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Abstract: This study aimed to quantify and evaluate the main environmental impacts generated in
each phase of tofu production as well as its main co-products (soy milk, food integrators, etc.) and
by-products (straw, hulls, etc.) from organic and conventional soybean cropping and to compare
them with the impacts of conventional protein sources (e.g., livestock meat and snails). The starting
case study was the tofu production company “Tigusto SA” located in Cugnasco-Locarno (Switzer-
land). The analysis was performed by means of the life cycle assessment (LCA) method, applying
a systematic cradle-to-gate approach, from cultivation and extraction of raw materials to the final
products. The aim of the analysis was to identify the phases that cause the main environmental
burdens and to propose alternative solutions to minimize the impacts. Results show the importance
of applying circularity-based scenarios, such as reuse/recycling of residues and the use of renewable
energy, which could increase the sustainability of the investigated system, providing environmental
and economic benefits.
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1. Introduction

Food production worldwide is estimated to be responsible for 20% to 50% of envi-
ronmental impacts [1,2]. Meat and dairy products are central to food-related impacts,
due to their large environmental burdens, including overgrazing, land degradation, water
contamination from waste runoff, biodiversity loss linked to landscape conversion for
grazing and feed production, and finally greenhouse gas emissions related to livestock
digestion (particularly ruminants) [3]. With population growth expected to reach 12 billion
people by 2100 [4] and increased per capita demand of meat and dairy products, especially
in developing countries where average income is rising [5], there is growing concern about
producing more food with decreasing resources while at the same time minimizing envi-
ronmental impacts. These environmental concerns, together with the shortages of high
biological value proteins and aspects related to animal welfare and human health, have
promoted the development of meat alternatives based on plant proteins. Soybean is one
of humanity’s main food crops and has become the most widely known alternative to
animal protein. Soybean use originated in China around 5000 years ago and gradually
extended from China to other countries and continents. Since the 1950s, global soybean
production has increased by 15 fold [6], mainly due to food and energy use. The USA,
Brazil, and Argentina account for, respectively, 34%, 30%, and 17% of global production.
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Together, these three countries account for 81% of annual global soybean production and
71% of harvested area [7]. Among all oilseed crops, soybean alone has the maximum
global production share (53%), while other crops such as rapeseed, cotton, and peanut
contribute 15, 10, and 9%, respectively. Uses range from human foods to animal foods, to
industrial products, to ingredients, and to precursor materials. In addition to the main
soy products used directly as food items (soybeans, soymilk, tofu), also soy co-products
(okara, whey, tempeh, among others, to be used as food integrators) and by-products (straw,
hulls, fermentation residues, to be converted to plastic or bio-energy items) are important
outputs of soy processing worldwide. Generally, co-products are almost ready for use,
while by-products require additional processing to extract their hidden value.

1.1. Soy for Animal Nutrition

Only 20.1% of the total soybean crop is used as direct human food and 3.8% for energy
purposes [8]. More than three-quarters (77.1%) of the total soy crop is used as animal
feed: 7% fed directly to livestock, while the largest fraction (processed to soy cake before
feeding) is fed to chickens and other poultry (37%); to pigs (20.2%); to cattle, sheep, pets
and other animals (7.3%); and finally, 5.6% is used in aquaculture systems [9]. However,
raw soybeans contain trypsin inhibitors, plant proteins that bind and inactivate digestive
enzymes within the gastrointestinal tract of the animals, requiring that these proteins be
destroyed by heat before feeding to swine or any other non-ruminants [10,11].

Animal meat products provide one-third of humanity’s protein intake and around one-
fourth of the global calories consumed [12]. According to FAO reports on livestock [13,14],
18% of global greenhouse gas emissions (GHG) are caused by the livestock industry (usually
employing highly intensive industrial production practices); ruminants are the major
source responsible for their release due to low feed conversion rates, long reproduction
intervals, and the features of their digestive system [14,15]. Livestock direct GHG emissions
arise from raising animals, including enteric fermentation, manure, and associated energy
consumption [16,17], while indirect emissions mainly come from feed production (due
to the production of fertilizers and pesticides for feed crops, feed transportation and
processing, fuel use in production) and related land use change [18]. Some studies indicate
that indirect emissions exceed direct emissions, while others claim the opposite [18,19].
Nevertheless, impacts of meat production are not limited to GHG emissions: farms for
rearing livestock already cover one-third of the world’s total land demand and more than
two-thirds of agricultural land [19,20], and approximately 40% of the crops harvested
worldwide are used to feed animals [21]. Therefore, large amounts of land, fertilizers, water
and GHG emissions are needed to support feed production, grazing lands and animal
maintenance.

Given livestock farming’s large environmental footprint and projected growth in meat
demand, a major rethink of dietary habits and farming practices is required [22]. In addition
to changes in production practices, eating less or no livestock products, such as meat, is
often suggested as a possible solution to reduce the environmental impacts of the livestock
sector [23–27].

1.2. Soy for Industrial Purposes

Soy can also be used for industrial purposes, mainly biofuels. Around 4% of total
soy production is used for biofuels (out of which biodiesel accounts for 2.8%), lubricants
and other industrial processes [28–30]. Longstanding uses include soap, paper coatings,
wood veneer adhesives, alkyd resins, printing ink, and oleochemicals [31,32]. Soy products
(oil, protein, meal) are now being used in a wide variety of products such as plastics and
elastomers, paints and coatings, lubricants, adhesives, and solvents in addition to the well-
established use of soy oil to make biodiesel. Soybean oil may be hydrolyzed into glycerol
and fatty acids, while soybean oil soapstocks may be acidified to produce fatty acids, used
for candles, crayons, cosmetics, polishes, buffing compounds, and mold lubricants [33,34].
Transesterification with methanol produces fatty acid methyl esters (FAME) and glycerol,
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the former being used as biofuels [30,33], an attractive option to replace fossil-based
transportation fuels. The International Energy Agency (IEA) estimates that as much as
one-third of all transportation fuel could come from biofuels by 2050 [34,35]. According to
the latest predictions by the Rainforest Foundation Norway (an organization committed to
the protection of the world’s rainforests), by 2030 the increase in demand to produce oil
of soy as a biofuel will reach a quota of 41 million tons [36]. For this reason, even though
soybean biodiesel shows lower GHG emissions than fossil fuels [37,38], environmental
groups, media and some researchers have raised major concerns regarding the magnitude
of direct and indirect land-use change (LUC) that the production of biofuel feedstocks
may generate at the global scale, as well as the risks of degradation of land, forests, water
resources and ecosystems [39–41]. Some of these issues could be instead addressed by
using second- and third-generation feedstocks (lignocellulosic residues) [42].

1.3. Soy-Based Food Products for Direct Human Nutrition

Soybeans are rich in protein and oil content, the latter accounting for about 60% of
dry soybeans by weight. The remainder consists of 35% carbohydrates and about 5% ash.
Many valuable vitamins, minerals (5%), flavonoids, and polysaccharides are also contained
in soybeans [43]. The high soy protein content makes soybeans an excellent source of
complete proteins, with significant amounts of the essential amino acids that cannot be
synthesized by the human body. As mentioned above, one-fifth of world’s soy is used for
direct (i.e., not through meat and dairy) human consumption [8]. Most of this soy is first
processed into soybean oil. Other typical soy products such as tofu, soy milk, tempeh and
edamame beans account for about 7% of global food demand [8].

The soybean crush yields about 80% soybean meal and 20% soybean oil, which may
be further processed into various food and non-food products. A succession of treatments
(dehulling, flaking, etc.) permits one to properly weaken or break the cell walls and to
shape the material in order to optimize the solvent access and maximize the oil extraction
yield. Seeds containing high amounts of oil are generally first mechanically pressed to
extract a portion of crude oil (pre-pressing); the press cake is then subjected to solvent
extraction. While husks are processed to create fiber additives for bread, cereals, snacks and
livestock feed, raw oil is refined to produce cooking oil, margarine and pastry fat. From
a nutritional point of view, 100 g of soybean oil provides about 900 calories in the form
of lipids and, more precisely, 16 g of monounsaturated fatty acids (MUFA) and 58 g of
polyunsaturated fatty acids (PUFA), of which the predominant PUFA (51.36 g) is linoleic
acid (LA), and to a lesser extent, (7.6 g) α-linolenic acid (ALA).

Traditional soy foods are usually divided into two groups: fermented products such
as miso, soy sauce, tempeh, and natto [44], and non-fermented products such as tofu
and soymilk. The fermentation of cooked soybean with bacteria (Bacillus spp.) and fungi
(Aspergillus spp. and Rhizopus spp.) produces a variety of novel compounds, most of
which possess health benefits, such as serum cholesterol-lowering, anti-diabetic, anti-
hypertensive, anti-cardiovascular, and anti-neuroinflammatory effects [45]. During the
fermentation process, the enzymes produced by the beneficial bacteria and other microbes
break down, or predigest, the specific complex carbohydrates (sugars) found in soy and
most other legumes. This process also makes the proteins more digestible and easier to
assimilate than those in the untreated soybean [45,46].

Among the many soybean products, soymilk and tofu (soybean curd) are the most
popularly consumed soy food items [47]. In 2018, it was estimated that the value of the
global tofu market was about $2.31 billion, and the annual product growth rate (CAGR)
was projected to increase by about 5.2% from 2019 to 2025 [48]. Tofu and dried bean
curd are typical protein-based foods that can be used to produce many other types of soy
products. Tofu is made by coagulating soymilk to create curds. The curds are then pressed
and compacted into the gelatinous white blocks recognized as tofu. Tofu, together with its
fibrous byproduct, okara, as well as the soybeans used in their manufacture, are naturally
gluten-free, low in calories, high in protein and contain a good quantity of iron.
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The major factor credited for the growing demand for tofu is its predominant use as a
high protein source and vegetarian alternative to meat and dairy products. Tofu is incorpo-
rated in the preparation of a variety of foods such as burgers, hot dogs, sauces, ice creams,
shakes, and desserts, among others. Recent consumer trends suggest a shift in dietary
preferences in Europe and other developed countries toward plant-based protein products
as a meat substitute, given the increasing concerns by individuals and governments over
the environmental and health impacts of producing and consuming animal meat [49].

