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Abstract: Animal-based products reportedly have substantial water footprints. One alternative to
meat products is meat analogs, which are processed plant-based foods mimicking real meat products.
As data for the water footprints of meat analogs are limited, the present study assesses their water
consumption and their potential for contributing to eutrophication and ecotoxicity in fresh and
marine receiving waters. Life cycle assessments, which encompassed the generation of ingredients to
the packaging of products, were performed for 39 meat analogs. Estimates for consumptive water
use, ecotoxicity, and eutrophication are reported per ton of product and per kilogram of protein.
On average, 3800 m3 of water were consumed per ton of product, whereas 0.56 kg P equivalents. and
12 kg 1,4-DCB (1,4-dichlorobenzene)) equivalents. were potentially released to terrestrial freshwaters
and 2.2 kg N equivalents. and 7 kg 1,4-DCB equivalents. to marine waters. The predominant driver
for water consumption and marine ecotoxicity was processing the meat analogs, whereas producing
the raw ingredients was the main driver for freshwater toxicity and eutrophication. For reducing the
use of and potential impacts on water, meat analogs may represent a viable alternative to processed
meat products.

Keywords: meat analogs; water footprints; freshwater use; marine waters; eutrophication; ecotoxicity;
life cycle assessment

1. Introduction

The conceptual basis of a footprint is that everything produced, consumed or utilized by humans
requires inputs from the natural world (usually as resources) that can be quantified. As such, footprints
reflect the embedded resources in products that, when traded or sold, constitute a virtual exchange of
them. Virtual or imbedded resources can be imported, exported or utilized locally. Water footprints
specifically quantify the volume that is consumed (i.e., no longer available for immediate reuse)
to generate a product or service [1,2]. A product’s water footprint includes both the natural and
anthropogenic processes that are required to create or transform it into a usable commodity, as well
as to deal with its associated pollutants. Although often unrecognized, water quality often restricts
the quantity available for specific uses. Life Cycle Assessment (LCA) is a method for evaluating
water footprints that is designed to assess water use and environmental impacts via specific pathways,
production phases, and relevant indicators such as eutrophication, acidification, and toxicity [3].

The relationship between water resources and dietary habits (especially the consumption of meat)
has been evaluated from a number of perspectives during the last two decades. From the standpoint of
nutritional water productivity, which describes the mass or calories of food produced per unit volume
of water, changes in food habits may be required at some point to feed a growing world population [4].
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As such, people consuming a higher percentage of plant-based foods and limiting food waste could reduce
the water resources necessary to grow the required crops [5,6]. Mekonnen and Hoekstra [7] estimated the
substantial global water footprint of animal-based products and concluded that governments promoting
a shift away from meat-rich diets will likely become a component of environmental policies.

Food comprises about 90% of a person’s consumptive water use, and people from industrialized
nations typically consume protein (primarily as animal-based foods) at twice the recommended levels,
thus increasing their personal water footprints and susceptibility to chronic health problems [8].
In order for alternative food choices to be a viable means of conserving water or other limited
resources, the options available to people in making the shifts must be acceptable on a personal,
nutritional, financial, and environmental basis. A frequently suggested protein alternative for meats is
so-called meat analogs, which are plant-based foods that typically contain soybeans, grains, nuts, seeds,
and legumes processed in a manner mimicking real meat products such as sausages and hamburgers.
A number of food companies have specialized in meat substitutes, and it has become increasingly
difficult to discern them from real meat [9,10]. Surveys have suggested that a consumer’s repeated
exposure to the unfamiliar meat substitutes generally leads to an increased acceptance unless his or her
initial impressions are negative [11]. The market for meat analog products has increased to the point
that more than one-third of Americans have reportedly purchased meat analogs [12,13]. Besides their
escalating popularity among vegetarians, meat analogs are also popular with non-vegetarians who
choose to reduce their meat intake for health-related reasons and/or to adopt a more environmentally
sustainable diet [14].

