordingly, LCA results were expressed and related to the major dietary components: contents of energy (kcal) and protein (g) of the beverages. The following impact categories were chosen to calculate a Life Cycle Assessment Nutritional Value—Index: global warming, land use, and water consumption from ReCiPe 2016 midpoint analyses and the EDP. For the index, LCA and EDP results were divided by the amount of energy or protein for each 100 g of the beverage. As an approximation for the nutrient composition of PBMAs and milk beverages, the average nutrient composition of commercially available products was used. Each of seven commercial products per drink were purchased from the German food market, and the mandatory nutrient information of the respective packages was averaged per drink. For PBMAs, only unfortified beverages were chosen. The same nutritional composition was assumed for the soy drinks from BR/USA and CH. Calculated averages for the declared contents of protein and energy are shown in Table 4.





3. Results and Discussion


The LCA results based on the three methods—ReCiPe 2016, WSI, and EDP—are summarized in Table 5 for each impact category. The color scale of the laid-over heat map ranges from dark green for the lowest impact to the red color for the highest impact value, and it corresponds to qualitative similarity. Neither PBMA nor milk products achieved the lowest impact values in all categories (Table 5). However, in general, higher impact values were found for the different milk beverages compared to the PBMAs (Table 5). On the other hand, there are some extremely high values of PBMAs in various impact categories, which are discussed in more detail below.



In addition, for a detailed analysis of the LCA results for milk beverages, conventional milk was set as reference, and the relative changes between organic and the respective UHT milk are shown in Table 6. UHT milk had lower environmental impacts than the respective conventional or organic fresh milk (Table 6).



3.1. Global Warming Potential (GWP)


In crop production, the release of GHG through fire clearance, industrial synthesis of nitrogen fertilizers, waste management, and the combustion of fossil fuels are the primary contributions to the global warming potential (GWP) [2]. GWP was quite similar for oat and soy drinks, whereas higher values were found for almond drinks (Table 4). Compared to milk products, GWP was about two to three times lower in PBMAs. This difference is mainly due to the high methane emissions from ruminant enteric fermentation [42]. The values for the oat drink (Table 5) were slightly higher than those of Smedman et al. [31] but in line with those of CarbonCloud [32] and Röös et al. [42]. The results for the soy drink used in this study ranged between values of Birgersson et al. [33] and Clune et al. [9], who used different origins, system boundaries, transports, and methods. The calculated GWP of almond drinks was slightly higher compared to those of Winans et al. [34] and Clune et al. [9], due to other methods, datasets, and system boundaries.



The highest proportion of the GWP, for PBMAs with about 45%, arose up to the factory gate and included the cultivation of the raw products, as well as the production of the drink. The differences in GWP between the PBMA can be explained by the different cultivation methods of the raw products, e.g., by a lower need for nitrogen fertilizer when growing oats [43]. For the calculation of the soy drink from BR/USA, the provision of stubbed land flowed into the production of Brazilian soybeans, whereas the soy beans from CH required only green manure. The lower performance of the almond drink was due to the higher usage of nitrogen fertilization, which accounted for 18% of the almond drinks’ GWP. In addition, electricity was required for the irrigation with water pumps. On average, for all PBMAs, a share of about 25% of the GWP originated from the packaging; further, 9% of the GWP was generated by transport. For non-regionally produced drinks, the additional GWP for transport by lorry within the country of production (5% for soy from BR/USA, 8% for almonds) and transoceanic transport (4% for almonds) must be considered. Long road transports by trucks emit more GHG (about 68 g CO2/tkm) than the transport by transatlantic shipping (17 g CO2/tkm) because bulk carriers can transport larger volumes of foods more efficiently [44]. The air freight has the biggest impact on the climate and emits five times more GHG emissions than trucks [45]. Thus, the oat and the Swiss soy drink, originating from regional production, are advantageous in terms of their GWP.



The reported GWP for milk varies worldwide within a broad range. In industrialized countries, average emission for milk production is lower than that under extensive production systems, e.g., [46,47], due to higher milk yield/cow and concentrate feeding with higher digestibility [37]. The present GWP values (see Table 5) are in the middle of those reported by Meneses et al. [35] and Thoma et al. [36] (Table 1). In the present study, a share of around 80% of the raw milk at dairy accounted for the GWP of the milk at the supermarket. From the GWP of the whole milk at dairy, around 75% were caused by the raw milk at farm. Moreover, packaging, refrigerated transport, and cold storage contributed 7%, 9%, and 4% to the GWP, respectively. The share of transport decreased by about 5.9–8.2% for unrefrigerated UHT milk (Table 6). In addition, the allocation between milk and co-products (i.e., meat) should be considered to reduce total GHG emissions [48,49] in dairy production.