Besides the dietary and environmental benefits gained by avoiding meat-based prod-
ucts, additional advantages could be obtained by using by-products from the tofu pro-
duction process; for example, soy hulls can be employed to produce bioplastics, which
represent an alternative material to petroleum-based plastics [50,51]. Further, (i) soy is
an excellent bio-based substrate for packaging material; (ii) soy straw can be used as fod-
der for livestock farms [52]. Okara, a co-product of soymilk production, rich in proteins,
lipids, isoflavones, dietary fibers and minerals, as well as unspecified monosaccharides
and oligosaccharides, lends itself as a base foodstuff for the production of many other
soy-based protein products and has important properties as an antioxidant and, above all, a
hypocholesterolemic agent, as its elements greatly help human cholesterol metabolism [53].
Okara could also be a good dietary supplement for weight loss, as it reduces plasma
lipid levels [54,55]. The use of this co-product as food integrator can also ensure primary
prevention of cardiovascular disease (CVD) risk factors, especially if it is supplemented
in combination with fermentative bacteria such as Lactobacillus acidophilus, Bifidobacterium
animalis subsp. Lactis and Streptococcus thermophilus. This, in fact, resulted in a significant re-
duction in LDL levels (approximately 10.3%) and the LDL-HDL ratio (approximately 11.6%)
in all subjects involved in the experiment who consumed this product for the required
time [56].

1.4. Objectives of the Present Research

The goal of this research was, firstly, to provide an overview of the environmental
impacts of tofu production from soybean cropping and processing, as well as the impacts
of its main co-products (soy milk, food integrators, etc.) and by-products (straw, hulls,
etc.), in order to identify potential improvements over the whole production chain, also
suggesting a circular economy framework based on renewable energy use and recovery
of residues; and secondly, to compare the impacts of tofu production with those of other
traditional sources of proteins (e.g., livestock meat). In particular, Section 2 (Materials and
Methods) describes the investigated system and the method used for the impact assessment.
Section 3 (Results) provides the main LCA results of each step and the final results of the
entire process. Section 4 (Discussion) stresses the meaning of the achieved results and their
potential improvement. Finally, Section 5 (Conclusions) highlights the novelty and the
value of this study from the perspective of future research. Appendix A at the end of this
paper provides a number of tables and diagrams related to each process step, in order to
allow the interested reader to examine all of the calculations performed and data used.

2. Materials and Methods

The “Tigusto SA Company” (SA—Société Anonyme, Public Limited Company, Cug-
nasco, Switzerland), the agro-industrial enterprise where the study was carried out, is
located in Gerre di Sotto, Cugnasco-Locarno (Ticino, Switzerland). Its activities are mainly
focused in soybean production and manufactured products (soymilk, tofu, by-products
and co-products). The study aimed at establishing the sustainability of the whole pro-
cess from an environmental point of view and identifying and proposing improvements
that may significantly decrease the environmental impacts. Tigusto-SA is a cooperative
enterprise among small agricultural producers using crop products as raw materials and
a corporate artisan manufacturing company (https://www.tigusto.ch/; accessed on 30
March 2023; https://yellowpages.swiss/location.cfm?key=1711877&company=tigusto-
SA&art=HRB; accessed on 30 March 2023) [57,58].

https://www.tigusto.ch/
https://yellowpages.swiss/location.cfm?key=1711877&company=tigusto-SA&art=HRB
https://yellowpages.swiss/location.cfm?key=1711877&company=tigusto-SA&art=HRB
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2.1. The Tigusto SA Farming and Manufacturing System

Production activities of Tigusto Company, are carried out under a strong commitment
to ethical business and sustainable practices to minimize the environmental impact of
its operations. In fact, this cooperative is characterized by having experimented, over
time, with organic production processes for soy and other vegetable foods without any
type of additive or chemical pesticides, even those authorized by law; therefore, the term
“organic soy”, in this specific case, must be understood as “soy being completely free of
pesticides and toxic elements”, which are instead most often widely used in conventional
production systems [59]. Among other principles, the Tigusto Company refuses the use of
GMOs and is inspired by circular economy principles: in particular, preventive designs for
waste minimization and increased sustainability, the use of recyclable packaging, electric
vehicles, and biodegradable cleaning products for offices and laboratories, self-production
of photovoltaic electricity (covering about 80% of the company’s annual consumption), and
finally, environmental certifications. These are some of the initiatives voluntarily adopted
by the company [57]. Tigusto SA is, in fact, certified under several certification schemes, all
aimed at supporting organic farming practices, among which the most recognized one is the
certification given by Bio-Inspecta, a certification company involved in (i) the recognized
control and certification of organic products and branded products, (ii) fulfillment of ISO
standards and (iii) food safety regulations [60]. The marketed products are all based only
on organic agricultural materials, entirely produced (sowing, cultivation and processing) in
Ticino, a canton of Southern Switzerland, by Tigusto SA associated farmers. In recent years,
the company expanded its market beyond tofu production by providing a wide range of
soy and non-soy products such as seitan, tomato puree, several food sauces, amaretti with
chestnuts, honey cream and hazelnuts, polenta flours, as well as morsels and soy granules.

The tofu production process is implemented according to the following steps (Figure 1):

1. Agricultural phase: 15,000 kg of raw soy are grown every year, on approximately
6 hectares of non-irrigated arable land. The threshed and collected soybeans are then
dried and transported in large bags to the manufacturing company by small vans.

2. Cleaning, soaking and dehulling: soy seeds are cleaned and then soaked for about
24 h (using large tanks filled with about 15,000 L of cold water) and dehulled. After
soaking, the weight of the original soybeans doubles. Dehullers use soft, rotating
rubber rollers to remove the hulls.

3. Soymilk production phase: dehulled beans are ground in hot water to obtain milk.
Then, 150,000 L of soy milk are boiled with the aid of a propane gas boiler (about
2500 L of liquid gas). Subsequently, soy milk is separated (double hot filtration) from
the solid soy pulp or fibers, also known as okara, which is the solid residue of soy
milk remaining after filtering the milk after cooling.

4. Tofu production: the soy milk is heated in an autoclave, then the treatment continues
with the curdling, adding 750 kg of coagulant (magnesium chloride combined with
calcium chloride, so-called “nigari salts”), previously diluted in hot water. Afterwards,
the soy curd is pressed to release the excess liquid (whey permeate) using cheese cloth
or muslin. The tofu is then placed inside molds covered with cloth sheets where it is
pressed with the use of a manually adjusted press. Then, the tofu is removed from the
molds to be cut into the desired shape, and finally immersed in a large tub filled with
cold water to allow for an immediate first cooling. Afterwards, the tofu is packed in
plastic containers and stored in a vacuum.

5. The option of replacing grid electricity with electricity from agricultural residues will
also be explored in this study, although it has not yet been implemented in the Tigusto
Company.
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Figure 1. Diagram of soy and tofu production based on grid and photovoltaic electricity. Rectangular
boxes represent the different stages of the process. Inputs (chemicals, fuels, energy) are colored in red,
and outputs (tofu, okara, whey) in green. Potentially circular pathways (electricity from agricultural
residues) are depicted as dotted lines.

2.2. Methods

In this study, the analysis of the environmental impacts of a tofu company located
in Switzerland were carried out by means of the life cycle assessment (LCA) approach, a
well-recognized methodology for analyzing and assessing the environmental loads and
potential environmental impacts of a material, product or service throughout its entire life
cycle, from raw materials extraction and processing, through manufacturing, transport,
and use, to final disposal [61]. The methodologies for LCA are defined by the International
Organization for Standardization (ISO) 14040 series. LCA encompasses four phases: (1) goal
and scope definition, (2) life cycle inventory analysis (LCI), (3) life cycle impact assessment
(LCIA), and (4) interpretation of the results [62,63].

2.2.1. Goal and Scope

The study aimed at understanding the impacts of the production of intermediate
and final products of the soybean-to-tofu supply chain, including the main by-products
and co-products. In addition to the analysis of the impacts of each individual process
step, circularity scenarios were also envisaged, i.e., scenarios that assess the potential
contribution of the circular economy concepts and practices to the valorization of process
waste and residues and the reduction of impacts generated. In particular, the residues
produced by the agricultural and soybean hulling phase, i.e., straw and hulls—may be used
to produce electricity. This type of electricity is expected to be much cleaner than the grid
electricity, as we will examine in the rest of this study, and potentially useful to cover the
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residual electricity needs (20%) of the company, integrating with the already implemented
photovoltaic production. The main LCA methodological choices are described in the
following, in particular the definition of the functional unit, the identification of the system
boundaries, and the identification of the allocation procedures [63].

LCA results are usually expressed with reference to a functional unit (FU). The func-
tional unit is not (but in some cases can be) the product of a process; instead, it is the
service provided (e.g., a unit amount of raw or manufactured food on the shelf of a store,
or a number of cooked dishes served per unit time in a restaurant, or a given amount of
apples packed and carried from the farm to the grocery store or from the grocery store
to the house of the customer). In general, the FU was not the product as such, but the
product in a given condition, including transport, packaging, treatment, etc. In our case, the
chosen FU was firstly the total yearly production of soybean and tofu within the company
(25,000 kg of packaged tofu, obtained from the cultivation and processing of 15,000 kg of
organic soybeans), and secondly,1 kg or L of each intermediate and final product, in order
to make easier the comparison with other studies. The chosen LCA boundary was from
the cradle (i.e., soybean farm) to the factory exit gate (i.e., post-packaging), as it included
the procurement of raw materials, transport, production, and packaging of the finished
product. Transport to the store and from the store to the household was not included, due
to the variety of possible destinations. The system boundary of tofu production covered all
of the stages described in the diagram in Figure 1.

2.2.2. Life Cycle Inventory (LCI)

The life cycle inventory (LCI) involves the data collection and the calculation procedure
for the quantification of inputs and outputs of the studied system. This is a crucial step, since
the quality of the whole study depends on the representativeness, consistency, accuracy,
and geographical specifications of the data collected, in accordance with the ISO 14040
standards. In our case, original production data for a period of 1 year were obtained from
the company. The inventory included resource inputs required to produce and package
tofu: soybeans, water, electricity, natural gas, transportation, and packaging materials.
Foreground data, i.e., specific information about material and energy flows related to the
processes themselves, were provided by the company, while, for background data, the
database Ecoinvent 3.1, which includes average market data for most existing materials and
energy supply processes and/or services, was selected [64]. Moreover, some cut-off criteria
referring to the omission of non-relevant life cycle stages, activity types, specific processes,
and products, were applied. Fertilizers, insecticides and pesticides were not included in the
Tigusto process assessment, as the company declares that it does not use them. Seeds are
purchased by all farmers already inoculated with small doses of nitrogen-fixing bacteria,
the environmental impact of which can be considered negligible; also, the main machinery
used in the facility, such as stone mill, large tanks, autoclave, press, vacuum machine, blast
chillers, cold rooms, etc., were excluded, as it was assumed that their use is continuous (and
lasting many years) and their contribution to the single process is negligible. The analysis
focused mostly on the tofu production process steps, where most impacts are detected.
The machinery fuel used in transport from the agricultural field to the company and the
photovoltaic energy to replace grid electricity as well as the product packaging materials
were also included.