The study of meat analogs is still in its infancy. Based on their nutritional composition,
many meat analogs qualify as complete proteins (containing all essential amino acids) and offer
the additional nutritional benefits of dietary fiber, antioxidants, and phytochemicals, while reducing
the intake of cholesterol and saturated fats [15–17]. Recent investigations focusing on this topic have
suggested that meat analogs may serve as sustainable alternatives to processed meat products [17–19].
Nonetheless, the potential for meat analogs to affect water usage or aquatic ecosystems has been less
well studied. Few researchers have addressed the potential impacts of meat analogs on water quantity
and quality within their production life cycles [20]. Although meat analogs are plant-based products,
they are highly processed foods that require water for on-farm ingredients and processing operations,
both of which can impact waters.

This paper focuses on the evaluation of meat analog products via an LCA methodology that
calculates the volume of water consumed in their production and assesses their potential impacts to
fresh and marine receiving waters via eutrophication and ecotoxicity. In doing so, the contribution
of distinct production phases (i.e., generating/transporting food ingredients, packaging products,
performing in-factory activities) to water consumption and aquatic ecosystem degradation are identified.

2. Materials and Methods

There are two widely employed methods for calculating the water footprint of products [3]. One is
the LCA methodology described in this study and the other is the water footprint assessment (WFA),
which is often used for appropriating freshwater resources. WFA is designed to quantify direct and
indirect water use, involving both consumers and producers, along supply chains for the primary
purpose of water management. As previously described, LCA is a quantitative method for assessing
the impact of processes, such as food production and manufacturing, on the environment or specific
resources [21–23]. The LCA methodology was selected for this study because its primary focus is
product sustainability [3]. The primary difference between WFA and LCA is that the former focuses on
the volume of water and the latter on the impacts linked to water use. Indicators of water usage and
impacts derived from the two methods are potentially compatible, but are not directly comparable.

As described by Boulay et al. [2], WFA employs an approach to water resources that includes
setting goals and scope, footprint accounting, sustainability assessment, and response formulation.
By contrast, LCA is more focused on quantitative indicators of water use that consider specific
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pathways and indices relevant to human health, ecosystem impacts and resource depletion.
WFA outputs rely largely on water use in the inventory phase and are generally easier to compare
among different products or processes (as a volume of water) than are LCA outputs, which are more
dependent on indices in the impact phase and are often expressed in dissimilar units. The International
Organization for Standardization (ISO) has introduced protocols for conducting and reporting LCAs
that address issues of consistency, reproducibility and comparability.

Life cycle analyses of products for the specified types of water footprints considered in this study
were organized according to the ISO 14046 norm [24]. This standard takes the life cycle approach
as in ISO 14044 [25], but focuses solely on water. According to the general norm, a complete LCA is
composed of four steps:

(1) Definition of the goal and scope of the LCA
(2) Life cycle inventory (LCI) analysis phase
(3) Life cycle impact assessment (LCIA) phase
(4) Interpretation phase

2.1. Goal and Scope Definition

The objective of this study was to perform a non-comprehensive water footprint profile of meat
analog production, considering the following indicators: water consumption, freshwater ecotoxicity,
marine ecotoxicity, freshwater eutrophication, and marine eutrophication. For each of the 39 meat
analogs, the environmental impacts were assessed with respect to the functional unit of 1000 kg
(one metric ton) of product in preparation for shipment to market. In addition, water footprints
were assessed for the additional functional unit of one kilogram of protein contained within the
meat analog products. The protein value of the meat analogs was based on the mass of the various
ingredients that were stipulated in recipes used by the food processing facility. The conversion of mass
to protein for ingredients, which were summed to estimate the protein content of products, was based
on data presented in the Nutrition Data System for Research 2013. This database stores nutrient profile
information on more than 20,000 foods and is updated annually [21]. Mean and standard deviation
(SD) values for products were calculated with respect to the five designated impacts and in accordance
with the two functional units, thus providing information regarding the variability among products.