The GWP of milk is largely due to methane emissions from the cows, which, in this case, was about 2.3% higher for organic milk (51.2% of the GWP) than for conventional milk, with 48.6% of the GWP (Table 6). These results fit to those of de Boer [50], who found, in a meta-analysis, that 48–65% of the GWP for milk production was due to the emission of methane, with higher methane emissions in organic milk production. This difference in milk production systems can be partly explained by different feeding, productivity, genetics, and life spans [51].



Although a broad range of LCA methods have been developed, aspects of soil carbon changes are not sufficiently taken into account in GWP calculations. This applies to the management impact, in both arable and dairy farming systems, on soil organic matter levels. Organic farming can improve soil humus [51], including carbon storage in the soil via plant roots [52]. Grasslands play an important role for carbon storage and sequestration [53,54]. As pointed out by Knudsen et al. [55], only a few LCA studies included soil carbon changes in the evaluation of milk production impact. In their study, the calculated GWP was reduced by 5–18%, particularly for dairy systems with pasture based feeding. Thus, GWP for milk beverages in this study is possibly overestimated. Similarly, consideration of carbon storage by almond trees could improve the GWP of the present almond drink.




3.2. Land Use


The PBMAs required only half the land resources of milk for the production of 1 L drink (Table 5). Among PBMAs, the land use for the almond drink was most efficient. This is probably because almond trees make better use of the vertical space above the same ground surface. Organic soy drinks (CH) required more land than drinks from conventional production in Brazil and USA, due to the lower yields of soybeans [56]. Additional land was required for wood for the production of the tetra bricks.



In the case of milk, land was mainly used to grow fodder and for cattle breeding, e.g., replacement heifers. Fodder may be derived from grassland and partly from arable land [57,58]. Organically produced milk required more land, as milk yields are lower than in the conventional system, but the proportion of milk produced from grasslands is higher.



In view of the global constraints on land, the opportunity costs of producing feed and rearing livestock, instead of directly growing food for human consumption, must be considered [59]. For global feed production, 2.5 billion ha of land are required, which is about half of the global agricultural area. Among these, 2 billion ha are grassland; of these, 1.3 billion ha cannot be converted to cropland. Thus, 57% of the land used for global feed production is not suitable for human food production [60]. The advantage of cows is given by their capacity to convert forages, agricultural by-products, and crop residues into milk of high nutritional value. A large part of European extensive semi-natural grasslands is only suitable for grazing [21], and it is predestined for the use of soils which cannot be utilized for crop cultivation.




3.3. Acidification


In addition to natural influences on soil pH, anthropogenic factors, such as acid rain and excessive inputs of fertilizers, are the main causes leading to soil acidification [61]. The acidification potential varies with plant species, the form of nitrogen fertilization, uptake and leaching of nutrients, location, and climate [61,62]. In the present study, the organic soy drink had the lowest potential for acidification, due to the capacity of soybeans to fix atmospheric nitrogen with the help of symbiotic bacteria inside the root nodules. Therefore, soybeans are largely independent from nitrogen fertilization, and green manure is sufficient [56]. Among PBMAs, the almond drink ranked highest. Almond trees require high amounts of nitrogen, particularly during fruit growth and development. The common practice of injecting water-soluble fertilizer through the irrigation system might explain the high acidification potential of almond trees [63].



Farm manure and mineral fertilizers, together, account for 50% of ammonia emissions in agriculture. The 3–10 times higher potential (Table 5) for terrestrial acidification of milk compared to PBMAs was mainly due to the volatilization of ammonia from manure in dairy farming [50]. Most of the ammonia emissions in dairy cattle are caused by the application of excrements, while the rest is distributed among the barn, storage, and to a small extent, pasture [64]. The acidification potential is somewhat higher in organic dairy farming because more excrements/milk output are produced than with conventional cows.