As previously highlighted, tofu production involves an array of products and co-
products, so the environmental impacts of intermediate and final processes should be
allocated to the different product systems involved. Allocation is a key methodological
issue in LCA and, in general, it is defined as: partitioning the input and/or output flows of
a process to the product system under study [65]. In practical terms, allocation is a division
of the environmental impacts according to how much the products cost/weigh/provide.
Avoidance of allocation by splitting the processes and system expansion, or the avoided
product approach, was deemed to be not easily feasible in this study [64].
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For the present analysis, an exergetic allocation was carried out, i.e., based on the
exergy content of each co-product flow in each step. This form of allocation assigns the
impacts to the co-products involved based on their actual exergy (usefulness to drive a
physical or chemical transformation of the feedstock). Exergy (generally named B) is in
fact also defined as “work potential” and measured in kJ (J) according to the following
equation: Exergy = Enthalpy − Anergy (the part of degraded energy that can no longer
be used):

∆B = ∆H − T∆S (1)

where ∆ indicates the variations occurring in the process, H indicates the enthalpy of the
energy source (fuel), T is the Kelvin temperature, and S the entropy [66].

Exergy can be defined as the share of an energy resource that can be converted to useful
work in a thermodynamically reversible process. In practice, it is a concept that allows us
to evaluate the amount of energy used and its ability to drive changes in the process. As
can be seen in the inventory Tables A1–A3 (Appendix A), a number of co-products were
generated within the process, namely straw, hulls, whey and okara, to which inflows and
outflows were allocated according to their exergy fractions (Table 1) [66,67]. This allocation
was performed by calculating the exergy of the various co-products based on the exergy
of their components (i.e., carbs, fat, protein). Then, the allocation fraction was calculated
as the percentage of the exergy content of one of the co-products compared with the total
exergy of all co-products of any analyzed process phase.

Table 1. Exergy allocation factors.

Agricultural Phase

Unit Exergy of Harvested Soybeans Unit Exergy of Straw Exergy of Co-Products

Component J/kg Component J/kg Co-Products of Phase Amount (kg) Exergy (J) Percentage (%)

Carbs 1.09 × 107 Carbs 1.12 × 107 Soybeans 16,200 5.10 × 1011 70.00
Fat 9.02 × 106 Fat 1.63 × 106 Straw 15,000 2.21 × 1011 30.00

Proteins 1.15 × 107 Proteins 1.90 × 106

Water n.a. Ash n.a.

Soybeans exergy 3.15 × 107
Straw
exergy 1.48 × 107 Total exergy 7.31 × 1011 100.00

De-hulling phase

Unit exergy of hulls Unit exergy of de-hulled soybeans Exergy of co-products

Component J/kg Component J/kg Co-Products of Phase Amount (kg) Exergy (J) Percentage (%)

Carbs 5.92 × 106 Carbs 1.12 × 107 De-hulled soybeans 15,000 3.33 × 1011 97.00
Fat 6.29 × 105 Fat 8.39 × 106 Hulls 1200 1.11 × 1010 3.00

Proteins 2.72 × 106 Proteins 8.82 × 106

Water n.a. Ash n.a.
Hulls
exergy 9.27 × 106 De-hulled

soybeans exergy 2.22 × 106 Total exergy 3.44 × 1011 100.00

Soy milk production phase

Unit exergy of soymilk Unit exergy of okara Exergy of co-products

Component J/kg Component J/kg Co-Products of Phase Amount (kg) Exergy (J) Percentage (%)

Carbs 1.33 × 106 Carbs 2.04 × 106 Soymilk 150,000 3.33 × 1011 74.00
Fat 7.97 × 105 Fat 7.26 × 105 Okara 24,000 8.71 × 1010 26.00

Proteins 7.10 × 105 Proteins 8.62 × 105

Water n.a. Ash n.a.
Soymilk
exergy 1.64 × 106 Okara

exergy 3.63 × 106 Total exergy 7.31 × 1011 100.00

Tofu production phase

Unit exergy of soy permeate (whey) Unit exergy of tofu Exergy of co-products

Component J/kg Component J/kg Co-Products of Phase Amount (kg) Exergy (J) Percentage (%)

Carbs 1.42 × 105 Carbs 2.50 × 107 Soy permeate (whey) 3704 9.98 × 108 0.01
Fat 4.20 × 104 Fat 2.77 × 108 Tofu 25,000 1.67 × 1013 99.99

Proteins 8.57 × 104 Proteins 3.67 × 108

Water n.a. Ash n.a.
Whey
exergy 2.70 × 105 Tofu

exergy 6.69 × 108 Total exergy 1.67 × 1013 100.00
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The allocation of impacts to co-products decreases to some extent the environmental
load attributable to the main products in each step and, of course, to the final product
(i.e., the produced tofu). Appendix A provides tables and footnotes describing in detail
the energy and material flows of soybean agricultural cultivation, transport, extraction
and conversion of soybeans into tofu, with calculation procedures and references for the
inputs used in each processing phase. In some cases in the literature, used for comparison,
inventories are not shown, being available in the quoted literature.

2.2.3. Life Cycle Impact Assessment (LCIA)

In the life cycle impact assessment (LCIA) phase, LCI data are associated with envi-
ronmental impact categories and indicators. LCIA was performed by means of the LCA
software OpenLCA 1.10.3. The impact assessment was performed by means of one of
the most recent and up to date LCA methods, the ReCiPe 2016 Midpoint (H) [68]. The
application of the ReCiPe Midpoint (H) method makes it possible to assess medium-term
effects, i.e., those impact categories that are closer to the actual or expected environmental
dynamics (e.g., global warming potential, acidification potential, etc.), as they are more
problem-oriented rather than damage-oriented. The 2016 ReCiPe Midpoint (H) focuses
on a hierarchical (H) approach, an intermediate viewpoint between the individualist and
egalitarian approaches, in that it considers both the effects in the shortest time period (indi-
vidualist approach) and the possible effects that may impact future generations (egalitarian
approach) [68,69]. The ReCiPe method provides characterization factors to quantify the
contribution of processes to each impact category (impacts are expressed by specific units
for each category and cannot be added) and normalization factors to allow a comparison
across categories (Europe ReCiPe Midpoint H, 2000, revised 2010). Normalization is a life
cycle impact assessment tool used to convert characterized impact indicators in a way that
allows comparison among impact categories. This procedure normalizes the characterized
results by comparing them to selected reference values for a given year and location. The
LCA impact categories explored in this study are listed in Table 2.

Table 2. ReCiPe 2016 Midpoint (H) Impact Categories.

Impact Category Label Unit

Fine particulate matter formation PMFP kg PM2.5 eq
Fossil resource scarcity FSP kg oil eq
Freshwater ecotoxicity FETP kg 1.4-DCB

Freshwater eutrophication FEP kg P eq
Global warming GWP kg CO2 eq

Human carcinogenic toxicity HCTP kg 1.4-DCB
Human non-carcinogenic toxicity HNTP kg 1.4-DCB

Ionizing radiation IRP kBq Co-60 eq
Land use LUP m2a crop eq

Marine ecotoxicity METP kg 1.4-DCB
Marine eutrophication MEP kg N eq

Mineral resource scarcity MSP kg Cu eq
Ozone formation, Human health OFHP kg NOx eq

Ozone formation, Terrestrial ecosystems OFTP kg NOx eq
Stratospheric ozone depletion ODP kg CFC11 eq

Terrestrial acidification TAP kg SO2 eq
Terrestrial ecotoxicity TETP kg 1.4-DCB
Water consumption WCP m3

2.3. The Circular Economy Framework

All co-products and by-products of the investigated Tigusto SA process (as a whole
and step-by-step) can be further processed and reentered into the market in a circular
perspective (circular scenario). The circular economy concept has been recognized recently
as an economic model to prevent waste production and excess use of virgin materials. The
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circular economy aims to keep products, materials, equipment and infrastructure in use
for a longer time, thus improving the productivity of these resources. Waste materials and
energy should become inputs for other processes through waste valorization: either as
a component for another industrial process or as regenerative resources for nature (e.g.,
compost). The implementation of CE may, therefore, limit the extraction of raw materials
and the production of waste [70]. Dotted lines in the diagram about tofu’s production
above (Figure 1) depict circular pathways that were also assessed in our LCA:

- Okara can be used either as a feed for livestock or as an integral element to produce
soy-based foods;

- Hulls and straw can be burned in small high-efficiency cogeneration boilers to generate
thermal and electrical energy, for self-consumption within the company, according
to [71–74];

- Whey (soy permeate) can be used as a food integrator (protein source), as considered
in this study. It could also be used as feedstock to produce biogas and digestate. The
latter would be useful as fertilizer in the agricultural step, while biogas could be
further processed for electricity generation.

Okara and whey are already products as such, ready for the food market, while
straw and hulls represent waste that, if not (circularly) processed, can cause additional
environmental impacts. Therefore, implementing circular pathways can represent an
opportunity to avoid the environmental burdens of waste management and primary
resources demand. In this study, straw and hulls were converted to electricity via a
thermal process.

Circular production of electricity was assessed in this study as a potential opportunity
to manage Tigusto SA waste and residues in a safer and more environmentally friendly
way, in order to decrease the demand for primary resources. The possibility of obtaining
clean electricity from soy straw and hulls combustion was emphasized, because it may
enable several companies to stop using energy sources that are less convenient in terms
of costs and emissions. Co-products okara and whey can also be considered “circular”
products, because they allow the replacement of other food items at the larger scale of the
human food chain, thus preventing additional processes and resource use. The interested
reader can find further details about the circular economy in the following articles [75–79].

3. Results

The present Results section firstly presents the full environmental assessment of
the Tigusto Company to identify its most impacting steps. Then, the comparison with
conventional tofu production and other protein sources is shown. Finally, results from the
implementation of circular options are also shown.