Data were collected between the years of 2013 and 2015 from a Midwest American food processing
facility specializing in meat analogs. This timeframe and location represented the temporal and
geographic aspects of interest for the study. System boundaries included the phases of (i) growing
raw ingredients, (ii) transporting raw ingredients from the farms to the processing facility, (iii)
manufacturing the packaging material and, (iv) all in-factory activities (i.e., storing ingredients,
processing ingredients into the meat analogs, packaging and storing finished products). Impacts
associated with the various phases of generating meat analogs (e.g., ingredient production and
transportation, processing ingredients into the meat analogs, packaging of final products) were also
calculated independently. The proportional contribution of each LCA phase to the total water-related
impacts were also estimated.

2.2. Life Cycle Inventory Analysis

For 39 consumed products, both the on-farm and processing components of production were
considered. The facility’s personnel provided inventories containing information on inputs required by
its recipes in producing the commercial products. These inventories contained information regarding
the mass of each ingredient in the various recipes, the distance from farms to the factory, and the mode
of transporting ingredients. Energy and water consumed in the factory was provided by the facility,
as was the type and quantity of packaging used for each product. The collected data were used as
inputs for the LCA. Table 1 lists the inputs used to calculate water consumption and environmental
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impacts for four LCA phases. Additionally, the facility provided output data were for the mass of each
final product generated and for relevant chemical analyses of wastewater.

Table 1. Inputs for the four Life Cycle Assessment (LCA) production phases considered in this study.

LCA Phase Model Inputs

INGREDIENTS
Gluten; Isolated Soy Protein; Texturized Soy Protein; Soy Meal;
Wheat Flour; White Egg; Oak Flakes; Peanuts; Vegetable Oil;

Salt; Flavorings; Spices; Rice; Starch; Water

TRANSPORTATION Diesel Fuel

PROCESSING 1 Medium Voltage Electricity; Natural Gas

PACKAGING MATERIALS Corrugated Board; Plastic Bags; Tin Cans; Labels
1 Processing includes all in-factory activities: storing ingredients, processing ingredients into meat analogs, and
packaging and storing final products.

The data inventories for most inputs were obtained from the US Life Cycle Inventory and its
updated version, US-EI 2.2. This new version fills the data gaps in the original version using the
Ecoinvent database as a proxy that has been adapted for the US energy system. Data for some inputs
were obtained from the manufacturers of food ingredients (e.g., isolated soy protein) or were modeled
according to SimaPro 8.5 [26].

Assumptions and Allocations

Energy consumption estimates were made on a factory-wide basis and then proportioned according
the mass of individual products generated. As the facility frequently processed several products
simultaneously, each product was allocated its share of the total energy based entirely on mass. For a
majority of ingredients, the modes of transportation (and associated fuel requirements) from farm to
processing facility were known. However, data were unavailable for some of the minor ingredients,
which were assumed to be transported via a combination of sea (10%), rail (40%), and truck (50%).

2.3. Life Cycle Impact Assessment

The software program SimaPro 8.5 [26] was selected to quantify potential environmental impacts
posed throughout the life cycle of meat analog products. Calculations were performed for the water
that is actually and virtually consumed during the production of meat analogs, as well as the potential
for eutrophication and ecotoxicity to impact fresh and marine receiving waters.

Potential impacts to aquatic environments were assessed using algorithms contained in the
ReCiPe 2016 (version 1.1) method [27]. This method addresses uncertainty and assumptions in
one of three ways. The one selected for this study was a so-called hierarchical approach, which is
based on a scientific consensus regarding the timeframe (i.e., 100 years) and plausibility of various
impact mechanisms. ReCiPe outputs for the impacts are provided in the general form of a mass of
environmental stressor per unit mass or volume of a resource used or a pollutant released. A total of
five impact categories were considered in this study. The impacts included water consumption, as well
as the potential for eutrophication and ecotoxicity in both marine and fresh waters.

For assessing water consumption footprints, the US-EI 2.2. databases utilized in this study
accounted for the blue water (i.e., ground and/or surface water sources), but not the green water
(precipitation), required to grow the crops that comprise the ingredients of meat analogs. Although this
omission almost certainly underestimates the total water consumption calculated for the meat analog
products, it is consistent with other LCA studies relying on this database or similar ones that
consider only blue water irrigation of crops. The ReCiPe method addressed water consumption by
quantifying the volume of ground or surface water consumed within or extracted from the watershed.
This included an assumption that none of the water could be returned to the original watershed after
its use. The resulting reduction in freshwater availability was then entered into scenarios affecting
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irrigation supply, food production, river discharges, etc. A water stress index (WSI) of 0.675 was used
where required for the method’s calculations.