3.4. Eutrophication


Eutrophication of soils and water has become a major problem in large parts of Europe [65]. Since the 1960s, the use of synthetic phosphorus fertilizers has tripled, and the usage of nitrogen fertilizers has increased nine- fold globally [66]. Phosphorus and nitrogen, mainly originating from agricultural activities, especially with synthetic fertilizers and manure, are the main drivers of freshwater eutrophication and marine eutrophication, respectively [66]. Urban sewage discharges also have a share in the eutrophication process [66,67]. In the present study, PBMAs were clearly superior to milk variants in terms of their freshwater eutrophication potential. Among PBMAs, the highest values were found for both soy drinks, and the lowest was found for the almond drink. The impact of phosphorus fertilization in soybeans depends on the soil, leaching conditions, and the yield. Lower P fertilizer use can explain the better rating of the organic soy drink from CH compared to that from BR/USA. The twice as high freshwater eutrophication potential of milk, compared to the PBMAs, is partly related to the accumulation of phosphorus from the manure. In addition, phosphorus fertilization for the fodder cultivation in dairy farming may contribute to freshwater eutrophication. The slightly higher manure application/L of organic milk explains its increased freshwater eutrophication values compared to the conventional milk.



Marine eutrophication potential of PBMAs and milk is closely linked to the use of nitrogen fertilizers in the production of the raw materials and varied considerably between PBMAs. The use of little or no N fertilizer and less N leaching are the reasons for the low values calculated for the soy drink from BR/USA, as well as the oat drink. The nearly doubled impact of organic soy from CH, compared to the soy drink from BR/USA, was exceptionally high. This can be explained by higher yields in conventional soy cultivated in BR/USA under more favorable climate conditions, resulting in a lower load per produced unit. In addition, under Swiss conditions, the green manure in organic soybean production, as well as partly lower soil cover in winter, can lead to a higher risk of nitrogen leaching. Additionally, the application of liquid manure as low starter fertilization, to support the initial growth of soy in cold soils where symbiosis is delayed, might also increase nitrogen leaching [68]. The high marine eutrophication potential of the almond drink reflects the intensive nitrogen fertilization required for fruit growth [63]. It is worth noting that all milk beverages had lower impacts than the worst-performing PBMAs, i.e., organic soy and almond drink. The better performance of the organic milk variants, compared to the conventional milk beverages, by about 6% (Table 6) is related to lower fertilizer application rates, as also shown by de Boer [50].




3.5. Ecotoxicity


The three impact categories—terrestrial, freshwater, and marine ecotoxicity—assess the emission of chemicals and metals [27]. For all impact categories, lower impacts were calculated for PBMAs than for milk beverages, with the exception of the highest value found for freshwater ecotoxicity in almond drink. Between PBMAs, results for the three impact categories varied considerably. While for all three ecotoxicity categories, the organic soy drink from CH and the oat drink had the lowest impact, the high freshwater ecotoxicity of the soy drink from BR/USA calls attention. Comparing the milk beverages, the organic milk variants had lower impact potentials than the conventional ones in all ecotoxicity categories. This is most obvious for freshwater ecotoxicity, where organic milk caused a 51% lower contamination than conventional milk (Table 6). These results are in line with the study of Knudsen et al. [55] on European conventional and organic milk production. The slightly better results of the UHT milk, compared to the fresh milk, can be explained by the omission of the refrigerated transport.



The high ecotoxicity values are mainly due to the application of chemical agents for crop protection in agricultural cultivation [69]. The use of synthetic crop protection agents is banned in organic farming [70], explaining the consistently better performance of organic milk compared to the conventional one, as well as the lower pollution levels in the cultivation of organic soy from CH compared to conventional soy from BR/USA. According to Nordborg et al. [71], the soy production in BR involves more use of chemical agents compared to European crop production. High temperatures and more rainfall, in combination with a weak legislation, contribute to high ecotoxic exposure in Brazil [71]. In conventional milk, the present higher ecotoxicity, compared to organic milk, was partly due to the use of Brazilian-grown soybeans as fodder. Ecotoxicity was also influenced by the packaging of the drinks in tetra bricks. The use of special low-density polyethylene (LDPE) foil, with the accompanying disposal of polyethylene, as well as the utilization of kraft paper containing zinc, had an additional impact.




3.6. Terrestrial Ozone Formation


Ozone is formed due to photochemical reactions of NOx and NMVOCs (Non Methane Volatile Organic Compounds) [27], mainly originating from traffic, combustion of power plants and industry, and solvents [72]. Interestingly, milk beverages performed similarly low as the oat and the conventional soy drink. The low ozone formation values of the soy drinks were mainly due to transport, harvesting processes, and packaging. The oat drink and, especially, the almond drink were affected by emissions from nitrogen fertilizers. For the non-regionally produced almonds and soybeans from BR/USA, ship and truck transports had high impacts on ozone formation. Considering the different milk beverages, the UHT milk variants performed about 17–19% better than the fresh milk ones (Table 6) because UHT milk does not require refrigerated transport and the associated use of refrigerants affecting the ozone formation.