3.1. Assessing Environmental Impacts of Company’s Annual Production as Well as of Unit
Step-by-Step Products (Soybeans-Soymilk-Tofu)

Based on the inventories of the production processes and process steps investigated in
the Tigusto Company (Tables A1–A3, see Appendix A), a full assessment was carried out,
with the aim of highlighting the extent of the environmental impacts generated as a follow-
up of the consumption of resources as well as the airborne and waterborne emissions, from
raw soybean cropping to the final tofu production. Characterized results listed in Table 3
provide impact values for tofu production at the whole farm level through different units.
As mentioned in the previous Materials and Methods section, the use of different units
did not allow results associated with the different impact categories to be compared or
added. However, each category result could be compared to results in the same category
of other production processes or in the same process in previous years, to identify better
performances or crucial steps needing improvement actions.
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Table 3. ReCiPe Midpoint H characterized results of the annual production of 25,000 kg of organic
tofu at Tigusto Company.

Impact Category Reference Unit Tofu Organic Production

PMFP kg PM2.5 eq 1.64 × 101

FSP kg oil eq 4.90 × 103

FETP kg 1.4-DCB 9.23 × 102

FEP kg P eq 3.56 × 100

GWP kg CO2 eq 1.06 × 104

HCTP kg 1.4-DCB 4.37 × 102

HNTP kg 1.4-DCB 1.37 × 104

IRP kBq Co-60 eq 6.11 × 103

LUP m2a crop eq 1.16 × 102

METP kg 1.4-DCB 1.21 × 103

MEP kg N eq 1.08 × 101

MSP kg Cu eq 7.75 × 101

OFHP kg NOx eq 3.34 × 101

OFTP kg NOx eq 3.50 × 101

ODP kg CFC11 eq 9.66 × 10−3

TAP kg SO2 eq 4.19 × 101

TETP kg 1.4-DCB 8.92 × 104

WCP m3 3.57 × 102

To overcome the problem of comparison among categories, the LCA can apply a
“normalization” procedure, described in the Materials and Methods section, where all
characterized values are converted into standardized and comparable values by means of
normalization factors referring to specific areas and years. However, the normalization step
is an optional step, due to the subjectivity and uncertainty of some normalization factors,
according to the LCA-related regulatory standards (ISO 14040 and 14044). In this study,
we performed a normalization step by means of the 2010 global normalization factors (H),
converting Table 3 characterized values into the normalized values reported in Table A4,
Appendix A. This Table also shows the normalized values of the step-by-step soybeans to
soymilk to tofu production chain. These normalized impacts allowed a comparison among
categories, with the highest values for the final tofu produced being marine ecotoxicity
(METP, 1.17 × 103), freshwater ecotoxicity (FETP, 7.52 × 102), human carcinogenic toxicity
(HCTP, 1.58 × 102), human non-carcinogenic toxicity (HNTP, 9.19 × 101) and terrestrial
ecotoxicity (TETP, 8.61 × 101). The presence of non-negligible toxicity impacts can be
partially attributed to the use of multi-crystalline photovoltaic electricity (mining and
processing of several minerals to produce the PV modules). The presence of ionizing
radiation impacts derives from partial use of grid electricity, which in Switzerland is also
based on nuclear plants. Other impacts derive, as usually in agricultural and industrial
processes, from machinery and other resource uses.

Focusing on Figure 2, we can easily appreciate the percentages of the different char-
acterized contributions to each impact category, provided by inflows during the three
investigated phases. The dominant contribution in many impact categories mainly came
from the use of photovoltaic electricity (average 29.92%) and agricultural management and
transport (average 25.51%), due to the fuel used for machinery, followed by grid electricity
and low-density polyethylene (LDPE) used for packaging, with average values of 7.31%%
and 3.53% respectively. A much smaller contribution was provided by propane and water
use, whose average values were 0.09% and 0.001%, respectively, so they are hardly visible
in the diagram.
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Figure 2. Percentage contributions of the different inflows to the final LCA characterized results of
the production of 25,000 kg of organic tofu.

Results of the whole farm activity could be recalculated and presented with reference
to different functional units for the three investigated phases of the process (i.e., 1 kg of
soybeans, 1 L of soymilk and 1 kg of tofu instead of the annual production of the whole
farm), in order to allow an easier comparison with other case studies in the literature, most
often presented with 1 kg or 1 L functional units. The characterized ReCiPe midpoint
impacts relative to each process step are shown in Table 4. Instead, normalized values are
listed in Table A5, Appendix A.

Table 4. Characterized ReCiPe Midpoint (H) annual impacts for main products of each phase at the
Tigusto Company (inventories and total products from Tables A1–A3; exergy allocation according to
Table 1; F.U.: 1 kg of soybeans, 1 L of soy milk, 1 kg of tofu).

Impact
Category Reference Unit

Soybean
Production

(1 kg)

Soy Milk
Production

(1 L)

Tofu Production
(1 kg)

PMFP kg PM2.5 eq 6.04 × 10−4 5.34 × 10−5 6.58 × 10−4

FSP kg oil eq 8.52 × 10−2 7.47 × 10−3 1.96 × 10−1

FETP kg 1.4-DCB 2.08 × 10−2 2.46 × 10−3 3.69 × 10−2

FEP kg P eq 9.63 × 10−5 1.03 × 10−3 1.42 × 10−4

GWP kg CO2 eq 2.94 × 10−1 2.60 × 10−2 4.26 × 10−1

HCTP kg 1.4-DCB 1.13 × 10−2 1.16 × 10−3 1.75 × 10−2

HNTP kg 1.4-DCB 3.73 × 10−1 4.02 × 10−2 5.48 × 10−1

IRP kBq Co-60 eq 1.24 × 10−1 1.57 × 10−2 2.45 × 10−1

LUP m2a crop eq 8.90 × 10−3 6.82 × 10−4 4.65 × 10−3

METP kg 1.4-DCB 2.68 × 10−2 3.19 × 10−3 4.83 × 10−2

MEP kg N eq 3.65 × 10−4 3.61 × 10−5 4.31 × 10−4

MSP kg Cu eq 2.64 × 10−3 2.60 × 10−4 3.10 × 10−3

OFHP kg NOx eq 1.62 × 10−3 1.30 × 10−4 1.34 × 10−3

OFTP kg NOx eq 1.66 × 10−3 1.33 × 10−4 1.40 × 10−3

ODP kg CFC11 eq 6.45 × 10−7 5.11 × 10−8 3.86 × 10−7

TAP kg SO2 eq 1.37 × 10−3 1.24 × 10−4 1.68 × 10−3

TETP kg 1.4-DCB 2.09 × 100 2.43 × 10−1 3.57 × 10−7

WCP m3 5.51 × 10−3 1.50 × 10−3 1.43 × 10−2
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All values were calculated according to the allocation procedure described in
Section 2.2.2. The step-by-step allocation of impacts does not only provide the final charac-
terized results associated with the main products of each phase, as listed in Table 4, but
also allows calculation of the impacts allocated to co-products, i.e., hulls, straw, okara
and tofu whey, as shown in Table 5. This means that, if co-products are used instead
of being wasted and some impacts are associated with them according to their exergy
(i.e., to their potential usefulness in the economy), it is possible to assign lower impacts
to the main products, which become more “environmentally competitive”. Further, if
by-products or co-products are used within the company according to a circular pattern
(e.g., for replacement of fossil-based fertilizers or energy), their impacts can be compared
with the impacts of the replaced items. In the following sections of this paper, straw and
hulls were considered as potential substrates for thermal electricity production, instead of
fossil fuels. The calculation procedure also included the impacts allocated to these items
and converted them into impacts of the generated electricity. Instead, okara and whey
could be converted into food integrators, with their allocated impacts to be added to the
final food items generated.

Table 5. Characterized ReCiPe Midpoint (H) annual impacts for co-products of each phase at the
Tigusto Company (inventories and total products from Tables A1–A3; exergy allocation according to
Table 1; F.U. 1 kg or 1 L of each co-product).

Impact Category Reference Unit Straw
(1 kg)

Hulls
(1 kg)

Okara
(1 kg)

Whey
(1 L)