ReCiPe’s predictions for freshwater eutrophication were based on the incremental mass of
pollutants added to water bodies, taking into account (i) pollutant introduction to aquatic ecosystems,
(ii) pollutant residence time in the water bodies, and (iii) pollutant removal resulting from mechanisms
(i.e., advection, adsorption) that were included in calculating an average potential disappeared
fraction (PDF). Seawater eutrophication was calculated in a manner similar to that of freshwater
eutrophication, with the exception that latter utilized phosphorus and phosphate ions as indicators
and the former utilized nitrogen, ammonia and nitrogen dioxide. Eutrophication was expressed as
kilograms of phosphorus (kg P) equivalents and nitrogen (kg N) equivalents for fresh and marine
waters, respectively.

ReCiPe evaluated ecotoxicity by factoring in the chemical fate of pollutants, the species exposure, the
potentially disappeared fraction of species, and the damage to ecosystems. It should be noted that the
aquatic exposure portion of the ecotoxicity assessment may have included as few as one tested species
for a limited suite of aquatic pollutants. Ecotoxicity was expressed as kilograms of 1,4-dichlorobenzene
(kg 1,4-DCB (1,4-dichlorobenzene)) equivalents for a 100-year time horizon. As a chlorinated aromatic
hydrocarbon, 1,4-DCB was used as a reference substance in the calculations by dividing the potential
impact of a pollutant by that of 1,4-DCB released to freshwater or seawater. A linear function for
concentration-response was assumed using acute response factors as a starting point.

3. Results

The interpretational section corresponds to the fourth and final step of the ISO protocol for LCAs.
Hereby, we report the observed results and their interpretation. Table 2 lists the means and standard
deviations of the five water-related impacts for meat analog products as assessed by the ReCiPe method.
On average, producing a metric ton of the meat analogs consumed almost 3800 m3 of water (i.e., 3.8
m3 or 3800 L per kg of product), which equates to just over 18 m3 of water per kilogram of protein
in the products. This estimate is based on facility data for the products’ processing, but regional data
for their ingredients, transportation, and packaging material. Hence, it represents a combination of the
two data sources and is neither a facility-specific nor an industry-specific value. Standard deviations
ranged from 30% to 40% of the projected water volumes consumed, suggesting a moderate amount of
variability among the water requirements for life cycles of the various products. Based on a review of the
three products with the highest water consumption indices, it appears that the energy-related factors of
transportation and electricity use accounted for most of their higher water consumption.

Producing one metric ton of meat analogs could release 0.56 kg P equivalents and 2.2 kg N
equivalents into fresh and marine waters, respectively. Standard deviations were in the range of
33%–55% of the mean values, indicating a relatively high variability among the individual products
in their actually or potentially releasing these nutrients to receiving waters. Nitrogen (N) displayed
greater variation than did phosphorus (P), and the variability was slightly greater when calculated on
the basis of protein content than of total mass. For both freshwater and marine eutrophication, the
three products with the highest potential impacts also had among the greatest contributions from the
fuel-related factor of transportation and the ingredient-related factor of vegetable oil.

Pollutants attributable to producing one metric ton of meat analogs could release the equivalent
of almost 12 kg and 7 kg of 1,4-DCB into fresh and marine waters, respectively. Similarly, producing
one kilogram of protein from meat analogs could add pollutants (as 1,4-DCB equivalents) of 0.03
kg and 0.003 kg to the freshwater and marine environments, respectively. This 10-fold difference
in pollution appears to be related primarily to differences in impacts associated with the on-farm
production of ingredients comprising the products. Although the difference between freshwater and
marine toxicity is less when based on the product mass, the ingredients appear to be largely responsible
for the increased toxicity in freshwater ecosystems because pollutants resulting from transportation,
processing, and packaging activities are actually more toxic to marine organisms.
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Table 2. Mean (standard deviation) of water-related impacts attributable to different phases of meat analog production. Data for impact categories are reported per
1000 kg (ton) of product and per kg of protein.

