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Abstract: The aim of the research was to develop a laboratory test stand for forming vegeburgers
and to determine the carbon footprint of vegeburger production technology with the addition of
frozen vegetable outgrades. This vegetable material is waste from frozen food production. During
the research, unique recipes for vegeburgers fabricated of vegetable outgrades, potatoes, fiber, potato
flour, salt and spices were also developed. The physicochemical properties, texture and color of vege-
burgers were determined. The CO2 to kWh conversion factor, with a value of 0.765 kg CO2·kWh−1

was used to calculate the carbon footprint. Vegeburgers obtained during the study were charac-
terized by protein content ranging from 2.05 to 2.29 g 100 g−1, carbohydrate content from 7.27 to
10.36 g 100 g−1, fiber content ranging from 3.97 to 4.92 g 100 g−1 and fat content was at the level of
0.20–0.24 g 100 g−1. The amount of sodium did not exceed 1 g 100 g−1. The amount of disqualifying
nutrients (fat, trans fat, saturated fat and cholesterol) was significantly lower compared to similar
products on the market. The conducted analyses showed that the highest CO2 emission occurred
during the blanching process. The proportion of this process for small productions (2.0 kg) ranged
from 62% to 68%. The process of vegeburger formation had the second largest percentage in emis-
sions and accounts for 22% to 24% for small productions (2.0 kg). The total carbon footprint was
1.09–1.13 kg CO2/kg of product, respectively, i.e., about 0.10–0.12 kg CO2 per one vegeburger. The
research demonstrated that the process of producing vegeburgers from vegetable outgrades is a
low-emission process compared with other agri-food technologies. Considering the above, this study
allows for improvement of the management of waste from frozen food production, and is also the
basis for the development of low-emission agri-food technologies.

Keywords: carbon footprint; vegeburger; vegetable outgrades; low-emission production

1. Introduction

Changes in lifestyle, the variety and general availability of goods on the market,
competitive prices and attractiveness of commercial offers resulted in significant changes in
the consumption behavior of society in recent years. We consume excessively, ineffectively
and at an increasing pace not only food, but also shrinking environmental resources, which
has a negative impact on global climate change. The growing food demand has made
the food industry one of the fastest growing industries in the world. These processes are
accompanied by a strong society pursuit of a lifestyle based on health and sustainable
development. It is a motivation for science and business to take actions to ensure adequate
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food quality and safety, as well as to identify and monitor key environmental aspects in
the entire food chain that affect climate change [1].

These changes may be caused by CO2 emissions, the amount of which affects the
environment. Identifying the factors that generate a carbon footprint, and subsequently
optimizing the stages of the production process in terms of energy consumption allows
for the development of a special software, i.e., an expert system for calculating the carbon
footprint.

One of such activity leading to the optimization of production may be the management
of post-production waste, such as full-value remains after sorting vegetables (so-called
outgrades). Vegetables are one of the main products of plant origin that provide both
environmental and nutritional benefits [2].

According to the literature, vegetable waste can be a source of valuable ingredients, in-
cluding bioactive substances [3,4]. Vegetable waste from the agri-food industry is generated
in large quantities and can cause significant environmental pollution [3]. The emergence
of new waste management technologies allows the waste of natural resources to be re-
duced and can minimize the impact of food production on the environment [5,6]. Wasting
food is often reported to deplete resources, which also has an impact on greenhouse gas
emissions [7].

The estimated emission of greenhouse gases (including carbon dioxide, methane,
nitrous oxide, and freons) to the atmosphere throughout the life cycle of a given product,
process or technology is called the carbon footprint (CF). Two types of emissions are
considered in the carbon footprint analysis: direct GHG emissions as a result of inter alia,
fuel combustion and the manufacturing and natural processes generating greenhouse
gas emissions; indirect emissions, as a consequence of the use of energy media in the
production process (electricity, heat), each of which has its own CF resulting from its
production and delivery to the balanced system. Electricity production in Poland is based
mainly on hard coal combustion processes [8–10]. In most manufacturing plants, electricity
is drawn from the public network.

The carbon footprint (CF) value for different greenhouse gases is given in the equiva-
lent amount (CO2-e), calculated using the following formula:

CO2−e = GHG·GWPGHG (1)

where:
CO2−e is the equivalent of emission expressed in kg (or other mass units) of CO2.
GHG is the amount of a given greenhouse gas emission in kg (or other mass units).
GWPGHG is the GWP value (global warming potential) of a given greenhouse gas
(kg CO2-e/kg GHG).
On the other hand, the carbon footprint of a product, process or technology is the sum

of all direct and indirect emissions that were identified over the entire cycle and scope of
the analysis:

CF =
n

∑
i=1

(CO2−e)i +
m

∑
j=1

(CO2−e)jCO2−e = GHG·GWPGHG (2)

where:
CF is the carbon footprint of the product (kg CO2-e/kg of product).
(CO2−e)i is the amount of direct emissions from the i of this source expressed in the

equivalent amount of CO2 (kg CO2-e/kg of product).
(CO2−e)j is the amount of indirect emissions from the j of this source expressed in the

equivalent amount of CO2 (kg CO2-e/kg of product).
The principles of the CF analysis and the methods of calculating its value are described

in detail in the normative documents: PAS 2050 [11] and Norma ISO 14,067 [12]. Agriculture
and the agri-food industry in general have a significant share in greenhouse gas emissions,
including those assessed using the carbon footprint index [13,14]. Agriculture utilizes about
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35% of the land area and is responsible for nearly 13.5% of global anthropogenic greenhouse
gas emissions, including approximately 25% of global CO2 emissions, approximately 50%
of CH4 emissions and approximately 70% of N2O emissions [15]. The carbon footprint of
agricultural products is the main indicator for monitoring the efficiency and sustainability
of the production processes in agriculture, or more broadly in the agri-food industry [16,17].
The use of CF calculators when assessing the environmental impact of food products [18]
is becoming popular, which also influences their positive perception by consumers [19].
Borsato et al. [20] presented the carbon footprint values for selected vegetables, where
according to these data, cauliflower and broccoli had a CF value of 0.30 kg CO2-e/kg, carrots
0.15 kg CO2-e/kg and onions 0.10 kg CO2-e/kg. Carbon footprints are also determined for
selected media and raw materials [21,22].

Considering the importance and necessity of determining the carbon footprint for
various branches of the food industry, the main objective of this study was to calculate the
carbon footprint of vegeburger production technology with the use of a full-value frozen
vegetable outgrade and to develop a test stand for the product forming process. This work
forms the basis for the development of low-emission agri-food technologies.

2. Materials and Methods
2.1. Materials

The raw material for the production of vegeburgers was a frozen vegetable outgrade:
cauliflower, broccoli, green and yellow beans, onions and carrots, which were leftovers
from their calibration process. Frozen vegetables were obtained from Unifreeze Sp. z o.o.,
(Miesiączkowo, Poland). The recipe also used potatoes (fresh), fiber (Vitalpro sp. z o.o,
Legnica, Poland), potato flour, salt and spices from commercial trade.

2.2. Physicochemical Analysis of Raw Materials and Vegeburgers

Dry matter content was determined in vegetable outgrades, vegetables and vegeburg-
ers [23]; fat content according to AOAC International (2000), total protein content according
to the Kjeldahl method [23], and ash content [23] and pH value by potentiometry [24].
Dry matter content was determined in vegetable outgrades, vegetables and vegeburg-
ers [23] using a Sartorius MA 40 dryer (Sartorius, Germany) for 180 min at 105 ± 2 ◦C.
The determination of the total protein content according to the Kjeldahl method [23] was
performed using a K−425 digestion oven (BÜCHI Labortech-nik AG, Flawil, Switzerland,)
and a B−324 steam distiller (BÜCHI Labortechnik AG, Flawil, Switzerland). Fat content
according to AOAC International (2000), was determined using a B−811 device (BÜCHI
Labortechnik AG, Flawil, Switzerland). Determination of ash content was carried out [23]
using a muffle furnace (type FCF22M model SM2002, CZYLOK, Jastrzębie Zdrój, Poland)
and pH value was determined by the potentiometric method using the CX−505 device
(ELMETRON Sp.j., Zabrze, Poland) [24]. The dietary fiber content was determined by the
enzymatic method of Sigma-Aldrich TDF 100A test based on AOAC985.29 (1997).

2.3. Color Determination of Raw Materials and Vegeburgers

Color (CIE L*a*b*) was determined using a Konica Minolta CM−5 spectrophotometer,
in accordance with the research methodology recommended by the device manufacturer.
A D65 illuminant (daylight at noon), a standard colorimetric observer with a 10◦ field of
view and a 30 mm aperture were applied for color measurements. The following were also
calculated:

The color saturation degree is C * [25]:

C* = [a2 + b2]0.5 (3)

where hue (h) [26], determines the dominant wavelength in the spectrum of that color. In
the CIE Lab system, hue is the angle formed by a straight line passing through the center
of the system and a point with coordinates a *, b * with the axis a.
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2.4. Texture Determination of Raw Materials and Vegeburgers

The samples were vegeburgers of 85 mm diameter and 15 mm height. Texture was
determined using a CT3 TA texture analyzer (Brookfield Ametek). A texture profile analysis
(TPA) test was performed using a TA−25 probe (Ø 50.8 mm cylinder, prespex). The probe
return velocity was 1.0 mm/s, the target depth was 3 mm, and the trigger load was 0.2 N.
Hardness, cohesiveness, elasticity, gumminess and chewiness were used for instrumental
texture characterization of the samples [27].

The compression test was conducted using a TA−7 probe (60 mm blade length acrylic
knife). The test speed was 1.0 mm/s, target depth was 5 mm, and the trigger load was
2 N. Hardness and stickiness were used for instrumental textural characterization of the
samples [27].

The hardness value is the peak force that occurs during the first compression. Ad-
hesiveness is the work performed in detaching the probe from the sample. Cohesiveness
is how well the product withstands a second deformation relative to its resistance under
the first deformation. Springiness is how well a product physically springs back after
it is deformed during the first compression and is allowed to wait for the target wait
time between strokes. Gumminess is hardness * cohesiveness. Chewiness is calculated as
gumminess * springiness.

The vegeburger samples were subjected to texture analysis with three repetitions.
Measurement control and data processing were performed using the computer program
TexturePro CT V 1.2 Build 9.

One-way analysis of variance (ANOVA) was performed, and statistical significance
was given as p-values using the Statistica®10.0 PL software (StatSoft Poland Sp. z o.o.
Krakow). Statistical significance was given as p-value, where differences at 95% confidence
level (p < 0.05) were considered statistically significant for the results of all analyses
using different formulations. The final results obtained were expressed as mean values ±
standard deviation.