PMFP kg PM2.5 eq 4.56 × 10−4 2.33 × 10−4 1.17 × 10−4 4.44 × 10−6

FSP kg oil eq 6.61 × 10−2 3.29 × 10−2 1.64 × 10−2 1.33 × 10−3

FETP kg 1.4-DCB 3.95 × 10−3 8.06 × 10−3 5.40 × 10−3 2.49 × 10−4

FEP kg P eq 3.86 × 10−5 3.72 × 10−5 2.26 × 10−5 9.62 × 10−7

GWP kg CO2 eq 2.22 × 10−1 1.14 × 10−1 5.71 × 10−2 2.88 × 10−3

HCTP kg 1.4-DCB 5.51 × 10−3 4.37 × 10−3 2.55 × 10−3 1.18 × 10−4

HNTP kg 1.4-DCB 1.44 × 10−1 1.44 × 10−1 8.82 × 10−2 3.70 × 10−3

IRP kBq Co-60 eq 6.77 × 10−3 4.80 × 10−2 3.44 × 10−2 1.65 × 10−3

LUP m2a crop eq 8.73 × 10−3 3.44 × 10−3 1.50 × 10−3 3.14 × 10−5

METP kg 1.4-DCB 4.57 × 10−3 1.04 × 10−2 7.01 × 10−3 3.26 × 10−4

MEP kg N eq 2.05 × 10−4 1.41 × 10−4 7.93 × 10−5 2.91 × 10−6

MSP kg Cu eq 1.50 × 10−3 1.02 × 10−3 5.71 × 10−4 2.10 × 10−5

OFHP kg NOx eq 1.48 × 10−3 6.26 × 10−4 2.85 × 10−4 9.03 × 10−6

OFTP kg NOx eq 1.51 × 10−3 6.41 × 10−4 2.93 × 10−4 9.46 × 10−6

ODP kg CFC11 eq 6.02 × 10−7 2.49 × 10−7 1.12 × 10−7 2.61 × 10−9

TAP kg SO2 eq 9.93 × 10−4 5.31 × 10−4 2.72 × 10−4 1.13 × 10−5

TETP kg 1.4-DCB 4.53 × 10−1 8.06 × 10−1 5.33 × 10−1 2.41 × 10−2

WCP m3 2.46 × 10−3 2.13 × 10−3 3.30 × 10−3 9.65 × 10−5

3.2. Comparison between Conventional and Organic Tofu: A Sensitivity Analysis

Results from Tigusto Company, concerning the whole production chain, including
products as well as by-/co-products from each process step, were compared with average
conventional production and processing techniques from selected works in the litera-
ture [63,80], always adjusted to a functional unit of 25,000 kg/yr of produced tofu, as
in Tigusto Company. Comparing the results of the two assessments (based on organic
Tigusto SA and average Switzerland conventional production) offered the possibility of
verifying the investigated case study with the larger performance of the country. A similar
comparison can be performed with other results available in the database Ecoinvent 3.1,
for average performance of Europe and average worldwide performance [63]. Of course,
calculations were based on different inventories, applying the same analytical procedures,
functional units, and system boundaries. Such comparison aims at providing a sensitivity
analysis of the investigated process, to serve as a basis for suggestions for potential im-
provements. While the inventory for the Tigusto Company is listed in Tables A1–A3, as
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previously mentioned, the inventory for average conventional production is taken from
the quoted literature. In the conventional agricultural production phase for soybeans,
both pesticides and fertilizers were included, and the electricity was produced from fossil
fuels; in the second phase, i.e., production of soymilk, conventional soybeans and fossil
electricity were used; finally, for tofu production, the soymilk produced in the previous
phase was treated by using electricity from the Swiss national network. Since soybean is a
nitrogen-fixer, fertilization was exclusively by application of potassium (as K2O), phospho-
rus (as P2O5) and other inflows (such as irrigation, green manure, pesticides, solid manure,
etc.) whose values were obtained from the Ecoinvent database [63]. The comparison of
characterized impacts for conventional and organic tofu production is shown in Table 6
(higher impacts in bold font), while, the comparison of normalized impacts is shown in
Table A6, confirming that the use of fertilizers and chemicals as well as fossil electricity
may generate non-negligible environmental disadvantages in several categories, such as in
ionizing radiation (IRP), marine eutrophication (MEP) and stratospheric ozone depletion
(ODP). However, a problem remained regarding how to manage a few impact categories of
the investigated organic tofu production in the Tigusto process, for which an increase in
impacts still occurred (e.g., three toxicity categories and mineral resource scarcity, likely
due to minerals and metals used in current PV module production, as well as fossil resource
scarcity and global warming potential impacts, due to the fraction of grid electricity still
used). It might be more sustainable to replace the electricity from traditional silicon photo-
voltaic modules with new-generation photovoltaics (for example, perovskite PV, [80,81]),
which may guarantee much higher electricity production (conversion efficiency of 15%
instead of 10%) and therefore, proportionally lower impacts. Further, the company may
try to use electricity from other sources (e.g.,: wind or hydro), or electrical self-production
from agricultural and process residues, as suggested later in this study, within a circular
framework, to replace grid electricity. It is worth noting that the toxicity impacts due to
photovoltaic electricity (both PV module materials and the still low efficiency of modules)
call for improved photovoltaics but have no direct consequences for the quality of the food
produced.

Table 6. Comparison of ReCiPe Midpoint (H) characterized results of conventional and organic tofu
production (F.U. 25,000 kg of the product). Higher impacts highlighted in bold font.

Impact Category Reference Unit Tigusto Organic Tofu Conventional Tofu

PMFP kg PM2.5 eq 1.64 × 101 2.50 × 101

FSP kg oil eq 4.90 × 103 5.08 × 103

FETP kg 1.4-DCB 9.23 × 102 4.50 × 102

FEP kg P eq 3.56 × 100 4.61 × 100

GWP kg CO2 eq 1.06 × 104 1.49 × 104

HCTP kg 1.4-DCB 4.37 × 102 4.67 × 102

HNTP kg 1.4-DCB 1.37 × 104 1.43 × 104

IRP kBq Co-60 eq 6.11 × 103 1.39 × 104

LUP m2a crop eq 1.16 × 102 1.53 × 102

METP kg 1.4-DCB 1.21 × 103 4.51 × 102

MEP kg N eq 1.08 × 101 2.18 × 101

MSP kg Cu eq 7.75 × 101 7.09 × 101

OFHP kg NOx eq 3.34 × 101 3.85 × 101

OFTP kg NOx eq 3.50 × 101 3.99 × 101

ODP kg CFC11 eq 9.66 × 10−3 1.15 × 10−1

TAP kg SO2 eq 4.19 × 101 9.23 × 101

TETP kg 1.4-DCB 8.92 × 104 2.04 × 104

WCP m3 3.57 × 102 4.66 × 103

3.3. Tofu vs. Meat: Comparison of Impacts, Based on Similar Protein Content

A growing number of studies suggest tofu to be competitive with meat products [82] in
terms of environmental impacts. The large environmental load from beef meat production
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is mainly due to the large demand for agricultural resources, e.g., soil and groundwater
(for example, 1 kg of beef may require up to 15,000 L of water [83], although in the cases in
the literature investigated in this study, water demand was “only” about 3800 L (Table A7,
Appendix A). The main problems are likely represented by the limited efficiency of livestock
to convert biomass into proteins compared to soy and other animal species (e.g., snails,
fishes and—in some cases—insects) and by the large amounts of emissions associated
with livestock feed production and metabolism [84–91]. We recently investigated fish
food production in sustainable aquaculture with the implementation of circular patterns;
the interested reader may refer to this study [92] for additional comparison. A more
recent, although interesting, option, the so-called “cultivated meat” [93–95], is still in a
research stage and could not be included in the present study due to lack of suitable
production data. Comparing forage-based feeds with other inflows providing a higher
protein content, the former emit more methane (CH4), while the latter can generate up to
33% nitrogen (N2O) emissions [89]. In this study, we compared three different kinds of
protein-rich food (beef meat, snails, tofu), with the aim of understanding the environmental
sustainability of different dietary behaviors. A functional unit equal to 1 kg of meat was
selected, corresponding to about 22% of proteins by weight, and adopted as reference for
the comparison. For tofu and snails, the functional units were adjusted to their nutritional
value and protein content (13% for snails and 17.7% for tofu, according to [96,97]), yielding
a final comparison of 1 kg of beef, 1.24 kg of organic tofu and 1.62 kg of snails. For the
evaluation of the impacts of beef, an inventory table was extracted from Asem-Hiablie et al.,
2019 [84]; for snail production, the inventory was taken from Zucaro et al., 2016 [96]. The
LCA impacts were calculated in terms of the selected functional units, and the resulting
characterized values are listed in more detail in Table A7, Appendix A. The latter Table
shows that the three food alternatives perform very differently in each category and do
not show the same behavior. Instead, for the sake of full comparison, Table 7 shows the
normalized values, which can be added into a total. In the last line of Table 7, the totals
of normalized values show that snail production is the less impacting process, followed
by tofu, while meat production ranks third, 20.5 times more impacting than tofu and
63.4 times more impacting than snails. Tofu shows a global impact 3.09 times higher than
that of snails.

Table 7. Comparison of ReCiPe Midpoint (H) normalized impacts from meat, snails and organic tofu
production (F.U. 1 kg of meat, 1.62 kg of snails vs. 1.24 kg of organic tofu).

Impact Category Tofu 1.24 kg Snails 1.62 kg Meat 1 kg

PMFP 3.19 × 10−5 5.62 × 10−5 8.97 × 10−4

FSP 2.48 × 10−4 1.21 × 10−4 9.33 × 10−3

FETP 3.73 × 10−2 6.43 × 10−3 6.98 × 10−1

FEP 2.72 × 10−4 1.91 × 10−4 4.97 × 10−3

GWP 6.61 × 10−5 6.07 × 10−5 3.92 × 10−3

HCTP 7.83 × 10−3 4.55 × 10−3 2.72 × 10−1

HNTP 4.56 × 10−3 1.29 × 10−2 9.16 × 10−2

IRP 6.31 × 10−4 6.71 × 10−5 1.63 × 10−3

LUP 9.35 × 10−7 6.22 × 10−7 2.29 × 10−5

METP 5.80 × 10−2 1.04 × 10−2 1.05 × 100

MEP 1.16 × 10−4 4.01 × 10−4 1.41 × 10−1

MSP 3.20 × 10−8 1.84 × 10−8 1.24 × 10−6

OFHP 8.05 × 10−5 7.08 × 10−5 1.86 × 10−3

OFTP 9.77 × 10−5 8.41 × 10−5 2.23 × 10−3

ODP 8.00 × 10−6 9.41 × 10−5 6.41 × 10−3

TAP 5.07 × 10−5 1.92 × 10−4 1.47 × 10−3

TETP 4.27 × 10−3 7.28 × 10−4 3.62 × 10−2

WCP 6.64 × 10−5 5.49 × 10−4 1.43 × 10−2

TOTAL 1.14 × 10−1 3.69 × 10−2 2.34 × 100
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3.4. Decreased Impacts from Feedback Processing of By-Products: A Potential Circular
Economy Approach

The development of a circular scenario, based on the use and valorization of process
residues, is aimed at proposing alternative solutions to ensure further improvement in the
sustainability of organic tofu production, which was among the main objectives of this work.
The improvement is based on the use of selected co-products and by-products in order to
obtain more sustainable alternative energy sources, fertilizers, and biochemicals. The goal is
the integration (or maybe partial replacement) of the already available photovoltaic energy
sources with additional electricity generated by the combustion of hulls and straw, in order
to replace fossil-based electricity in the grid. As mentioned above, okara (co-product of
soymilk) and whey (co-product of tofu production) were not included in the production
of energy because they already are finished products that can be placed as such directly
in the market and sold as food integrators [88,89]. They were not further investigated
in this study. Instead, the conversion of by-product straw and hulls into electricity was
analyzed by applying the same LCA approach carried out for the tofu life cycle analysis.
Therefore, an inventory table was constructed (Table A8, Appendix A) and characterized
impacts compared with fossil and photovoltaic electricity are shown in Table 8 (lower
impacts highlighted in italics; larger impacts in bold; regular font for intermediate results).
Further, in order to fully understand the potential environmental benefits of such a choice,
normalized impacts are shown also, in Table A9.

Table 8. Comparison of characterized impacts of in-house generated electricity compared with grid
electricity mix and in-house photovoltaic production (F.U. 1 kWh of electricity product) (*).