Per 1000 kg (metric ton) of Product

Impact indicator Units Ingredients Transportation Processing Packaging Total

Water consumption Cubic meters 944 (449) 12.2 (6.86) 2410 (1004) 425 (472) 3800 (1240)

Freshwater eutrophication Kg P eq. 1 0.190 (0.058) 0.001 (0.001) 0.313 (0.130) 0.056 (0.061) 0.561 (0.183)

Marine eutrophication Kg N eq. 2 2.20 (0.96) 0.000 (0.000) 0.021 (0.008) 0.012 (0.007) 2.23 (0.96)

Freshwater ecotoxicity Kg 1,4-DCB eq. 3 10.9 (6.8) 0.183 (0.103) 0.656 (0.305) 0.184 (0.159) 11.9 (6.78)

Marine ecotoxicity Kg 1,4-DCB eq. 3 4.80 (1.84) 0.258 (0.138) 1.13 (0.44) 0.654 (0.696) 6.84 (2.11)

Per Kg of Protein

Impact indicator Units Ingredients Transportation Processing Packaging Total

Water consumption Cubic meters 4.64 (3.25) 0.057 (0.032) 11.4 (4.7) 2.09 (2.33) 18.2 (7.3)

Freshwater eutrophication Kg P eq. 1 0.010 (0.005) 1 × 10−6 (5 × 10−7) 1 × 10−4 (4 × 10−5) 6 × 10−5 (4 × 10−5) 0.010 (0.005)

Marine eutrophication Kg N eq. 2 0.049 (0.029) 9 × 10−4 (5 × 10−4) 0.003 (0.002) 9 × 10−4 (8 × 10−4) 0.054 (0.029)

Freshwater ecotoxicity Kg 1,4-DCB eq. 3 0.022 (0.008) 0.001 (7 × 10−4) 0.005 (0.002) 0.003 (0.004) 0.032 (0.009)

Marine ecotoxicity Kg 1,4-DCB eq. 3 9 × 10−4 (3 × 10−4) 6 × 10−6 (4 × 10−6) 0.001 (6 × 10−4) 3 × 10−4 (3 × 10−4) 0.003 (9 × 10−4)
1 Kg P eq.: kilograms of phosphorus equivalents; 2 Kg N eq.: kilogram of nitrogen equivalents; 3 Kg 1,4-DCB eq.: kilogram of 1,4-dichlorobenzene equivalents.
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Figure 1 indicates that the main driver for water consumption and marine ecotoxicity is the
processing of meat analogs. By contrast, the production of meat analog ingredients is the predominant
driver for freshwater ecotoxicity and for eutrophication in both marine and fresh waters. In fact, the
production of ingredients accounted for more than 90% of the eutrophication impact and about 70% of
the freshwater toxicity. For water consumption and marine ecotoxicity, processing of raw ingredients
into final products comprised 55% and 65% of the impacts, respectively. The production of ingredients
comprised the bulk of the remaining impact for water consumption and marine ecotoxicity (i.e., about
35% and 25%, respectively).Water 2019, 11, x FOR PEER REVIEW 1 of 13 
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Figure 1. Proportional contribution of each phase of meat analog production to the five environmental impacts.

Overall, transportation of the ingredients appeared to be the least important single driver of
the water-related impacts assessed, having never amounted to more than a few percent of the total
impacts. Similarly, packaging was a very minor driver for eutrophication and accounted for only
about 10% of the impacts associated with both water consumption and ecotoxicity. As noted in Table 1,
the impacts for transportation and packaging were based on diesel fuel consumption and packaging
materials, respectively.