2.5. Development of Vegeburger Production Technology

The developed vegeburger formulas are given in Table 1. Vegeburger composition
was modeled taking into account the type and amount of vegetables in the final product
and preparation degree of the plant material, so that the forming process would be easy to
perform, and the product would not deform and disintegrate.

Table 1. Vegeburger formula composition.

Composition/Quantity [%] Formula I Formula II Formula III Formula IV

Potatoes 36.0 30.0 29.0 23.0

Beans (green/yellow) * 14.0 20.0 20.0 20.0

Broccoli * 14.0 16.0 16.0 16.0

Cauliflower * 14.0 16.0 16.0 16.0

Carrot 14.0 10.0 10.0 15.0

Onion * 2.0 2.0 2.0 2.0

Potato flour 3.0 3.0 3.0 3.0

Fiber 1.8 1.8 2.7 4.0

Salt 0.8 0.8 0.8 0.8

Spices 0.4 0.4 0.5 0.2
* Vegetable outgrades.

Vegetable mass for forming was prepared according to the scheme depicted in Figure 1.
Due to the presence of bast, which was perceptible in the organoleptic evaluation, string
bean outgrades (green and yellow beans) were mechanically ground.



Sustainability 2021, 13, 9093 5 of 18

Figure 1. Diagram of vegeburger preparation using the test stand.

2.6. Development of the Test Stand for Vegeburger Formation

The process of designing a prototype of a technological line for frozen food production,
especially vegeburgers started based on the developed production technology of new
frozen products on the example of vegetarian burgers with the use of full-value multi-
vegetable outgrades. It was assumed that the technological line for forming and coating
multi-vegetable products would consist of a forming module, a wet breading unit, a dry
breading unit, a mixer and a fryer. A decision was made to build the forming test stand
(Figure 2) to verify the adopted design assumptions in order to select the right mechanism
concepts for the machine production of a multi-vegetable product. The research model
was equipped with an analogous matrix unit planned for the target technological line.
The conducted tests were aimed at analyzing the functionality of the matrix assembly for
vegeburger formation, observing the preservation of the given shape while falling onto the
net and during the transfer to individual conveyors.

Figure 2. Test stand for vegeburger formation.

The material for forming vegeburgers was prepared in the first stage. The portions
of vegetables provided by the recipe: green beans, broccoli, onions, carrots, cauliflower
and yellow beans were combined, with attention to the behavior of individual vegetables
during the process. Deformation of vegetables was not observed. The shredded potatoes,
previously subjected to heat treatment, were added to the mixed vegetables to act as a
binding material. Potato flour was also added in an appropriate amount in relation to
potato quantity in order to obtain a very compact and easy-to-shape mass. In the second
stage, research tasks were carried out that involved machine shaping of a multi-vegetable
mass.

2.7. Carbon Footprint Determination

The above-described technological and construction works were supplemented with
tests that enabled the calculation of the carbon footprint for the production of frozen
vegeburgers produced on a laboratory scale.

The mass was prepared in accordance with the previously developed and described
technology using laboratory apparatuses and devices arranged in an experimental techno-
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logical line. Vegeburger formation was carried out on a designed and constructed test stand.
A scheme of the individual stages of experimental vegeburger production was developed,
taking into account the devices that affect indirect emission (Figure 3). Guidelines for the
methodology and research scope of determining the carbon footprint at individual stages
of the technological process for laboratory production were established.

Figure 3. Scheme of individual stages in the production of vegeburgers on a laboratory scale.

The technological process of producing a vegeburger under these conditions was
analyzed in order to determine the measuring range. Assuming the measuring range from
blanching to forming, points were set to register important parameters for the monitoring
of indirect emissions in this experimental production. A mass balance of ingredients used
in production was performed based on the selected formula and technology.

A method for calculating the carbon footprint under these conditions was devel-
oped. The laboratory technological line was metered. Energy consumption during the
experimental production was measured in eight replicates.

The laboratory metering system of the technological line was equipped with sensors
monitoring the power consumption of devices used to prepare vegeburgers. Energy
consumption was recorded using Energy Logger 4000 devices. These are meters with the
function of saving data in their internal memory for 6 months. The collected values can be
transferred to a computer via a standard SDHC card for further analysis and storage. Such
metering allowed the division of the entire production process into stages and the collection
of relevant data. On this basis, a database was created to calculate the carbon footprint
depending on the composition and type of formula used to obtain a frozen vegeburger.

The scope of the analysis of the vegeburger production carbon footprint also included
the production of frozen vegetable outgrades at Unifreeze Sp. z o.o. The plant raw material
obtained from agricultural crops, delivered to the plant, was initially cooled and subjected
to quality assessment and selection. The following stages involved washing the raw
material, cutting it, blanching and freezing in a freezing tunnel. Then, the calibrated
product was packed and stored. Vegetable outgrade is created during such production,
which is a full-value waste after sorting.

CF tests were performed for frozen vegetables by allocating total direct and indirect
emissions (global CF value calculated for the plant) for individual products, determined in
proportion to the production volume of individual products.