Impact Category Reference Unit Electricity from Waste Grid Electricity Photovoltaic Electricity

PMFP kg PM2.5 eq 3.29 × 10−4 1.07 × 10−4 1.95 × 10−4

FSP kg oil eq 4.77 × 10−2 3.36 × 10−2 2.05 × 10−2

FETP kg 1.4-DCB 2.85 × 10−3 3.26 × 10−3 2.24 × 10−2

FEP kg P eq 2.79 × 10−5 7.51 × 10−5 6.38 × 10−5

GWP kg CO2 eq 1.60 × 10−1 1.19 × 10−1 7.87 × 10−2

HCTP kg 1.4-DCB 3.97 × 10−3 5.18 × 10−3 6.58 × 10−3

HNTP kg 1.4-DCB 1.04 × 10−1 8.16 × 10−2 3.02 × 10−1

IRP kBq Co-60 eq 4.89 × 10−3 6.34 × 10−1 1.10 × 10−2

LUP m2a crop eq 6.30 × 10−3 4.33 × 10−4 4.84 × 10−4

METP kg 1.4-DCB 3.30 × 10−3 4.51 × 10−3 2.94 × 10−2

MEP kg N eq 1.48 × 10−4 7.62 × 10−4 5.03 × 10−5

MSP kg Cu eq 1.08 × 10−3 7.02 × 10−4 1.47 × 10−3

OFHP kg NOx eq 1.07 × 10−3 1.65 × 10−4 2.13 × 10−4

OFTP kg NOx eq 1.09 × 10−3 1.68 × 10−4 2.23 × 10−4

ODP kg CFC11 eq 4.34 × 10−7 1.42 × 10−7 4.70 × 10−8

TAP kg SO2 eq 7.17 × 10−4 2.65 × 10−4 4.96 × 10−4

TETP kg 1.4-DCB 3.27 × 10−1 2.37 × 10−1 2.25 × 100

WCP m3 1.77 × 10−3 6.46 × 10−3 2.83 × 10−3

(*) Lower impacts are highlighted as Italics; larger impacts as bold; regular font is used for intermediate results.

A new inventory table for circular organic tofu production, including self-generated
electricity, can be seen in Appendix A, Table A10. All final characterized impacts assessed
in the circularly improved organic tofu production cycle, which also included impacts
obtained from the in-house production of electricity from agricultural waste, are reported
in Table 9 and diagrammed in Figure A1, Appendix A. The comparison of the resulting
impacts assessed for the three types of tofu production showed that the circular waste-
electricity organic production pattern has potential to provide very satisfactory results
(circular scenario), with lower impacts (shown in italics) in 17 out of 18 impact categories
(only TETP showed an intermediate result). Normalized results shown in Table 10 still
confirmed the same performance. Results from conventional tofu production showed
14 categories with higher impacts (bold font). Results from PV-electricity organic production
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showed the worst performance in four impact categories (bold), as expected. The last line
of normalized Table 10 shows the best total impact from circular production and the worst
performance from PV-based production, although very similar to the conventional one, as
already mentioned, due to the FETP, METP and TETP categories. The PV-based case clearly
shows that the focus on decreasing fossil fuel use and GWP did reach the planned goal, but
still needs a technological PV improvements to lower a few toxicity impacts.

Table 9. Comparison of ReCiPe Midpoint (H) characterized impacts of tofu production under three
proposed patterns (conventional, PV-electricity organic, circular waste-electricity organic). F.U.:
Annual production of 25,000 kg of tofu, as in Tigusto Company. (*).

Impact Category Reference Unit Conventional Tofu
Production

PV-Electricity Organic
Tofu Production

Circular Scenario: Waste-Electricity
Organic Tofu Production

PMFP kg PM2.5 eq 2.50 × 101 1.64 × 101 1.01 × 101

FSP kg oil eq 5.08 × 103 4.90 × 103 3.70 × 103

FETP kg 1.4-DCB 4.50 × 102 9.23 × 102 2.60 × 102

FEP kg P eq 4.61 × 100 3.56 × 100 1.08 × 100

GWP kg CO2 eq 1.49 × 104 1.06 × 104 6.96 × 103

HCTP kg 1.4-DCB 4.67 × 102 4.37 × 102 2.00 × 102

HNTP kg 1.4-DCB 1.43 × 104 1.37 × 104 4.65 × 103

IRP kBq Co-60 eq 1.39 × 104 6.11 × 103 2.11 × 102

LUP m2a crop eq 1.53 × 102 1.16 × 102 1.06 × 102

METP kg 1.4-DCB 4.51 × 102 1.21 × 103 3.36 × 102

MEP kg N eq 2.18 × 101 1.08 × 101 2.83 × 100

MSP kg Cu eq 7.09 × 101 7.75 × 101 3.17 × 101

OFHP kg NOx eq 3.85 × 101 3.34 × 101 2.62 × 101

OFTP kg NOx eq 3.99 × 101 3.50 × 101 2.75 × 101

ODP kg CFC11 eq 1.15 × 10−1 9.66 × 10−3 7.44 × 10−3

TAP kg SO2 eq 9.23 × 101 4.19 × 101 2.54 × 101

TETP kg 1.4-DCB 2.04 × 104 8.92 × 104 2.62 × 104

WCP m3 4.66 × 103 3.57 × 102 2.18 × 102

(*) Lower impacts are highlighted as Italics; larger impacts as bold; regular font is used for intermediate results.

Table 10. Comparison of ReCiPe Midpoint (H) normalized impacts of tofu production under three
proposed patterns (conventional, PV-based organic, circular biomass-based organic). F.U.: Annual
production of 25,000 kg of tofu, as in Tigusto Company. (*).

Impact Category Conventional Tofu Production PV-Electricity
Organic Tofu Production

Circular Scenario:
Waste-Electricity Organic Tofu Production

PMFP 9.78 × 10−1 6.43 × 10−1 3.95 × 10−1

FSP 5.18 × 100 5.00 × 100 3.77 × 100

FETP 3.66 × 102 7.52 × 102 2.12 × 102

FEP 7.10 × 100 5.48 × 100 1.67 × 100

GWP 1.87 × 100 1.33 × 100 8.71 × 10−1

HCTP 1.69 × 102 1.58 × 102 7.23 × 101

HNTP 9.59 × 101 9.19 × 101 3.12 × 101

IRP 2.88 × 101 1.27 × 101 4.39 × 10−1

LUP 2.48 × 10−2 1.88 × 10−2 1.72 × 10−2

METP 4.37 × 102 1.17 × 103 3.25 × 102

MEP 4.74 × 100 2.34 × 100 6.14 × 10−1

MSP 5.91 × 10−4 6.46 × 10−4 2.64 × 10−4

OFHP 1.87 × 100 1.62 × 100 1.27 × 100

OFTP 2.25 × 100 1.97 × 100 1.55 × 100

ODP 1.93 × 100 1.61 × 10−1 1.24 × 10−1

TAP 2.25 × 100 1.02 × 100 6.20 × 10−1

TETP 1.97 × 101 8.61 × 101 2.53 × 101

WCP 1.75 × 101 1.34 × 100 8.17 × 10−1

TOTAL 1.16 × 103 2.29 × 103 6.79 × 102

(*) Lower impacts are highlighted as Italics; larger impacts as bold; regular font is used for intermediate results.
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4. Discussion

The results of this research were very diverse and require a careful evaluation and
discussion. The study was divided in three main parts:

(a) Assessment of soybeans-to-tofu organic production at the Tigusto Company, Switzer-
land, with a focus on the different phases, identification of the most impacting inflows
to the process, and allocation of impacts to main products and by/co-products over
the production chain;

(b) Comparison of impacts of tofu and other sources of proteins (livestock meat and
snails), on the basis of similar protein amounts;

(c) Assessment of circular opportunities to decrease resource demand and impacts over
the production process: (i) assessment of LCA impacts of electricity production from
tofu wastes and comparison with impacts from photovoltaic and grid electricity;
(ii) comparison of conventional (grid-electricity), Tigusto organic (PV-electricity) and
circular organic (waste-electricity) tofu production.

The assessments first related calculations of impacts to the size of the whole Tigusto
Company: 15,000 kg soybeans produced, converted to 150,000 L of soymilk due to a
proportional addition of water in the process, and finally to 25,000 kg of tofu, together with
a set of by- and co-products. Secondly, smaller and more practical functional units were
also used: 1 kg of soybeans originating 10 L of soymilk, and that 10 L of soymilk converted
to 1.66 kg of tofu. As a consequence, the selected functional units (whole amounts at
farm scale and unit amounts at usual market scale) required careful comparison over the
step-by-step characterized and normalized values, for a full understanding of the actual
growth of impacts.

4.1. Soybeans-to-Tofu Organic Production at the Tigusto Company

Figure 2 clearly depicts the heavy contribution of electricity (photovoltaic and grid) as
well as agricultural management to the whole process. Agricultural management still uses
fossil fuels for soil tillage and transport of commodities, mainly contributing to fossil re-
source depletion, global warming, and particulate matter emissions; photovoltaic electricity
generates high toxicity levels from mineral extraction and industrial processing, while grid
electricity still contributes to global warming and fossil resource depletion. Undoubtedly,
although Tigusto organic production prevents direct damages associated with food intake
thanks to the avoidance of chemical fertilizers and pesticides, large scale impacts still exist,
as decreased fossil fuel use unfortunately was replaced by not yet efficient PV-electricity
plants with larger toxicological impacts, thus shifting instead of decreasing the burden.
Both fossil and photovoltaic electricity require efficiency increases and less impactful pro-
cesses (e.g., less and better fossil resources, replacement with biogas and hydrogen when
possible, new typologies of photovoltaics instead of multi-crystalline modules). However,
these results indicate a clear direction toward more efficient photovoltaics and production
development independent of fossil fuels.

Assessing impacts of by-products and co-products (Table 5) allows their full and better
use: okara and whey may replace other food components (integrators) [90], while hulls
and straw may be converted to heat and electricity, thus favoring resource use and reduced
impacts at local and larger scales.

4.2. Tofu vs. Meat

The large number of studies in the literature as well as claims about the huge resource
cost of livestock meat consumption compared to other dietary habits seem to be confirmed
by the normalized impacts in Table 7, where functional units have been selected in order to
ensure the same amount of proteins and approximately similar amounts of other compo-
nents. As is well known, normalization allows us to add the different impacts into a total
that may provide an approximate assessment of the performance of each food typology.
Comparison results in Table 7 confirm the findings of previous studies in the literature,
suggesting that dietary habits be slowly transitioned to other kinds of protein foods (not
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necessarily those in Table 7 only). Nevertheless, meat shows very large impacts compared
to tofu and snails. It may be time to start shifting dietary habits toward less impacting
categories of animal proteins and the very diverse existing categories of vegetable proteins.

