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Abstract: This study aims to demonstrate an integrated methodology for the valorisation of bakery
former food products (FFP) as an ingredient of pig feed diets. The methodology involves: conducting
a needs analysis and a full path traceability scheme based on Global Standards 1 (GS1) Organisation
(Brussels, Belgium) standards, designing digital tools to support the implementation of the trace-
ability scheme, and assessing the valorisation of FFP and, more specifically, of bakery by-products
in bakery meal (BM) production, and its implementation in pig feed diet. BM production com-
prises various bakery by-products, which were collected, unpacked, grinded, and thermally treated.
Physicochemical and microbiological analyses were conducted on BM samples, mainly focusing on
nutrient composition, and the presence of aflatoxins, mycotoxins, and pathogenic microorganisms.
The BM was then fed to finishing pigs (at an inclusion rate of 20% w/w), in parallel to a control
group fed with a conventional pig feed diet. The animals in both dietary groups were evaluated for
growth performance, and meat samples were analysed for specific quality parameters and sensory
characteristics. The results show that the addition of 20% w/w BM does not significantly affect the
growth performance or the meat quality of the pigs. Moreover, a sensory evaluation revealed minor
differences in the sensory characteristics of the meat samples, denoting that the BM addition does not
seem to dwindle the final meat product.

Keywords: circular economy; food by-products; pig feed; traceability; smart applications; sustainability;
bakery former food products

1. Introduction

The pursuit of resource-saving methods across all sectors of the agri-food industry is
driven by the competitive conditions resulting from the globalisation of the economy. This
emphasis on resource conservation is accompanied by a concurrent focus on ensuring food
safety. Moreover, the primary factor contributing to uncertainty in the medium to long-term
planning of pig farming operations is the volatility of cereal prices [1]. The prices of cereals,
which serve as primary ingredients in animal feed, exhibit notable volatility, with periods
of exceptionally high prices observed during their procurement [2]. Additionally, it should
be noted that the acquisition of animal feed accounts for 60% of the expenses incurred in the
process of meat production, a figure that may escalate to 80% during periods characterised
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by high animal feed prices [3]. Pork is the most common form of meat consumed globally,
making up over 40% of all meat consumed worldwide [4]. Pork consumption is about
34 kg per person per year in Europe [5]. Pig production, which accounts for roughly 33%
of global production [6], is therefore a livestock industry of major economic importance in
the EU [7].

An effective strategy to mitigate feed expenses in pig farming involves the integration
of by-products into the pigs’ diets as a substitute for a portion of the conventional grains and
soybeans [8]. Annually, approx. 59 million tonnes of food are discarded in the European
Union, encompassing all stages of the production and supply chain [9]. In Greece, a yearly
average of 80 kg of food by-products are generated per individual [10]. The majority
of these food items are produced during the consumption stage, accounting for 53% of
the total, with the food processing/production stage following at 19% of the total. It is
noteworthy that a significant proportion of these food items are deemed safe for human
consumption and/or domestic animals. It has been estimated that the economic impact of
not utilising these food items is roughly equivalent to EUR 143 billion annually [11].

The incorporation of food by-products in pig diet has been a long-standing traditional
practice [12,13]. However, if implemented without proper regulation, it can be associated
with the dissemination of significant diseases such as the African Swine Fever Virus (ASFV),
a highly transmissible and severe disease that has presently disseminated to over 55 nations
across three distinct continents [14]. The utilisation of inappropriate food by-products,
which are tainted with ASFV, in pig diets represents a significant avenue for the transmis-
sion of the disease. This is caused by the virus’ ability to survive for up to a year in carcasses
and meat cuts kept at refrigeration temperatures (4 ◦C), which allows the virus to spread
over large areas through infected meat and facilitates its spread [15]. The aforementioned
reasons make it evident that the unregulated utilisation of food by-products (especially of
animal origin) in pig diet poses a significant health hazard.

Among the alternative sources of animal feed, bakery by-products stand out as a
favourable choice due to their high palatability and significant energy content. Further-
more, they lack antinutritional substances, such as fibre, tannins, glucosinolates, and
heat-labile trypsin inhibitors, and they are also continuously available in the market [16,17].
Dried Bakery Meal (BM) refers to a composite substance comprising bread, biscuits, cakes,
crackers, dough, chips, pasta, snacks, nuts, cereals, flour, baked goods, and associated food
by-products. These components are obtained by isolating them from non-consumable prod-
ucts, followed by a process of blending, grinding, and dehydration [18,19]. Former food
products (FFPs) are economic feed ingredients consisting of processed and ready-to-eat
foods that are no longer fit for human consumption due to manufacturing, production or
packaging defects [19]. FFPs are covered by feed legislation and marketed as safe feed mate-
rial; therefore, they cannot be degraded to waste status [20]. The use of FFPs in animal feed
brings the unintentional loss of high-quality food back into the supply chain in line with
the principles of the circular economy. In the European Union, some FFPs are already being
reprocessed for use in animal feed, but their use in animal feed is still limited (3.5 million
tonnes/year) [21] compared to the total food waste (88 million tonnes/year) [22].