3. Results and Discussion
3.1. Raw Material Quality Analysis

Vegetable outgrades and vegetables such as potatoes and carrots, which were utilized
as raw materials in laboratory tests, were characterized by the parameters presented in
Table 2. Average nutrient contents determined in the plant material were comparable to
the data for full-value vegetables listed in nutritional tables [28] and in the USDA National
Nutrient Database for Standard Reference [29]. Vegetable outgrade was characterized by a
higher fiber content, ranging from 1.89 g/100 g for cauliflower to 4.74 g/100 g for string
beans compared with the nutritional values of frozen vegetables shown in the tables.
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Table 2. Physicochemical parameters of vegetable outgrades (#)and vegetables.

Parameter Broccoli # Cauliflower # Yellow Bean # Green Bean # Onion # Potato Carrot

Dry mass [g/100 g] 6.85 ± 0.07 5.40 ± 0.01 11.35 ± 0.07 10.10 ± 0.14 9.81 ± 0.04 13.46 ± 0.26 10.20 ± 0.10

Fat [g/100 g] 0.16 ± 0.01 0.06 ± 0.05 0.08 ± 0.01 0.09 ± 0.01 0.05 ± 0.01 0.06 ± 0.01 0.12 ± 0.01

Protein [g/100 g] 2.52 ± 0.01 1.44 ± 0.01 2.24 ± 0.01 2.06 ± 0.01 1.62 ± 0.02 1.69 ± 0.03 0.92 ± 0.02

Fiber [g/100 g] 2.50 ± 0.02 1.89 ± 0.04 4.73 ± 0.03 4.74 ± 0.02 2.17 ± 0.01 1.46 ± 0.02 3.08 ± 0.03

Ash [g/100 g] 0.46 ± 0.01 0.32 ± 0.02 1.02 ± 0.01 0.92 ± 0.01 0.55 ± 0.01 0.55 ± 0.01 0.42 ± 0.02

pH [-] 6.49 ± 0.01 6.01 ± 0.02 6.15 ± 0.01 5.95 ± 0.01 5.54 ± 0.01 5.57 ± 0.01 6.32 ± 0.05

Data are presented as mean ± SD. #: vegetable outgrades.

Color is an important distinguishing feature of plant material quality. Table 3 shows
the colors of vegetable outgrades and vegetables. It was observed during the research that
the technological process of obtaining vegetable outgrades, as well as the conditions of
preparation of remaining vegetables, including blanching, did not affect their color. The
potato had the lightest color (L* = 66.22), the cauliflower floret outgrades were a little
darker (L* = 63.68), followed by onion outgrades (L* = 61.59); broccoli floret outgrades had
the darkest color (L* = 27.20). The a* component of the color ranged from −11.51 for green
bean outgrades to 24.02 for carrots. The b* index ranged from 3.3 for cauliflower head
outgrades to 31.58 for carrots. These varied color results were caused by the natural colors
of vegetables derived from natural pigments in fruits and vegetables, many of which differ
with the variety, as well as with the plant’s growth and maturation. Natural pigments found
in fruits and vegetables include chlorophylls (green), carotenoids (yellow, orange and red)
and anthocyanins (red, blue), as well as flavonoids (yellow) and betalains (red). In addition,
enzymatic and non-enzymatic browning reactions can produce brown, gray and black
colors. Technological processes that vegetables are subjected to may cause changes in their
colors. Chlorophylls are sensitive to heat and acid but stable in an alkaline environment,
while carotenoids are susceptible to light and oxidation, but they are relatively stable at
elevated temperatures. Anthocyanins are sensitive to both pH and temperature, while
flavonoids are sensitive to oxidation, but they are relatively stable during temperature
changes [30].

Table 3. Colors of vegetable outgrades (#) and vegetables.

Parameter
Broccoli # Cauliflower #

Yellow
Bean #

Green
Bean # Onion # Potato Carrot

Floret Head Floret Head

L* 27.20 ±
2.05

49.14 ±
7.82

63.68 ±
2.53

55.18 ±
7.45

55.35 ±
6.48

40.31 ±
0.19

61.59 ±
0.88

66.22 ±
6.67

42.40 ±
2.65

a* −9.80 ±
1.49

−10.70 ±
4.97

−3.27 ±
0.32

−2.72 ±
0.37

−5.40 ±
0.11

−11.51 ±
0.50

−2.38 ±
0.35

−2.07 ±
0.31

24.02 ±
3.28

b* 15.38 ±
1.56

25.09 ±
8.86 7.51 ± 0.56 3.30 ± 3.62 17.97 ±

4.94
23.95 ±

1.46
24.30 ±

0.37
25.53 ±

7.13
31.58 ±

5.27

C* 18.25 ±
2.07

27.30 ±
10.06 8.20 ± 0.40 4.93 ± 2.05 18.79 ±

4.70
26.58 ±

1.53
24.41 ±

0.41
25.62 ±

7.10
39.68 ±

6.15

h 122.40 ±
1.97

112.37 ±
3.23

113.65 ±
3.52

141.43 ±
42.91

107.33 ±
4.80

115.68 ±
0.40

95.60 ±
0.75

94.85 ±
1.47

52.66 ±
1.17

Data are presented as mean ± SD. #: vegetable outgrades.