From a nutritional point of view, it has been observed that, based on the protein
content alone, it takes about 1.24 kg of tofu to supply the 210 g of protein in 1 kg of meat, as
100 g of steak provides about 20.9 g of protein versus 17.3 g of protein in 100 g of tofu [97,98].
In a like manner, 1.62 kg of snails are needed to supply the protein content in 1 kg of meat.
Of course, very likely more tofu and snails may be needed to meet other dietary needs that
meat provides, such as, for example, the iron content or vitamin B, especially B12, of which
meat is a rich source. In fact, 1 kg of beef steak provides about 19.50 mcg of vitamin B12 and
3.23 mg of Fe; tofu is deficient in vitamin B, but has 2.68 mg of Fe, a considerable amount
that is not far from that present in meat [99,100]. Snail is also a good source of iron, excellent
for fighting anemia, with an iron content between 5.75 to 26.6 mg (the latter as in the giant
African snail Achatina fulica) [100]. Changes in dietary habits should integrate tofu with the
same amount of vitamin B12 provided by meat. Traces of B12 may be present in soy milk
(0.85 µg) or some fermented soy foods such as tempeh (0.08 µg), but the reported amounts
are so low as to be considered virtually negligible [101,102]. Therefore, the present study
should be followed by an appropriate assessment of the food alternatives that include all
of the needed components in addition to proteins. This is a goal for future research.

4.3. Circular Opportunities in Tofu Production

The circular economy is becoming a very popular issue in economic and environmental
studies and policies. This option does not only refer to recycling of resources (minerals, met-
als, paper, textiles) but also focuses on better process design and use of by-products within
a process (e.g., combustion of straw and hulls for electricity in this study) or appropriate
use of co-products in expanded boundary conditions (e.g., whey and okara used as food
integrators). We accounted for the circularity of whey and okara simply by allocating to
them a fraction of soybean and tofu production impacts and assuming they be used in other
steps of the food chain, carrying lower impacts than other, traditional food items. Instead,
the use of hulls and straw as substrates for thermal production of electricity offers a circular
option to replace at least a fraction of photovoltaic or grid power. Table 8 shows very
clearly that the three options (bio-electricity, fossil fuel-based electricity and PV electricity)
carry pros and cons in terms of lower impacts (italic font) and higher impacts (bold font) or
intermediate ones. Of course, font types do not fully express the actual magnitude of values
(in some a way ignoring the existing ranges), so when characterized values in Table 9 are
compared or normalized values in Table 10 are added into a total, it may be hard to properly
account for the actual intensity of each value and compare correctly. An appropriate mix of
sources (grid, biomass residues, PV power, and more) or a more efficient power production
process may help decrease the excess toxicity of PV power or the greenhouse impacts of
fossil fuels in the grid and transport, or finally, the impacts from bio-waste landfilling,
in designing a new tofu production process characterized by a better power mix and a
more appropriate use of this power for management, transport and tofu production. In
this study, we did not manage to identify the appropriate mix, because it clearly depends
on the local yields, the type of process and the uncertainty and variability of the different
situations (e.g., land fertility, climate, water availability). However, Table 9 (characterized
values) and Table 10 (normalized values) show that tofu production supported by the
circular use of waste for electricity lowers most of its impacts by replacing fractions of
PV and grid power with bio-residue-based electricity, while photovoltaic-based organic
tofu production is not far from competing with conventional fossil fuel-based production,
provided sun-to-electricity efficiency grows by a few percent, or bio-based PV technology
fulfills current promises. If this happens, fossil fuels will no longer be a limiting factor and,
at the same time, much less impacting production processes will develop.
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4.4. Takeaway Lesson

Assessing the different steps of organic tofu production powered by PV electricity at
the Tigusto Company (Switzerland) provided a large number of unexpected results. First of
all, replacing grid electricity with photovoltaic electricity may be enough to definitely lower
the impacts of PV-based production processes, provided more efficient and bio-based PV is
realized and an appropriate PV/fossil power mix is identified. A similar problem occurs in
the biomass-based and PV-based electricity mix, which still lowers the impacts of circular
tofu production to a very competitive extent: in fact, in the specific soy-to-tofu supply
chain, power from biomass is limited by the availability of lignocellulosic residues from the
agricultural phase (unless other lignocellulosic matter is imported from outside, which was
excluded in the present assessment to test the self-sufficiency of the system), which means
that further improvements can only be achieved through innovative PV technologies (e.g.,
bio-photovoltaics [103,104], perovskite modules [75,80]).

Results show huge impacts from meat production and use, much more than from
the tofu food chain. This means that, although efforts for better technology and energy
sources are certainly appropriate, dietary diversity may also be part of the solution. Not
only are impacts for production of meat extremely harmful, compared to those of tofu
and snails (as appears evident from Tables 7 and A7), but these results add to nutritional
studies that confirm meat-related common diseases (e.g.,: type 2 diabetes, various forms of
cancer, obesity, cardiovascular diseases [105,106]), thus suggesting that high consumption
of livestock meat at the same time affects environmental integrity and human health. In
contrast, the impacts of snail farming do not differ much from those of tofu, suggesting the
possibility for the consumer to decrease their consumption of meat or to move toward more
sustainable animal products, such as snails or even insects, both of which are considered
healthier and higher in protein than beef by about one billion of world population [91,92].
Tofu, being a food that is high in nutritional value and, above all, low in fat and calories [98],
may provide protection against the onset of cancer and obesity, high cholesterol levels,
cardiovascular disease and hyperlipidemia [106]. This does not mean necessarily approach-
ing a vegetarian or vegan world, but at least starting to consider dietary products that are
less harmful to human health and the environment, to decrease as much as possible the
consumption of intensively farmed beef. An ideal diet model, now widespread all over the
world, is represented by the Mediterranean diet, which allows one to consume plant and
animal foods in a much more balanced way, managing to limit the consumption of meat
and to preserve human well-being [107].

Finally, the mentioned example of waste biomass use for power production within
a circular economy perspective is only one of the potential alternatives for better use of
by-products and co-products of agro-industrial processes. More research is still needed to
identify new pathways and develop more efficient conversion processes capable of properly
valuing co-products, waste and residues as well as decrease waste-to-landfill patterns and
virgin resource demand. Once again, the issue is not to identify the magic bullet to solve
any kind of problem, but instead to design an appropriate mix of dietary habits, resource
and technology mixes and circular economy processes to decrease to the largest possible
extent our load on nature and personal health.

5. Conclusions

The environmental performances of food alternatives dealt with in this study provided
an interesting and complex picture of dietary impacts and potential changes, based on
the life cycle assessment approach. This work showed that from the point of view of
production, the benefits of processing by-products to generate energy were significant
in terms of moving toward more sustainable methods of tofu production. From the a
perspective of overall circularity, transitioning the entire tofu supply chain has led to
further improvements in the entire system, from the use of resources to the use of water
and energy, including the disposal of waste from the tofu production process. From an
environmental point of view, in the context of protein sources use (meat, snails, tofu), this
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work showed very high resource demand by, and impact generation from, beef production,
indicating that alternatives are needed. Snail breeding was also assessed and proved
to be advantageous, with much lower environmental damage than cattle farming and,
in some categories, even compared to tofu. Improving all of the investigated systems
would require decreasing fossil-based agricultural management [108,109] and transport,
improving power sources, and finally, a circular perspective capable of valuing residues
and wastes, in addition to increasing efficiency. In conclusion, the solution cannot be
found in the radical implementation of the “perfect” protein source, electricity source,
or technological tool, but rather in a wise and complex production pattern capable of
valorizing nutritional content, energy content, the availability and renewability of products,
co-products and by-products, as well as dietary habits within a sustainability approach and
circular economy perspective.
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Appendix A

Table A1. Inventory of Annual Soybean Production at Tigusto Company (F.U.: 15,000 kg soybeans).

Item Unit Quantity

Input
Soil occupation, arable, non-irrigated ha 6

Sowing ha 6
Soybean seeds, for sowing kg 641.4

Ploughing ha 6
Combine harvesting ha 6

Polyethylene (two bags) kg 250
Lorry diesel, 3.5–7.5 metric tons for transport kg × km 6000

Lorry electric, 3.5–7.5 metric tons for transport kg × km 3000
Photovoltaic electricity kWh 10,800

Grid electricity kWh 2700
Tap water L 15,000

Output
Soybeans kg 15,000

Straw kg 15,000
Hulls kg 1200

Table A2. Inventory of Annual Soymilk Production at Tigusto Company (F.U.: 150,000 L of soymilk).

Item Unit Quantity

Input
Tap water L 187,500

Grid electricity kWh 1900
Photovoltaic electricity kWh 7600

Soybeans kg 15,000
Gas propane L 25,000

Output
Soymilk L 150,000

Okara (protein food) kg 24,000
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Table A3. Inventory of Annual Tofu Production at Tigusto Company (F.U.: 25,000 kg tofu).

Item Unit Quantity

Input
Magnesium chloride kg 750

Polyethylene for packaging kg 1750
Gas propane L 3500

Soymilk L 150,000
Grid electricity kWh 1000

Photovoltaic electricity kWh 4000
Output

Tofu kg 25,000
Heat MJ 10,125

Whey of tofu kg 3703.7

Table A4. Normalized ReCiPe Midpoint (H) impacts of global annual tofu production at Tigusto
Company (inventories and total products from Tables A1–A3; exergy allocation according to Table 1;
F.U.: 15,000 kg of soybeans; 150,000 L of soymilk; 25,000 kg of organic tofu).