3.7. Water Consumption and Water Scarcity Index


Water consumption, calculated according to the ReCiPe 2016 method, only refers to the blue water footprint, which originates from the use of surface and groundwater [39]. Compared to milk beverages, the PBMAs had low water consumption, whereas the fresh milk required about four times more water. In PBMAs, water consumption was mainly due to electricity (also hydropower) and tap water [73] for drink production, packaging, distribution, and transport. Regarding the almond drink, water for irrigation of the almond trees was required. In milk production, a large part of the water consumption occurred in dairy farming. Electricity was also needed for cattle breeding, milking, and packaging. For fresh milk, cold storage in the dairy, during transport, and in the supermarket accounted for the largest share of water consumption due to the electricity required. Cold storage and transport was not necessary for UHT milk, which explains their over 30% (Table 6) lower water consumption compared to fresh milk.



The comparison of the water consumption by the ReCiPe 2016 method and the WSI [28] is of particular interest because the WSI does not only consider the water consumption but also the regional water availability. For PBMAs, favorable consumption-to-availability ratios were found for the soy drinks and the oat drink. The immensely high WSI of the almond drink resulted from the fact that 97% of the water consumption was based on the irrigation of the almond trees, and water is scarce in the production country of California. It is noteworthy that the WSI for all milk variants was more favorable than that of the almond drink. Contrary to the water consumption calculated by the ReCiPe 2016 method, WSIs were quite similar for all milk beverages. Thus, the consideration of the good water availability in Central European dairy regions results in completely different rankings of the milk beverages compared to PBMAs.




3.8. Ecosystem Damage Potential (EDP)


The biodiversity has a paramount importance for the stability of ecosystems, as well as all ecosystem functions and services, such as the provisions of crop and fodder, the storage of carbon in soils, and the absorbance of nutrients from soils [2,74]. In particular, agricultural biodiversity is closely linked to dietary health and human wellbeing [2]. As outlined by Koellner and Scholz [30], highly intensive agriculture preserves the lowest species richness, and low-intensity agriculture preserves the highest biodiversity.



The total EDP [30] is defined as the unweighted sum of the scores, for land occupation and land transformation, for each of the tested beverages (Table 7). Land use calculated by the ReCiPe 2016 method (Table 5) and land occupation determined by the EDP yielded comparable rankings within and between beverages, with the exception of the very low EDP value for the organic soy drink. Thus, for a comparison between beverages, the impact of land transformation on the ecosystem is of particular interest.



With the exception of the conventional soy drink, PBMAs outperformed the milk beverages in terms of their better total EDP scores. Among PBMAs, the organic soy drink from Switzerland achieved the lowest total score because the least land transformation was required. The highest EDP of all beverages was found for the soy drink from BR/USA, with their favorable values in land occupation being offset by extraordinarily high values in land transformation, especially in Brazil. The slash-and-burn cultivation of arable land for soy in Brazil, is highly reducing or destroying species diversity and biodiversity (e.g., [75]. Almond trees, as a permanent crop, are rated as better than annual crops such as oats by the EDP method. However, the good total rating of the almond drink must be interpreted with caution, because the EDP method was developed for plant production in Central Europe [29]. Possible environmental damages due to almond cultivation in large monocultures is not taken into account, so the assessment of almond production in California is probably too favorable. For all beverages, the present EDP also included the land required for packaging material, such as kraft paper for the tetra brick, mostly made from Scandinavian wood.



The four milk types achieved similar values for land occupation, whereas large differences between milk beverages originated from land transformation associated with different feeding regimens in milk production systems. Organic milk production is mainly based on pasture-based feeding, whereas in conventional milk production, higher amounts of concentrates including soybean meal are fed. As outlined before, soybeans from Brazil are charged with ecosystem damage due to land transformation. Pasture use for feeding is valued higher in the EDP method than the use of land for annual forage crops. Accordingly, the total EDP of organic milk about 46% better than conventional milk production. This result agrees with Knudsen et al. [55] who calculated much lower biodiversity damage of organically produced milk compared to conventional one in Europe. It is of particular interest to note that the EDP for land transformation of the organic milk beverage was very close to those of almond and oat drink. This draws attention to the importance of permanent grassland for biodiversity. In particular, more extensive grazing systems, such as in organic milk production, preserve biodiversity and contribute to species richness [52,76].