Technological treatments related to thermal processing affect the color of vegetables to
a varying degree [31]. Literature data indicate a lower temperature stability of chlorophyll,
which is responsible for the color in green vegetables [32–34]. Yuan et al. [35] showed that
boiling water and microwave cooking resulted in high chlorophyll loss in broccoli, while
steaming did not significantly reduce chlorophyll content. In contrast, blanched green
peas were visually lighter than unblanched and frozen-stored peas [36]. Lau et al. [37]
noticed an initial increase in the green color of green asparagus during heat treatment
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at 70–98 ◦C. Analogous results of the increase in the green color were also observed for
broccoli subjected to blanching in hot water and steam [38]. Blanching of vegetables
changes their color and the degree of these changes depends on the type of blanching. Less
color changes are observed in steam blanching compared with the process carried out in
water. Sobol et al. [39] demonstrated that the stimulation of potato tubers with UV-C rays
before processing had a beneficial effect on the color of French fries, while blanching potato
strips and soaking in water at 40 ºC resulted in the production of lighter colored French
fries.

3.2. Vegeburger Properties

Vegeburgers were prepared in accordance with the presented workflow (Figure 1),
using a prototype test stand. The physicochemical properties of vegeburgers, depending on
the formula (I-IV), are presented in Table 4, the color is described in Table 5 and texture in
Table 6. The amounts of basic nutrients, such as protein and fat, did not differ significantly
depending on recipe composition (Table 4). Protein content for the developed burgers
ranged from 2.05 to 2.29 g·100 g−1, carbohydrate content was 7.27–10.36 g·100 g−1 and
fiber content ranged from 3.97 to 4.92 g·100 g−1. Fat content in the developed vegeburgers
was at the level of 0.20–0.24 g · 100 g−1. The content of ingredients such as salt and fat did
not exceed 1 g and 0.3 g per 100 g of the product. The amount of disqualifying nutrients
(fat, trans fat, saturated fat and cholesterol) was significantly lower compared to similar
products on the market [40].

Table 4. Parameters of vegeburgers prepared using the test stand.

Parameter Formula I Formula II Formula III Formula IV

Dry mass [g/100 g] 19.80 ± 0.18 15.85 ± 0.19 17.73 ± 0.25 17.97 ± 0.05

Fat [g/100 g] 0.21 ± 0.02 0.20 ± 0.03 0.24 ± 0.03 0.20 ± 0.04

Protein [g/100 g] 2.08 ± 0.04 2.05 ± 0.03 2.29 ± 0.44 2.09 ± 0.03

Fiber [g/100 g] 3.97 ± 0.05 3.98 ± 0.08 4.13 ± 0.07 4.92 ± 0.05

Total carbohydrates [g/100 g] * 9.83 10.36 8.70 7.27

Ash [g/100 g] 1.29 ± 0.02 1.22 ± 0.03 1.21 ± 0.03 1.29 ± 0.03

pH [-] 6.11 ± 0.03 6.20 ± 0.02 6.12 ± 0.04 6.15 ± 0.03
* Estimated on the basis of tabular values [25].

Table 5. Color of vegeburgers prepared using the test stand.

Parameter Formula I Formula II Formula III Formula IV

min ÷ max

L* 57.08 ÷ 61.45 56.18 ÷ 64.20 58.60 ÷ 64.73 58.10 ÷ 62.83

a* 0.16 ÷ 6.73 −5.49 ÷ 4.74 −4.94 ÷ 5.05 −1.70 ÷ 5.74

b* 22.31 ÷ 28.20 18.21 ÷ 24.48 19.77 ÷ 24.45 19.41 ÷ 24.15

C* 22.33 ÷ 28.30 18.28 ÷ 24.50 20.38 ÷ 24.51 19.43 ÷ 24.18

h 76.00 ÷ 89.63 76.14 ÷ 104.37 77.45 ÷ 104.02 75.15 ÷ 94.38
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Table 6. Textural properties of vegeburgers prepared using the test stand.

Parameter Formula I Formula II Formula III Formula IV

TPA test

Hardness [N] 0.31 ± 0.10 0.35 ± 0.10 0.40 ± 0.14 0.31 ± 0.09

Cohesiveness [-] 0.73 ± 0.10 0.57 ± 0.08 0.56 ± 0.14 0.58 ± 0.18

Springiness [mm] 0.82 ± 0.09 1.16 ± 0.31 1.01 ± 0.19 0.68 ± 0.06

Gumminess [N] 0.26 ± 0.04 0.38 ± 0.14 0.21 ± 0.04 0.17 ± 0.04

Chewiness [mJ] 0.16 ± 0.09 0.33 ± 0.15 0.23 ± 0.09 0.13 ± 0.04

Compression (cutting) test

Hardness [N] 11.96 ± 1.31 10.00 ± 1.00 11.25 ± 1.08 10.04 ± 1.14

Adhesiveness [mJ] 0.85 ± 0.19 1.05 ± 0.25 1.14 ± 0.33 1.14 ± 0.33
Mean ± SD with different letters indicates significant difference (p < 0.05).

Per serving, vegetables are high in essential vitamins, minerals, protein and dietary
fiber, they do not contain cholesterol and are low in fat. Meat contains high amounts
of protein, B vitamins and minerals such as iron and zinc per unit body weight, and
minerals such as iron and zinc per serving unit. On a dietary level, replacing a portion
of meatball meat in the daily diet can both reduce environmental impact and improve
consumer nutritional outcomes [41–43]. The results of the research confirmed the potential
of vegetables, in this case also of vegetable outgrades, in terms of improving the nutritional
value of food products and their great potential in formulating diets and food systems.
Chaudhary and Tremorin [44] demonstrated the potential of using lentils as a part of meat
replacement in burgers.