BM exhibits comparable levels of protein and amino acids to maize, with crude
protein content of 10.8%, lysine content of 0.27%, and tryptophan content of 0.10% [17].
However, it possesses a greater fat content of 11%. Furthermore, wheat flour, being the
primary component in all baked goods, contributes significantly to the starch content of
the aforementioned products. The nutritional assessment of six distinct combinations of
bakery by-products designed for porcine consumption demonstrated that their nutritional
profile is equivalent to that of cereal crops [21]. The limited data published in the literature
indicate that BMs contain 8 to 15% crude protein, 5 to 10% ether extract, between 2.35
and 10% ash, and approximately 40 to 52.4% starch [21,23–25]. As the starch in BM has
already been thermally processed (cooked), it is very easily digestible and, therefore, is of
high nutritional value, making BM ideal for feeding growing pigs [17]. BM also appears to
have a relatively high concentration of sucrose, glucose, maltose, and fructose, and it has
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been reported that these sugars together make up more than 15% of the dry matter [24]. In
general, BM contains approx. 2981 kcal/kg of net energy, which compares very favourably
to maize with 2672 kcal/kg of net energy [18]. It can also be assumed that 1000 kg of BM
is equivalent to 850 kg of maize, 90 kg of soybean (44 per cent), and 60 kg of fat/oil [18].
The chemical makeup of BM is reflective of the composition of the diverse array of foods it
encompasses. The notable variety in its composition arises from the production of distinct
batches of BM, which are based on varying combinations of food elements [26]. However,
in general, the chemical composition of BM is closer to that of wheat than to that of maize,
reflecting the preferential use of wheat flour and whole wheat in food production [27].
Of particular interest are the results of the study by Liu et al. (2018) [27], who analysed
46 different sources of BM from different regions of the USA in terms of their chemical
composition and nutritional value. According to the latter, the differences in the chemical
composition of BM from 46 different regions of the USA are relatively small and are unlikely
to have a major impact on their nutritional value. Previous reports have demonstrated that
dietary BM can safely replace up to 50% of maize (when the main ingredients of the diet
are maize and soya) in the diet of growing pigs and sows without any adverse effect on
their health, yield, and carcass quality [28–34], while the integration of bakery by-products
into animal feeds has also drawn attention in broiler and cow systems, demonstrating
promising results [35–37].

From an environmental perspective, the generation of food waste imposes a substan-
tial burden. Based on a Food and Agriculture Organisation (FAO) report [38], it has been
documented that the disposal of food waste resulted to the emission of 3.7 gigatonnes of
carbon dioxide equivalent per year in 2011. In accordance with available data, the produc-
tion of meat contributes to approximately 14.5% of the overall carbon dioxide emissions
caused by human activities. Furthermore, there has been a consistent upward trajectory in
both the production and consumption of meat, with a notable 40% increase observed since
the year 2000 [38]. Furthermore, the production of raw materials for rations and human
food consumption generates both environmental and social impacts through land use
competition. Based on research conducted by the FAO, it has been determined that approx-
imately 80% of cultivated land is allocated for the purpose of producing animal feed [39].
The use of alternative feed, consisting of FFPs, in beef production resulted in a significant
reduction in Green House Gas emission, land use, and water consumption reduction, while
a broader spectrum of food waste used as an ingredient in pig feed resulted in higher
environmental and economic sustainability in Canada [40]. The latest reporting exhibited a
5% overall environmental improvement in a Greek pig farm through integrating bakery
meal in conventional feedstock by replacing a percentage of cereals and soya beans [41].
In addition to its utilisation as feed in livestock production, alternative methodologies for
FFP management encompass various strategies such as composting, anaerobic digestion
for biogas generation, incineration, and nutrient recovery in agriculture [32,42–45]. Never-
theless, it is worth noting that the insufficiency of resources and infrastructure frequently
leads to the unfortunate disposal of FFPs in landfills, disregarding their considerable po-
tential as a sustainable feed ingredient [17,29,34,40,46]. The valorisation of FFPs and their
integration in pig diets present a promising and viable strategy for effectively mitigating
the environmental impacts associated with pig livestock systems. Additionally, this ap-
proach offers a potential solution to address pressing food security concerns and tackle
the challenges associated with sustainable waste management towards the adoption of the
circular bioeconomy principles.