3.9. Life Cycle Assessment Nutritional Value—Index


The energy content of the plant drinks is lower than that of the milk variants. In terms of protein content, the soy drink is comparable to milk, while oat and almond drink have a lower protein content (Table 4). Accordingly, the Nutritional Value-Index values differed, quite clearly, from the previous LCA results (Table 5) of the corresponding impact categories: global warming, land use, water consumption and EDP (Table 8 and Table 9). The color scale of the laid-over heat map ranges from dark green for the lowest impact to red color for the highest impact value and corresponds to qualitative similarity.



For both energy and protein content, the organic soy drink achieved the lowest impacts. The almond drink stands out due to its high values for both indexes. The oat drink showed low impact values for the energy index, while the results for the protein index were comparably poor to those of the almond drink. In comparison, all milk variants improved in their indexes compared to the previous LCA results. Regarding the protein index, milk beverages performed better than oat and almond drink. This superiority underlines the high efficiency of cows in converting natural resources into protein.




3.10. Comparison between Beverages


General conclusions on the possible suitability of PBMAs to substitute cow milk, in terms of sustainability, are hampered in various aspects. The available databases only dispose of limited data sets for PBMAs and their ingredients. In particular, data on organically produced food are scarce. However, the influence of the production system is best shown by the mostly better results of the present study for the organic soy drink compared to the conventional one from BR/USA. Similarly, the comparison with oat and almond drinks, based on organic production, would be of interest.



When comparing the present beverages by their LCAs, it should be considered that individual impact categories and various planetary boundaries are interlinked and mutually dependent. Thus, the question arises: which categories have a relative superiority over others? It is suggested to focus on the three planetary boundaries which have already been transgressed, according to Rockström et al. [1], i.e., climate change, global nitrogen cycle and rate of biodiversity loss, to which the present LCA results for global warming, marine eutrophication, and ecosystem damage potential would best correspond. Assuming the same valence for these impact categories, the present beverages can be ranked based on the respective summarized ranks for each category, as follows: oat drink (1), soy drink CH (2), soy drink BR/USA (3), almond drink (4), UHT milk organic (5), UHT milk conventional (6), milk organic (7), and milk conventional (8).



However, such an approach does not take into consideration the large differences in nutrient content between beverages. In contrast to milk, PBMAs do not have a standardized composition, which makes a valid comparison difficult. While milk is offered by the dairy with fairly constant fat and protein content, ingredients of PBMAs differ largely between products [77]. The energy content of the plant drinks is considerably lower than that of the milk variants. In terms of protein content, the soy drink is comparable to cow milk, while the oat and almond drinks have a lower protein content. Accordingly, as shown by the Life Cycle Assessment Nutritional Value—Indexes for energy and protein, the ranking of the beverages, in terms of their environmental impacts, changed greatly, and the impacts of PBMAs were approaching those of milk, particularly with regards to the protein index. However, the comparison of the present Nutritional Value—Indexes, in terms of quantity, is limited, as it does not take into account the protein quality of the drinks: in particular, the higher provision with essential amino acids in milk compared to PBMAs [78].



In the Western diet, milk is an important supplier of protein, vitamins A, B2, B12, and calcium. However, PBMAs are not equivalent to cow milk, due to their lower contents of proteins, minerals, and vitamins. However, if they are fortified with nutrients, plant-based substitutes can offer an alternative to dairy products [77]. In the case of fortified PBMAs, the nutritional composition may be quite different from the present data sets. Thus, some commercial oat beverages are already supplemented with pea isolates to increase the content of essential amino acids [79]. Accordingly, LCAs for fortified PBMAs would differ from the present results, as the environmental impacts of the additives have to be included. In addition, for a valid comparison between fortified PBMAs and milk, possible health risks, due to a lower bioavailability of additives, have to be considered [78].



From an environmental perspective, the substitution of milk by PBMAs provides a limited contribution, depending on the amount consumed. Tukker et al. [80] estimated a GWP of 7.10 kg CO2 eq/capita/day for an average European diet. Based on the present results, the daily consumption of one glass (0.25 kg) of soy drink or conventional milk would add 0.1 kg or 0.35 kg CO2 eq to this amount, respectively. Thus, by replacing 0.25 kg conventional milk with 0.25 kg organic soy drink, 0.25 kg CO2eq/capita/day could be saved.