Color parameters of vegeburgers are given in Table 5. The light parameter (L*)
ranged from 56.18 to 64.20, the a* index ranged from 5.49 to 6.73 and the b* parameter
ranged from 18.21 to 28.20. Color parameters result from the natural color of the applied
plant components. In addition, color discrepancies in individual formulas result from the
application of a heterogenous raw material with a high basis weight.

Despite the variable composition of formulas, texture parameters of vegeburgers were
comparable (Table 6). However, the differences obtained in the values of the elasticity,
gumminess and chewiness parameters were due to the non-uniform composition of the raw
material of vegeburgers (vegetable outgrades) (Figure 4). The presence of non-fragmented
parts of vegetables, on the one hand, influences product attractiveness for consumers, and
on the other hand, pose a technological challenge in the mechanical mass formation.

Figure 4. Appearance of vegeburgers prepared using the test stand.

According to Bourne [45], the properties of food texture are assessed as a group
of physical features that result from the food structure and are sensed by touch, and at
the same time are related to deformation, disintegration and the flow of products under
force. For consumers, particle size is one of the key physical characteristics of a food that
makes it attractive. For example, ice crystals with a volume of 10–20 µm cause ice creams
to be perceived as very smooth, while larger crystals with a volume of 50 µm give the
perception of graininess [46]. The size of particles in chocolate influences the assessment of
its desirability [47], and in the case of syrups, their overall attractiveness [48].
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The analysis of textural properties was used to modify the technical assumptions
of the model station and to identify the dependence of their influence on the hardness,
cohesiveness, gumminess, springiness and chewiness of vegeburgers in various recipe
combinations, and thus to develop methods to maintain product quality, while changing
the composition.

3.3. Test Stand Analysis

During the analysis in the test stand, compact vegetable mass was placed in the mold,
and subsequently the mold assembly was dynamically moved using a pneumatic drive
and knocked out of the sleeve with a striker (Figure 5). After forming, vegetable mass
in the form of a cutlet remained compact. The burger did not come apart when it was
knocked out of the mold and dropped onto the transport net.

Figure 5. Vegeburger formed in the research model.

Figure 6 shows the method of testing the effectiveness of transferring a vegeburger
from one conveyor to another. Product transition was smooth, it did not stop at the set-off
point. On the basis of the conducted research, it was found that vegeburgers retained a
compact consistency and did not disintegrate during knocking out or passing from one
net to another, and the process was smooth. It was found that the assumed concept of the
machine forming process was effective.

Figure 6. Testing the effectiveness of transferring a vegeburger from one conveyor to another.

Testing the functionality of the test stand provided important information about the
effectiveness of the mechanisms provided in the project, the technological line for the
production of vegeburgers. According to the WRAP report [49], reduction in food waste
at the preparation stage is 45% and the Sustainable Restaurant Association (SRA) [50]
estimate indicates that avoidable food waste at this stage is 65%.

It was found on the basis of the conducted experimental studies that the design
assumptions of the net drive, enabling effective transport and transfer of vegeburgers from
one conveyor to another, were correct and did not cause deformation or damage to the
product. However, it was observed that the formed products fell out of the mold assembly
aperture by themselves. This information was used in the process of designing the forming
module included in the prototype technological line.
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3.4. Carbon Footprint Determination

Data on electricity consumption for various processes along with the calculated carbon
footprint of the experimental vegeburger production are presented in Table 7. To calculate
the carbon footprint, the CO2 to kWh conversion factor was used, with the value of 0.765 kg
CO2·kWh−1 (CO2 conversion factor for 2018, announced in December 2019 by the National
Centre for Emissions Management (KOBIZE)).

Table 7. Carbon footprint determined for the experimental vegeburger production.

Process Blanching Shredding Shredding Mixing Forming
(Compressor)

Forming
(Forming Machine)

CF [kgCO2/
kg Product] Quantity

Component Potato Bean Vegetable Mass Vegeburger

Formula Unit

I
kg 1.8 1.8 0.75 5.0

0.26 50
kWh 0.565 0.005 0.002 0.023 0.047 0.058

II
kg 0.6 0.6 0.2 2.0

0.28 21
kWh 0.188 0.002 0.001 0.016 0.043 0.030

II
kg 0.6 0.6 0.2 2.0

0.28 22
kWh 0.188 0.002 0.001 0.018 0.039 0.023

III
kg 0.6 0.6 0.2 2.0

0.28 20
kWh 0.188 0.002 0.001 0.026 0.041 0.022

IV
kg 0.46 0.46 0.2 2.0

0.28 19
kWh 0.144 0.001 0.001 0.030 0.035 0.022

IV
kg 0.46 0.46 kg 0.2 2.0

0.28 20
kWh 0.144 0.001 0.001 0.032 0.034 0.020

III
kg 0.6 0.6 0.2 2.0

0.28 23
kWh 0.188 0.002 0.001 0.035 0.045 0.019

II
kg 2.85 2.85 1.9 9.5

0.26 101
kWh 0.895 0.008 0.011 0.043 0.112 0.074

The values of the determined carbon footprint of vegeburger production (experimental
production), regardless of the formula used, ranged from 0.26 to 0.28 kg CO2 per kilogram
of product. The lowest CF values were obtained for the largest productions (vegetable
mass, 5.0 kg and 9.5 kg). Pie charts were prepared to assess the impact of individual steps
on the carbon footprint (Figure 7, Figure 8, Figure 9). The following individual processes of
vegeburger production were analyzed: potato blanching, potato shredding, green bean
shredding, mixing ingredients of vegetable mass and forming vegeburgers. The conducted
analyses showed that the highest CO2 emission occurred during the blanching process. The
percentage of this process for small productions (2 kg) ranged from 62% to 68%. The higher
the volume of vegeburger production, the bigger the share of the blanching process in the
total emission, i.e., also in the carbon footprint (up to approximately 80%). The process
of vegeburger formation had the second largest percentage in emissions and accounted
for 22% to 24% for small productions (2.0 kg), and decreased drastically to about 15% for
larger productions. The smallest percentage was associated with shredding (potatoes and
beans).