To sum up, the present LCA investigation provides some of the few data available for water
footprints derived from the production of meat analogs and indicates that the predominant driver for
water consumption and marine ecotoxicity was the processing of meat analogs, whereas the production
of raw ingredients was the main driver for freshwater toxicity and eutrophication (both marine and
freshwater). Packaging was a minor driver, and transporting ingredients appeared to be the least
important driver. This is often the case for transportation unless the fuels used to transport foods
possess a substantial water footprint (e.g., biodiesel). The presence of total nitrogen and phosphorus
in agricultural runoff/infiltration and the facility’s wastewater are responsible for the observed
eutrophication indicators, whereas an acidic pH and unidentified organic compounds associated
with an elevated biochemical oxygen demand (BOD) in the process wastewater could have contributed
to the ecotoxicity.

4. Discussion

Table 3 presents a comparison of the five impact indicators that were considered for meat analogs
investigated in the present study and those produced by another company, as well as for unprocessed
and processed animal products. Not all indicators are available for every food category. Many studies
have indicated that meat and other animal products are less water efficient than plant-based products
in providing nutrition on both a gravimetric (mass) and caloric (energy) basis [5,28–31]. Nevertheless,
generalizations regarding the LCA-derived impacts of meats should be cautiously interpreted because
end products can vary from raw cuts to highly processed foodstuffs, which have very different
water-related impacts depending on how and to what extent the meat is processed.
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Table 3. Five life cycle assessment indicators associated with generating one kilogram (as the functional unit) of the products indicated.

Food Products Impact Assessment
Method

Water Consumption
or Use (L)

Freshwater
Eutrophication

(kg P eq. *)

Marine
Eutrophication

(kg N eq. ¥)

Freshwater
Ecotoxicity

(kg 1,4-DCB eq. #)

Marine Ecotoxicity
(kg 1,4-DCB eq. #)

Meat analogs (current study) ReCiPe 2016 3800 5.6 × 10−4 2.2 × 10−3 0.012 6.8 × 10−3

Garlic quinoa burger [20] Impact 2002+ 1100 ∞ 8.0 × 10−4 —– —– —–

Black bean burger [20] Impact 2002+ 1100 ∞ 6.6 × 10−4 —– —– —–

Veggie burger (griller) [20] Impact 2002+ 2000 ∞ 4.3 × 10−4

Veggie sausage patty [20] Impact 2002+ 1200 ∞ 6.2 × 10−4

Veggie chicken patty [20] Impact 2002+ 1100 ∞ 3.2 × 10−4

Unprocessed beef & [28,29,32] CML 2001, ReCiPe

Extensive systems <550 © 0.042–0.087 © 0.02 © —– —–

Intensive systems <15,000 0.13 —– —– —–

Beef burger [20] Impact 2002+ 8400 ∞ 0.019 —– —– —–

Unprocessed pork & [32,33] ReCiPe 1406/4000 2.4 × 10−3 ©/0.07 0.11 © 0.031 © 6.2 × 10−3 ©

Pork sausage patty [20] Impact 2002+ 2900 ∞ 6.1 × 10−3 —– —– —–

Unprocessed chicken [32,34] ReCiPe, CML 2
baseline 2000 4000 0.01–0.02 —– 0.11 330

Chicken sausage patty [20] Impact 2002+ 8000 ∞ 0.012 —– —– —–

Yogurt (plain) [30] Impact 2002+, ReCiPe 220 2.5 × 10−3 —– 0.10 —–

* kg P eq.: kilograms of phosphorus equivalents; ¥ kg N eq.: kilogram of nitrogen equivalents; # kg 1,4-DCB eq.: kilogram of 1,4-dichlorobenzene equivalents ∞ Values are reported as
water use rather than water consumption, which refers to water that is unavailable following its use [35]. & Where applicable, meats were assumed to comprise 40% of the animal live
weight. © Represents on-farm accounting only (excludes impacts from transportation, processing and packaging).
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A comparison of similar, but not identical, plant-based meat analogs suggests an approximate
three-fold difference in average water requirement for products described in this study compared
to those reported by another company. While this discrepancy may reflect differences in water
efficiencies associated with producing and/or processing the ingredients, it should be noted that
water usage and water consumption are not identical metrics. By contrast, the average freshwater
eutrophication indices for the two companies’ meat analogs were very similar, perhaps reflecting
commonalities among nitrogen loadings from on-farm activities and process wastewaters. For the
other company’s meat analogs, ingredients represented 94% of environmental impacts (including
freshwater eutrophication), and water usage was attributable to both the ingredients (62%) and
processing (34%). Packaging amounted to less than 5% of the water usage or impacts. Compared to
meat analogs investigated in this study, the only notable difference was that processing (56%) was a
larger contributor to the other company’s water usage than were the ingredients (34%).