4. Conclusions


In the present study, a range of different impacts from multifactorial and single issue LCA methods, for an in-depth comparison between PBMAs and milk beverages, were calculated. PBMAs achieved lower impact values in almost all of the calculated 12 impact categories, with oat drink and organic soy drink being the most environmentally friendly. In the case of milk, clear differences between the variants could be shown. UHT milk showed advantages over fresh milk in almost every environmental category.



However, when comparing the present beverages by their LCAs, the large differences between beverages in nutrient content have to be taken into consideration. Accordingly, as shown by the Life Cycle Assessment Nutritional Value—Indexes for energy and protein, the ranking of the beverages in terms of their environmental impacts changed greatly and the impacts of milk were approaching those of PBMAs, particularly with regard to the protein index. It is noteworthy that, while consumers showed in surveys a medium to a high level of concern for the sustainability of food production, animal welfare was cited first as a motivation for milk substitution. In consideration of the present results, milk produced under high animal welfare standards, e.g., organic UHT milk, could also be a suitable alternative for environmental reasons. Finally, the present study highlights the importance of considering a broader range of impact categories and the nutritional composition when comparing the impacts of PBMAs and milk.
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Table 2. Data sets: description and origin of the main ingredients of the beverages.






Table 2. Data sets: description and origin of the main ingredients of the beverages.





	Beverage
	Origin of Main Ingredient
	% of Main Ingredient





	Oat drink
	CH
	12.4% oat



	Soy drink BR/USA
	50% BR, 45% USA, 5% CH
	12.5% soy



	Soy drink CH (organic)
	CH
	12.5% soy



	Almond drink
	USA
	13.1% almond



	Cow milk conv.
	CH
	3.5% fat



	Cow milk organic
	CH
	3.5% fat







BR: Brazil; CH: Switzerland; conv: conventional.
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Table 3. Impact categories, equivalence unit, included compounds and corresponding factors (in brackets) in the H-perspective of ReCiPe 2016 v1.1, according to Huijbregts et al. [27].






Table 3. Impact categories, equivalence unit, included compounds and corresponding factors (in brackets) in the H-perspective of ReCiPe 2016 v1.1, according to Huijbregts et al. [27].





	
Impact Category

	
Equivalence Unit

	
Included Compounds and Corresponding Factor






	
Global warming

	
CO2-e

	
CO2 (1)

	
CH4 (34)

	
N2O (298)




	
Land use

	
m²a crop -e

	

	

	




	
Terrestrial acidification

	
SO2-e

	
SO2 (1)

	
NOx (0.36)

	
NH3 (1.96)




	
Freshwater eutrophication

	
P-e

	
P (1)

	
PO4³⁻ (0.33)

	




	
Marine eutrophication

	
N-e

	
N (1)

	
NH4⁺ (0.78)

	
NO2 (0.3)




	
Terrestrial ecotoxicity

	
1.4-DCB-e

	
1.4-DCB (1)

	
Nickel (37)

	




	
Freshwater ecotoxicity

	
1.4-DCB-e

	
1.4-DCB (1)

	
Nickel (46)

	




	
Marine ecotoxicity

	
1.4-DCB-e

	
1.4-DCB (1)

	
Nickel (320)

	




	
Ozone formation

	
NOx-e

	
NOx (1)

	
NMVOC (0.29)

	




	
Water consumption

	
m3

	

	

	








1.4-DCB-e: 1.4-dichlorbenzene-equivalent; NMVOC: Non Methane Volatile Organic Compounds.
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Table 4. Nutritional composition of plant-based milk alternatives and milk beverages used for calculation of Life Cycle Assessment Nutritional Value—Indexes.






Table 4. Nutritional composition of plant-based milk alternatives and milk beverages used for calculation of Life Cycle Assessment Nutritional Value—Indexes.





	
Nutrient Composition/

	
Oat

	
Soy

	
Almond

	
Cow Milk

	
Cow Milk

	
UHT Milk

	
UHT Milk




	
100 g Beverage

	
Drink

	
Drink

	
Drink

	
Conventional

	
Organic

	
Conventional

	
Organic






	
Energy in kcal

	
43.4

	
41.5

	
24.1

	
65.1

	
65.1

	
64.4

	
64.4




	
Protein in g

	
0.6

	
3.4

	
0.6

	
3.3

	
3.3

	
3.3

	
3.3








UHT: Ultra-high temperature.
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Table 5. LCA results for all beverages, analyzed by method and impact category.
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	Method
	Impact Category
	Unit
	Oat Drink
	Soy Drink BR/USA
	Soy Drink