CF calculation for food products involves different approaches and test ranges. Con-
sidering all stages (from agricultural production, through the processing plant, to the
consumer) allows the relationships between materials and processes to be determined. For
example, it was found when analyzing the carbon footprint for croissants (1.5 kg CO2/kg
of product) that the processing and supply chain had the greatest impact on greenhouse
gas emissions [51]. CF analysis of dairy products, e.g., cheeses (9.88 kg CO2/kg product)
showed that emissions from the production chain (from farm to retailer) accounted for
less than 10% of total emissions from cheese production, while it was identified that the
highest energy consumption was related to dairy production, including refrigerated storage
under the appropriate conditions [52]. Analogous results showing a significant share of
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refrigerated storage in food production were confirmed in the carbon footprint analysis
only for the production of homogenized strawberry paste (2.47 kg CO2/kg of product) [53].
On one hand, the highest CO2 emission in the production of vegeburgers occurred during
the blanching process and its proportion increased with production volume. On the other
hand, the shredding of ingredients was associated with the lowest percentage.

Figure 7. CO2 emission structure in the experimental production (2 kg of vegeburgers) for different
formulas.

Figure 8. CO2 emission structure in the experimental production of 5 kg vegeburgers according to
formula I (36% potatoes +45% vegetable outgrades).

Figure 9. CO2 emission structure in the experimental production of 9.5 kg vegeburgers according to
formula II (30% potatoes +54% vegetable outgrades).

The carbon footprint for vegetable outgrades was also determined. The carbon foot-
print of the plant’s total production (global CF value calculated for the plant) was de-
termined and distributed among individual products based on the data obtained from
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Unifreeze Sp. z o.o. for a period of three years. The allocation was performed in proportion
to the production volume of individual products. The production carbon footprint was
calculated for all frozen products produced in the plant, taking into account the sum of all
direct and indirect emissions. The amount of emissions was determined based on the data
provided by the company for previous years, using the developed methodology, narrowing
down the range only to production at the plant (i.e., internal transport, fuel and electricity
consumption). Figures 10 and 11 show the structure of the production volume and the
energy media consumed for three years (2015, 2016, 2017) in a plant producing frozen
food. The analysis was based on previously developed process schemes and the prepared
indicator base [20,22]. On this basis, the carbon footprint of individual frozen products
produced in the plant during this period was determined (Table 8). The carbon footprint
of vegetables frozen in the plant, associated only with production, ranged from about 0.6
to 1.1 kg CO2/kg product. Plant-based protein raw materials usually have a much lower
carbon, water and soil footprint than animal raw materials [54,55].

Figure 10. Production volume of frozen vegetables and fruits (thousand tons) in 2015–2017.

Figure 11. Consumption of fuel materials and energy (thousand) in 2015–2017.
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Table 8. Carbon footprint value of the production of selected frozen vegetables in 2015–2017.

Product
CF [kg CO2/kg product] CFaver

(2015–2017)2015 2016 2017

Onion 0.86 0.93 0.93 0.91

Broccoli 0.78 0.83 0.97 0.86

Cauliflower 0.76 0.88 0.87 0.84

Green bean 0.71 0.60 0.68 0.66

Yellow bean 0.71 0.60 0.68 0.66

Carrot 0.81 0.79 0.80 0.80

In the composition of a vegeburger, depending on the formula (Table 9), vegetable
outgrades accounted for 44% to 54%, while potato content ranged from 23% to 36%. The
carbon footprint in experimental production was calculated using the CF values from 2017
based on the calculated carbon footprints of frozen vegetables produced by Unifreeze Sp. z
o.o. and the percentages of individual ingredients in vegeburgers. Potato flour and spices
used in this study were not included in this analysis due to the lack of CF data, as well as
the small percentage of these ingredients. The determined carbon footprint of vegetable
outgrades for different formulas and the amount of substrates used in the experimental
production of vegeburgers is presented in Table 10. Depending on the production volume,
the CF value was 0.83 kg CO2/kg vegetable outgrades and 0.85 kg of CO2/kg vegetable
outgrades, respectively. Then, total vegeburger CF was determined for different formulas of
vegeburger experimental production taking into account the carbon footprint of vegetable
outgrades production in the production plant and vegeburger experimental production.
Data are summarized in Table 11. The total carbon footprint was 1.09–1.13 kg CO2/kg
of product, respectively, i.e., about 0.10–0.12 kg CO2 per one vegeburger. This method of
carbon footprint analysis enables data comparison with other technologies; however, it is
necessary to take into account the measurement range adopted for analysis in other cases.

Table 9. Vegetable proportion in a vegeburger included in the carbon footprint analysis.