The expeditious advancement of intelligent traceability applications and inventive
supply chain control applications can also play a pivotal role in ensuring the hygienic
and secure integration of FFPs into the pig diet. In order to satisfy the needs for an
accurate tracing of FFPs, a comprehensive traceability procedure, which encompasses
four fundamental stages, namely Identification, Recording, Evaluation, and Sharing, has
been adapted and applied in this case. The employment of worldwide GS1 standards
throughout all stages of production until disposal is considered to be imperative for the
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effective integration of data from diverse traceability systems. It is advisable to utilise the
subsequent five categories of GS1 identifiers: (i) Global Location Number (GLN), which
is a distinctive global identifier assigned to a spatial point such as a production point,
warehouse, or retail point; (ii) Global Product Classification (GPC), which is a unique
numerical identifier used to classify products; (iii) Global Trade Item Number (GTIN),
which intensifies uniquely a product; (iv) Serialised Global Trade Item Number (EPC),
which acts as a unique global lot reference number; and (v) Serial Shipping Container Code
(SSCC), which is a globally unique reference number assigned to pallets for the purpose
of identification and tracking. Furthermore, the implementation of Electronic Product
Information Services (EPCIS) will be utilised, as it is the established norm for the exchange
of data pertaining to Critical Monitoring Events in the tangible realm.

Along these lines, the aim of this study is to demonstrate an integrated methodology
for the valorisation of bakery FFPs in pig feed diet, taking into consideration the main
challenges that arise from the implementation of these practices, namely: the identification
and mapping of the sources of bakery FFP production within a specific range around the
pig farm; the assessment of the effects of BM inclusion in pig feed diets on the performance
of pig growth and on meat quality; and the traceability (through smart applications) of
bakery FFP collection and of BM inclusion in pig feed diet to ensure the conformation to
hygiene and food security standards. Therefore, a demonstration trial was implemented
comprising the mapping of bakery FFP sources, their collection and treatment to produce
BM in a commercial food by-products management plant, the implementation of specific
designed traceability applications, the complete physicochemical and microbiological
characterisation of the produced BM, a demonstration feeding trial in a commercial pig
farm, and, finally, the analysis of both the quality and the sensory characteristics of the
produced pig meat.

2. Methodology

This section provides a comprehensive overview of the approach taken to investigate
the utilisation of bakery FFPs in BM production, and the evaluation of the effects of BM
inclusion on pig meat quality and its sensory characteristics. Moreover, a needs analysis
was carried out for the development of an integrated full path traceability scheme of bakery
FFP, which is based on the standards of the GS1 organisation, and the necessary digital
tools to support the implementation of this scheme. The aim of this monitoring process is
to assess the applicability of bakery FFP utilisation for BM production processes. Based on
these needs, the integrated traceability scheme and the corresponding tools are designed
and developed.

2.1. Bakery Meal Production

BM was produced in different batches, based on the availability of the bakery FFPs.
The by-products that comprised the raw material for BM production were breads, cookies,
pasta, cereals, chocolates, pastry, croissants, etc., which were still edible but not intended
for human consumption. Potential sources of FFPs were identified, mapped, and their
nutritional characteristics, according to their producers, recorded. Potentially interesting
geographical zones were marked and seasonality production characteristics were taken
into account. The portion of each by-product in the production batch varied depending on
the availability of the by-products; chocolates did not exceed 10% w/w in all production
batches. The FFPs were collected and gathered at a BM processing plant in northern Greece,
unpacked, ground using a blade shredder (AC-1, TG-Machines Ltd., Ostrowiec, Poland),
and thermally treated in a steam-heated rotating batch cooker (BC-5, TG-Machines Ltd.,
Ostrowiec, Poland). The thermal treatment comprised at least 20 min thermal treatment
at temperature = 133 ◦C and pressure = 3 bar to fulfil the minimum requirements of
Commission Regulation (EC) No 142/2011 [47]. During the thermal treatment, the BM
weight was reduced by approx. 60% w/w due to the evaporation of water. The BM, which
had the appearance of a brown crumble/coarse powder, was put into 20 kg bags/sacks
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and stored in a dry and cool place in ambient conditions. Samples from each batch of the
BM production were collected for physicochemical and microbiological analysis.