CH
	Almond Drink
	Cow Milk

Conv
	Cow Milk

Organic
	UHT Milk

Conv
	UHT Milk

Organic





	ReCiPe
	Global warming
	kg CO2 eq
	0.46
	0.46
	0.40
	0.61
	1.41
	1.45
	1.30
	1.33



	2016
	Land use
	m2a crop eq
	0.66
	0.49
	0.60
	0.42
	1.02
	1.25
	1.02
	1.25



	
	Terrestrial acid.
	kg SO2 eq
	2.10 × 10−3
	1.45 × 10−3
	1.14 × 10−3
	3.42 × 10−3
	9.46 × 10−3
	1.06 × 10−2
	9.20 × 10−3
	1.03 × 10−2



	
	Freshwater eutrophic.
	kg P eq
	2.81 × 10−5
	5.55 × 10−5
	3.43 × 10−5
	2.05 × 10−5
	8.82 × 10−5
	9.21 × 10−5
	8.51 × 10−5
	8.91 × 10−5



	
	Marine eutrophic.
	kg N eq
	5.67 × 10−4
	4.09 × 10−4
	7.86 × 10−4
	7.24 × 10−4
	7.22 × 10−4
	6.80 × 10−4
	7.22 × 10−4
	6.79 × 10−4



	
	Terrestrial ecotox.
	kg 1,4-DCB
	0.74
	0.46
	0.35
	1.09
	1.86
	1.81
	1.75
	1.70



	
	Freshwater ecotox.
	kg 1,4-DCB
	7.50 × 10−4
	4.45 × 10−3
	4.50 × 10−4
	1.19 × 10−3
	2.11 × 10−3
	1.03 × 10−3
	2.09 × 10−3
	1.02 × 10−3



	
	Marine ecotox.
	kg 1,4-DCB
	1.15 × 10−3
	2.06 × 10−3
	8.89 × 10−4
	1.42 × 10−3
	2.61 × 10−3
	2.40 × 10−3
	2.52 × 10−3
	2.31 × 10−3



	
	Ozone formation
	kg NOx eq
	1.87 × 10−3
	1.32 × 10−3
	9.94 × 10−4
	3.60 × 10−3
	1.89 × 10−3
	1.85 × 10−3
	1.57 × 10−3
	1.54 × 10−3



	
	Water consumption
	m3
	2.55
	1.66
	2.22
	2.52
	7.37
	7.66
	4.85
	5.14



	WSI
	Water scarcity index
	m3
	6.00 × 10−3
	5.00 × 10−3
	4.00 × 10−3
	1.40 × 10−1
	1.20 × 10−2
	1.30 × 10−2
	1.00 × 10−2
	1.10 × 10−2



	EDP
	Ecosystem damage
	points
	0.72
	3.48
	0.19
	0.62
	1.76
	0.95
	1.76
	0.94







WSI: Water scarcity index; EDP: Ecosystem damage potential; acid.: acidification; eutropic.: eutrophication; ecotox.: ecotoxicity; 1,4-DCB-e: 1.4-dichlorbenzene-equivalent; BR: Brazil; CH: Switzerland; conv: conventional; UHT: Ultra-high temperature; the color scale ranges from dark green for the lowest to red for the highest impact value and corresponds to qualitative similarity.
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Table 6. Relative changes (%) in LCA results for the organic and UHT cow milk in relation to conventional milk.
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	Method
	Impact Category
	Unit
	Cow Milk Conv
	Cow Milk Organic
	UHT Milk Conv
	UHT Milk Organic