Formula
Potatoes

Vegetable Outgrades
Carrot

Percent Share

Beans Broccoli Cauliflower Onion Vegetable Outgrades Potatoes

kg %

I 1.80 0.75 0.70 0.70 0.10 0.67 45 36

II 0.60 0.20 0.32 0.32 0.04 0.20 44 30

II 0.60 0.20 0.32 0.32 0.04 0.20 44 30

III 0.60 0.20 0.32 0.32 0.04 0.20 44 30

IV 0.46 0.20 0.32 0.32 0.04 0.30 44 23

IV 0.46 0.20 0.32 0.32 0.04 0.30 44 23

III 0.60 0.20 0.32 0.32 0.04 0.20 44 30

II 2.85 1.90 1.52 1.52 0.19 0.95 54 30
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Table 10. CF of vegetable outgrades and other ingredients applied in vegeburger preparation using the test stand.

Formula Beans Broccoli Cauliflower Carrot Onion Outgrade

I
Mass [kg] 0.75 0.70 0.70 0.67 0.10 2.92

CF [kg CO2/kg outgrade] 0.510 0.679 0.609 0.536 0.093 0.830

II
Mass [kg] 0.20 0.32 0.32 0.20 0.04 1.08

CF [kg CO2/kg outgrade] 0.136 0.310 0.278 0.160 0.037 0.850

II
Mass [kg] 1.90 1.52 1.52 0.95 0.19 6.08

CF [kg CO2/kg outgrade] 1.292 1.474 1.322 0.760 0.177 0.830

III
Mass [kg] 0.20 0.32 0.32 0.20 0.04 1.08

CF [kg CO2/kg outgrade] 0.136 0.310 0.278 0.160 0.037 0.850

IV
Mass [kg] 0.20 0.32 0.32 0.30 0.04 1.18

CF [kg CO2/kg outgrade] 0.136 0.310 0.278 0.240 0.037 0.850

Table 11. Textural properties of vegeburgers prepared using the test stand.

Formula

Vegeburgers
Quantity

Vegetable Outgrade
Production CF

Vegeburger
Production CF Total CF Vegeburger CF

pcs. Kg CO2/kg product Kg CO2/product pcs.

I 50 0.83 0.26 1.09 0.11

II 21 0.85 0.28 1.13 0.11

II 22 0.85 0.28 1.13 0.10

III 20 0.85 0.28 1.13 0.11

IV 19 0.85 0.28 1.13 0.12

IV 20 0.85 0.28 1.13 0.11

III 23 0.85 0.28 1.13 0.10

II 101 0.83 0.26 1.09 0.10

In order to compare carbon footprints of food products, we must take into account the
same ranges of applied indices due to the different methods of calculating CFs for these
products. Comparison of the CF obtained for vegeburger production (0.26–0.28 kg CO2
per kg of product) with the presented literature data (e.g., CFcroissant = 0.59 kg CO2/kg
product, CFcheese = 0.99 kg CO2/kg product, CFstrawberry paste = 2.47 kg of CO2/kg product)
showed that production is low energy intensive. On the other hand, extending the scope
of the carbon footprint analysis, e.g., by taking into account the production of vegetable
outgrades, caused a 4-fold increase in the index, reaching a value of approximately 1.11 per
kilogram of product. Nevertheless, the process has a low emission compared with other
agri-food technologies.

4. Summary and Conclusions

Vegeburger formula developed on the basis of full-value vegetable outgrades, pro-
duction technology and the construction of a test stand allowed a laboratory-scale analysis
with the simultaneous determination of the production carbon footprint to be conducted.
The results of the tests of the finished product (vegeburger) demonstrated that its nutri-
tional values were at a high level. At the same time, recipe composition and developed
preparation technology confirmed the concept of vegeburger formation. Technological
and technical solutions indicated low energy demand. This confirmed the relevance of
carrying out further studies in order to develop a production technology for new frozen
mechanically-formed products and to design a technological line for their production.

The identified limitations of these study were:
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- The study was conducted at laboratory scale;
- The varietal characteristics of vegetables included in the vegeburger;
- The particle size of vegetables in the outgrade determining the characteristics of the

final product and the ability to form it on the stand;
- The confirmation or wider analysis of trends (results) can be obtained only after

extending the scale of research (planned execution on a semi-technical scale).

The obtained results indicate that a properly developed technology may contribute
to the reduction in the negative impact of food production processes on climate change,
as well as the rationalization and reduction in CO2 emissions to the atmosphere by the
food industry. In addition, they also allow for increasing management of full-value food
waste and public access to food products with high nutritional and health quality. The
developed technology is a systemic solution that will positively affect the health of society
by increasing the proportion of vegetables in diets, while ensuring the supply of full-
value products in a quick and easy-to-prepare form. It can be used for the sustainable,
environmental and social development of a country and contribute to reducing the negative
effects of the civilization phenomena and climate change in view of the European low-
emission policy. The conducted studies emphasize the ecological feasibility of changing
to a meatless diet, since the calculated vegeburger CF is negligible compared with the
parameter estimated for a similar portion of meat, and there is the possibility of using
vegetables considered outgrades.

Precise determination of the CF index of food products is an important aspect due
to the obligation of food labeling. The composition, nutritional values and even the
carbon footprint associated with the production of the finished product presented on the
label [56] often provide a complete picture and precise information about the product for
the conscious consumer.
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