With regard to water consumption, the impact of this study’s meat analogs is similar than
that of unprocessed animal meats (e.g., pork [32,33] and chicken [32,34]), based on total food mass.
The range of water consumption estimates for unprocessed beef is vast and depends on whether
animals are reared in extensive or intensive systems [28,29,32]. The protein content of meat analogs and
unprocessed meat are very similar, comprising about 21% of their total mass. Thus, when comparing
water consumption indices for meats and meat analogs on the basis of protein, the results are similar to
those based on mass. Water use associated with the other company’s meat analogs is less than a quarter
of that for processed beef and chicken products and less than half of that for processed pork [20].
Minimally processed animal-sourced foods such as dairy products (e.g., yogurt) have substantially
lower water consumption indices than do meat analogs [30], reflecting the sizeable water demand of
processed foods derived from either plants or animals.

Eutrophication indicators for both marine and freshwater systems were similar for unprocessed
animal meats and for the meat analogs presented on Table 3, including those investigated in this study
and those reported by the other company. However, the freshwater eutrophication index for yogurt is
higher than that for meat analogs, and processed meat products have a eutrophication potential that is
10- to 35-fold greater than that for analogs. Ecotoxicity indicators for meat analogs were 10-fold lower
than those for unprocessed chicken meat and yogurt, but about the same as those for unprocessed pork
(no similar data were found for beef). Whereas ecotoxicity data were not presented for processed meats,
processing often generates water pollutants such as suspended solids, chlorine, and volatile organics
in addition to those contributed by the on-farm practices (e.g., N, P, and pathogens). In general,
animal-sourced products (both processed and unprocessed) have a greater impact on freshwater
ecosystems in terms of toxicity and eutrophication than do meat analogs, whether compared on the
basis of total mass or protein.

Comparing our results with findings from other studies is challenging because each study is
performed with its own goals and employs different methodologies. Even when different methods
report impact indicators in the same units, the assumptions used to arrive at those values may be quite
different. Comparisons require not only the mathematical conversion of units, but also assumptions
about whether conversion factors are justified given the variables inherent in studies (e.g., time frames,
environmental conditions, sampling/measurement techniques). Moreover, different software versions
(e.g., 2008 and 2016 releases of ReCiPe) and similar, but nonetheless distinct, algorithms utilized by
various programs can be an issue. Interpretive challenges associated with comparing results from
different LCA methodologies have been identified in the literature, reportedly complicating their use
as a universal metric for quantifying product impacts [31,36].

Additional research into the water footprints of meat analogs will focus on improving estimates
for the ingredients phase of production by collecting water quantity and quality data from the actual
locations where the crops are grown and harvested, rather than estimating those parameters from
generic databases. Also, investigating the utility of treating process wastewaters on-site to reduce the
potential for ecotoxicity and eutrophication is a high priority, as is identifying trends in the retail and
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consumer sectors related to the water consumption of meat analogs (e.g., food storage, preparation,
and waste). The resulting data could then be compared to information on well-documented meat
products, providing a more comprehensive basis upon which to assess the overall water-related
demands of meat analogs versus those of meat products.

5. Conclusions

Based on results from this study, products such as the meat analogs could represent a sustainable
replacement for processed meat products. Nevertheless, it should be recognized that meat analogs are
highly processed foods and, as such, appear to possess water requirements and environmental impacts
similar to those of unprocessed or minimally processed animal-sourced products. Meat analogs
provide consumers with a larger selection of plant-based foods from which to choose, thus potentially
reducing the water footprint of their diets without markedly affecting the social and cultural patterns
of meat consumption.
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