	ReCiPe 2016
	Global warming
	kg CO2 eq
	1.41
	2.3%
	−8.2%
	−5.9%



	
	Land use
	m²a crop eq
	1.02
	22.5%
	−0.1%
	22.4%



	
	Terrestrial acidification
	kg SO2 eq
	9.46 × 10−3
	11.7%
	−2.8%
	8.9%



	
	Freshwater eutrophication
	kg P eq
	8.82 × 10−5
	4.5%
	−3.5%
	1.0%



	
	Marine eutrophication
	kg N eq
	7.22 × 10−4
	−5.8%
	−0.1%
	−5.9%



	
	Terrestrial ecotoxicity
	kg 1,4-DCB
	1.86
	−2.7%
	−5.9%
	−8.6%



	
	Freshwater ecotoxicity
	kg 1,4-DCB
	2.11 × 10−3
	−51.0%
	−0.6%
	−51.6%



	
	Marine ecotoxicity
	kg 1,4-DCB
	2.61 × 10−3
	−8.0%
	−3.6%
	−11.6%



	
	Ozone formation, terr.
	kg NOx eq
	1.89 × 10−3
	−1.8%
	−16.8%
	−18.6%



	
	Water consumption
	m³
	7.37
	3.8%
	−34.2%
	−30.3%



	WSI
	Water scarcity index
	m³
	1.20 × 10−2
	8.3%
	−16.7%
	−8.3%



	EDP
	Ecosystem damage potential
	points
	1.76
	−46.0%
	0.0%
	−46.6%







WSI: Water scarcity index; EDP: Ecosystem damage potential; 1,4-DCB-e: 1.4-dichlorbenzene-equivalent; BR: Brazil; CH: Switzerland; conv: conventional; UHT: Ultra-high temperature.
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Table 7. Ecosystem damage potential (EDP) by beverage.
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	Ecosystem Damage Potential
	Unit
	Oat Drink
	Soy Drink BR/USA
	Soy Drink

CH
	Almond Drink
	Cow Milk

Conv
	Cow Milk

Organic
	UHT Milk

Conv
	UHT Milk

Organic





	Land occupation
	points
	0.67
	0.39
	0.17
	0.57
	0.91
	0.89
	0.91
	0.88



	Land transform.
	points
	0.05
	3.09
	0.02
	0.05
	0.85
	0.06
	0.85
	0.06



	Total EDP
	points
	0.72
	3.48
	0.19
	0.62
	1.76
	0.95
	1.76
	0.94







BR: Brazil; CH: Switzerland; conv: conventional; UHT: Ultra-high temperature; Land transform.: Land transformation.
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Table 8. Life Cycle Assessment Nutritional Value—Index for energy content (kcal) of beverages.
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	Index
	Unit
	Oat Drink
	Soy Drink BR/USA
	Soy Drink CH
	Almond Drink
	Cow Milk Conv
	Cow Milk Organic
	UHT Milk Conv
	UHT Milk Organic





	GW/Energy
	g CO2 eq/kcal
	1.03
	1.08
	0.95
	2.48
	2.13
	2.18
	1.98
	2.00



	Land use/Energy
	m²a crop eq/kcal
	1.48 × 10−3
	1.16 × 10−3
	1.42 × 10−3
	1.70 × 10−3
	1.54 × 10−3
	1.89 × 10−3
	1.55 × 10−3
	1.91 × 10−3



	Water cons./Energy
	m³/kcal
	5.76 × 10−3
	3.93 × 10−3
	5.24 × 10−3
	1.02 × 10−2
	1.11 × 10−2
	1.15 × 10−2
	7.40 × 10−3
	7.80 × 10−3



	EDP/Energy
	points / kcal
	1.67 × 10−3
	8.42 × 10−3
	4.58 × 10−4
	2.54 × 10−3
	2.70 × 10−3
	1.44 × 10−3
	2.70 × 10−3
	1.46 × 10−3







GW: Global warming; Water cons.: Water consumption; EDP: Ecosystem damage potential; BR: Brazil; CH: Switzerland; conv: conventional; UHT: Ultra-high temperature; the color scale ranges from dark green for the lowest to red for the highest impact value and corresponds to qualitative similarity.
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Table 9. Life Cycle Assessment Nutritional Value—Index for protein content (g) of beverages.






Table 9. Life Cycle Assessment Nutritional Value—Index for protein content (g) of beverages.





	Index
	Unit
	Oat Drink
	Soy Drink BR/USA
	Soy Drink CH
	Almond Drink
	Cow Milk Conv
	Cow Milk Organic
	UHT Milk Conv
	UHT Milk Organic





	GW/Protein
	g CO2 eq/g
	75.91
	13.05
	11.59
	101.54
	41.59
	42.54
	38.58
	39.14



	Land use/Protein
	m²a crop eq/g
	0.11
	0.01
	0.02
	0.07
	0.03
	0.04
	0.03
	0.04



	Water cons./Protein
	m³/g
	0.43
	0.05
	0.06
	0.42
	0.22
	0.23
	0.14
	0.15



	EDP/Protein
	points/g
	0.12
	0.10
	0.01
	0.10
	0.05
	0.03
	0.05
	0.03







GW: Global warming; Water cons.: Water consumption; EDP: Ecosystem damage potential; BR: Brazil; CH: Switzerland; conv: conventional; UHT: Ultra-high temperature; the color scale ranges from dark green for the lowest to red for the highest impact value and corresponds to qualitative similarity.
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