Impact Category Soybeans Soymilk Tofu

PMFP 3.54 × 10−1 3.13 × 10−1 6.43 × 10−1

FSP 1.30 × 100 1.14 × 100 5.00 × 100

FETP 2.55 × 102 3.01 × 102 7.52 × 102

FEP 2.22 × 100 2.38 × 100 5.48 × 100

GWP 5.52 × 10−1 4.88 × 10−1 1.33 × 100

HCTP 6.12 × 101 6.28 × 101 1.58 × 102

HNTP 3.75 × 101 4.04 × 101 9.19 × 101

IRP 3.87 × 100 4.89 × 100 1.27 × 101

LUP 2.16 × 10−2 1.66 × 10−2 1.88 × 10−2

METP 3.90 × 102 4.64 × 102 1.17 × 103

MEP 1.19 × 100 1.18 × 100 2.34 × 100

MSP 3.30 × 10−4 3.25 × 10−4 6.46 × 10−4

OFHP 1.18 × 100 9.47 × 10−1 1.62 × 100

OFTP 1.40 × 100 1.13 × 100 1.97 × 100

ODP 1.62 × 10−1 1.28 × 10−1 1.61 × 10−1

TAP 5.03 × 10−1 4.54 × 10−1 1.02 × 100

TETP 3.02 × 101 3.52 × 101 8.61 × 101

WCP 3.10 × 10−1 8.46 × 10−1 1.34 × 100

TOTAL 7.87 × 102 9.17 × 102 2.29 × 103

Table A5. Normalized ReCiPe Midpoint (H) impacts of the main products of each phase at the
Tigusto Company (inventories and total products from Tables A1–A3; exergy allocation according to
Table 1; F.U.: 1 kg of soybeans, 1 L of soy milk, 1 kg of tofu).

Impact Category Soybeans Soymilk Tofu

PMFP 2.36 × 10−5 2.09 × 10−6 2.57 × 10−5

FSP 8.69 × 10−5 7.61 × 10−6 2.00 × 10−4

FETP 1.70 × 10−2 2.00 × 10−3 3.01 × 10−2

FEP 1.48 × 10−4 1.59 × 10−5 2.19 × 10−4

GWP 3.68 × 10−5 3.26 × 10−6 5.33 × 10−5

HCTP 4.08 × 10−3 4.19 × 10−4 6.32 × 10−3

HNTP 2.50 × 10−3 2.69 × 10−4 3.68 × 10−3

IRP 2.58 × 10−4 3.26 × 10−5 5.09 × 10−4

LUP 1.44 × 10−6 1.10 × 10−7 7.54 × 10−7

METP 2.60 × 10−2 3.09 × 10−3 4.68 × 10−2

MEP 7.92 × 10−5 7.84 × 10−6 9.35 × 10−5
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Table A5. Cont.

Impact Category Soybeans Soymilk Tofu

MSP 2.20 × 10−8 2.17 × 10−9 2.58 × 10−8

OFHP 7.87 × 10−5 6.31 × 10−6 6.49 × 10−5

OFTP 9.34 × 10−5 7.50 × 10−6 7.88 × 10−5

ODP 1.08 × 10−5 8.53 × 10−7 6.45 × 10−6

TAP 3.35 × 10−5 3.03 × 10−6 4.09 × 10−5

TETP 2.01 × 10−3 2.34 × 104 3.44 × 10−3

WCP 2.07 × 10−5 5.64 × 10−6 5.35 × 10−5

TOTAL 5.24 × 10−2 6.11 × 10−3 9.16 × 10−2

Table A6. Normalized ReCiPe Midpoint (H) impacts of conventional and organic tofu production
(F.U.: 25,000 kg of food produced). Higher impacts highlighted as bold.

Impact Category Tigusto Organic Tofu Conventional Tofu

PMFP 6.43 × 10−1 9.78 × 10−1

FSP 5.00 × 100 5.18 × 100

FETP 7.52 × 102 3.66 × 102

FEP 5.48 × 100 7.10 × 100

GWP 1.33 × 100 1.87 × 100

HCTP 1.58 × 102 1.69 × 102

HNTP 9.19 × 101 9.59 × 101

IRP 1.27 × 101 2.88 × 101

LUP 1.88 × 10−2 2.48 × 10−2

METP 1.17 × 103 4.37 × 102

MEP 2.34 × 100 4.74 × 100

MSP 6.46 × 10−4 5.91 × 10−4

OFHP 1.62 × 100 1.87 × 100

OFTP 1.97 × 100 2.25 × 100

ODP 1.61 × 10−1 1.93 × 100

TAP 1.02 × 100 2.25 × 100

TETP 8.61 × 101 1.97 × 101

WCP 1.34 × 100 1.75 × 101

TOTAL 2.29 × 103 1.16 × 103

Table A7. Comparison of ReCiPe Midpoint (H) characterized results of meat, snails and organic
tofu production (F.U. 1 kg of meat, 1.62 kg of snails vs. 1.24 kg of organic tofu). Lower impacts are
highlighted as Italics; larger impacts as bold; regular font is used for intermediate results.

Impact Category Reference Unit Tofu 1.24 kg Snails 1.62 kg Meat 1 kg

PMFP kg PM2.5 eq 8.16 × 10−4 1.44 × 10−3 2.30 × 10−2

FSP kg oil eq 2.43 × 10−1 1.19 × 10−1 9.15 × 100

FETP kg 1.4−DCB 4.58 × 10−2 7.89 × 10−3 8.57 × 10−1

FEP kg P eq 1.77 × 10−4 1.24 × 10−4 3.23 × 10−3

GWP kg CO2 eq 5.28 × 10−1 4.85 × 10−1 3.13 × 101

HCTP kg 1.4-DCB 2.17 × 10−2 1.26 × 10−2 7.54 × 10−1

HNTP kg 1.4-DCB 6.79 × 10−1 1.92 × 100 1.36 × 101

IRP kBq Co-60 eq 3.03 × 10−1 3.22 × 10−2 7.83 × 10−1
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Table A7. Cont.

Impact Category Reference Unit Tofu 1.24 kg Snails 1.62 kg Meat 1 kg

LUP m2a crop eq 5.77 × 10−3 3.84 × 10−3 1.42 × 10−1

METP kg 1.4-DCB 5.99 × 10−2 1.08 × 10−2 1.08 × 100

MEP kg N eq 5.34 × 10−4 1.85 × 10−3 6.49 × 10−1

MSP kg Cu eq 3.85 × 10−3 2.20 × 10−3 1.49 × 10−1

OFHP kg NOx eq 1.66 × 10−3 1.46 × 10−3 3.82 × 10−2

OFTP kg NOx eq 1.74 × 10−3 1.49 × 10−3 3.97 × 10−2

ODP kg CFC11 eq 4.79 × 10−7 5.64 × 10−6 3.84 × 10−4

TAP kg SO2 eq 2.08 × 10−3 7.88 × 10−3 6.01 × 10−2

TETP kg 1.4-DCB 4.43 × 100 7.54 × 10−1 3.75 × 101

WCP m3 1.77 × 10−2 1.46 × 10−1 3.82 × 100

Table A8. Inventory of electricity from agricultural waste.

Item Unit Quantity

Input
Hulls kg 1200
Straw kg 15,000

Output
Electricity kWh 20,790

Note: An efficiency of 30% was assumed for the thermal power plant; a lower heating value equal to 15 MJ/kg
was assumed for the lignocellulosic waste. Calculations obtained by extracting calorific values from the following
source: Engineering ToolBox, (2001). [online] Available at: https://www.engineeringtoolbox.com [Accessed 30
March 2023] [110].

Table A9. Comparison of normalized impacts of in-house generated electricity compared with grid
electricity mix and in-house photovoltaic production (F.U.: 1 kWh of electricity generated). (*).

Impact Category Electricity from
Waste Grid Electricity Photovoltaic

Electricity

PMFP 1.29 × 10−5 4.17 × 10−6 7.62 × 10−6

FSP 4.86 × 10−5 3.43 × 10−5 2.09 × 10−5

FETP 2.32 × 10−3 2.66 × 10−3 1.82 × 10−2

FEP 4.29 × 10−5 1.16 × 10−4 9.83 × 10−5

GWP 2.00 × 10−5 1.49 × 10−5 9.86 × 10−6

HCTP 1.43 × 10−3 1.87 × 10−3 2.38 × 10−3

HNTP 6.97 × 10−4 5.48 × 10−4 2.03 × 10−3

IRP 1.02 × 10−5 1.32 × 10−3 2.48 × 10−5

LUP 1.02 × 10−6 7.01 × 10−8 7.85 × 10−8

METP 3.19 × 10−3 4.37 × 10−3 2.85 × 10−2

MEP 3.21 × 10−5 1.65 × 10−4 1.09 × 10−5

MSP 9.02 × 10−9 5.85 × 10−9 1.22 × 10−8

OFHP 5.18 × 10−5 8.00 × 10−6 1.03 × 10−5

OFTP 6.13 × 10−5 9.47 × 10−6 1.26 × 10−5

ODP 7.25 × 10−6 2.38 × 10−6 7.84 × 10−7

TAP 1.75 × 10−5 6.48 × 10−6 1.21 × 10−5

TETP 3.15 × 10−4 2.29 × 10−4 2.17 × 10−3

WCP 6.65 × 10−6 2.42 × 10−5 1.06 × 10−5

TOTAL 8.27 × 10−3 1.14 × 10−2 5.36 × 10−2

(*) Lower impacts are highlighted as Italics; larger impacts as bold; regular font is used for intermediate results.

https://www.engineeringtoolbox.com
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Table A10. Soybean-to-tofu circular production inventory (F.U.: see Tables A1–A3).

Soybean Circular Production

Item Unit Quantity

Input
Occupation, arable, non-irrigated ha 6
Sowing ha 6

Soybean seeds, for sowing kg 15,000
Ploughing ha 6

Combine harvesting ha 6
Polyethylene for two bags kg 250

Lorry diesel, 3.5–7.5 metric tons for transport ka × km 6000
Lorry electric, 3.5–7.5 metric tons for transport ka × km 3000
Electricity from waste kWh 10,023.75

Tap water L 15,000
Output

Soybeans kg 15,000
Straw kg 15,000
Hulls kg 1200

Soymilk circular production

Item Unit Quantity

Input
Tap water L 187,500

Electricity from waste kWh 7053.75
Photovoltaic electricity kWh 3605

Soybeans kg 15,000
Gas propane L 25,000

Output
Soymilk L 150,000

Okara (protein food) kg 24,000

Tofu circular production

Item Unit Quantity

Input
Magnesium chloride kg 750

Electricity from waste kWh 3712.5
Photovoltaic electricity kWh 3605

Polyethylene for packaging kg 1750
Gas propane L 3500

Soymilk L 150,000
Output

Tofu kg 25,000
Whey from tofu kg 3703.7
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Figure A1. Comparison among characterized impacts of conventional (Series 1), organic (Series 2)
and circular (Series 3) tofu production. Data are from Table 9, adjusted to fit the vertical axis scale
of the diagram. It should not be disregarded that comparison of characterized impacts can only be
made within each category, not among categories.
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