2.2. Bakery Meal Characterisation

The physicochemical analysis of the basic nutrients in the produced BM was con-
ducted in accordance with European Commission (EC) Regulation No 152/2009 [48] The
parameters examined included dry matter, crude protein, ash, crude fats, and crude fibre.
The content of carbohydrates and gross energy were determined through calculations
based on the proximate analysis. The enzymatic method employed for the examination
of sucrose, D-fructose, and D-glucose in plant and food products was the Megazyme
K-SUFRG 04/18 assay kit. This kit was used to measure the sugars content. The starch
content was determined using an enzymatic method employing Megazyme K-TSA-100A
assay kit. The concentrations of mono-, poly-unsaturated, and saturated fatty acids were
also determined according to the EC Regulation No 152/20091 [48]. The extracted fatty
acids, via Soxhlet extraction method (Soxtherm SOX412-MACRO, Gerhardt GmbH & Co.
KG, Königswinter, Germany), were analysed using GC-FID (GC-2010 Plus, Shimadzu Co.,
Kyoto, Japan) employing Supelco SP2560 column, after alkaline transesterification with a
methanol–potassium hydroxide solution, according to a previously described analytical
protocol [49]. The Peroxide Value (PV) of lipids was determined according to the EU
2568/91 [50] method, based on the titration of the free iodine from the oxidation of a potas-
sium iodide solution. The concentration of Aflatoxins B1, B2, G1 and G2, and mycotoxins
Deoxynivalenol (DON) and Zearalenone (ZON) were analysed using LC-MS/MS according
to available protocols [51,52]. The BM was also microbiologically characterised for the fol-
lowing parameters: Enterobacteriaceae, according to ISO 21528-2:20174 [53], Salmonella spp.,
according to ISO 6579-1:20175 [54], Campylobacter spp., according to ISO 10272-2:2017 [55],
and ASFV, employing a real-time PCR method. The identification of ASFV was conducted
using the commercially available real-time PCR assay, known as ID Gene African Swine
fever Duplex (manufactured by IDVET, France). The kit contains an endogenous positive
control, which serves the purpose of validating the appropriate amplification of DNA.
Furthermore, the validity of the procedure was established by detecting African Swine
Fever Virus (ASFV) in the BM through the introduction of the ASFV positive control, which
is also provided in the kit, into the unrefined sample. The findings are succinctly presented
in Table 1.

Table 1. Nutrients analysis, amino acids composition profile, aflatoxins and mycotoxins concen-
tration, and microbiological characterisation of the BM used in this study. Data are presented as
mean values ± SD; the data comprise two production batches and four samples in total.

Parameter Bakery Meal

Moisture and Volatiles (g/100 g) 8.57 ± 2.37
Ash (g/100 g) 2.93 ± 1.71
Fat (g/100 g) 13.75 ± 5.69
Proteins (g/100 g) 16.09 ± 2.04
Crude fibers % (g/100 g) 0.36 ± 0.08
Carbohydrates (g/100 g) 58.41 ± 7.28
Sugars (g/100 g) 5.87 ± 2.45
Starch (g/100 g) 37.30 ± 5.66
Energy (kcal/100 g) 421.7 ± 30.3
Fatty Acid (FA) Composition
Monounsaturated FA—MUFA (% w/w) 38.5 ± 17.5
Polyunsaturated FA—PUFA (% w/w) 14.5 ± 0.7
Saturated FA—SFA (% w/w) 46.5 ± 23.3
Iodine Value (meq O2/kg) 4.9–6.5
Amino acids (g/kg)
Alanine 9.1 ± 4.0
Arginine 5.1 ± 2.7



Sustainability 2023, 15, 14385 6 of 23

Table 1. Cont.

Parameter Bakery Meal

Aspartic acid 17.7 ± 3.5
Glutaminic acid 33.1 ± 5.9
Glycine 15.3 ± 12.4
Histidine 1.5 ± 0.7
Isoleucine 5.9 ± 0.6
Leucine 10.9 ± 2.4
Lysine 3.1 ± 0.7
Methiononine 1.6 ± 1.8
Phenyalanine 8.8 ± 0.6
Proline 15.3 ± 5.1
Serine 9.4 ± 7.3
Threonine 4.9 ± 2.8
Tryptophane 0.5 ± 0.4
Tyrosine 3.2 ± 1.8
Valine 7.9 ± 1.2
Afalatoxins and Mycotoxins (µg/kg)
Afalatoxin B1 <0.5 *
Afalatoxin B2 <0.5 *
Afalatoxin G1 <0.5 *
Afalatoxin G1 <0.5 *
SUM of aflatoxins <2.0 *
ZON <2.0 *
DON <40 *–120
Microbiological characterisation (cfu/g)
Enterobacteriaceae <9.0 *
Campylobacter spp. ND
Salmonella spp. ND
ASFV ND

* This value is the detection limit of the assay. ND: not detected.

2.3. Animals, Diets and Experiment Design

The experimental study was conducted at a commercial farm located in Nea Triglia,
Chalkidiki, Greece. The study involved the selection of 80 male castrated pigs of the
Duroc breed, aged 80 days, and with an average body weight of 32.125 kg. The piglets
were placed into four consecutive pens in a random manner, with each pen containing
10 piglets. Every pen was equipped with a plastic perforated floor and was furnished
with a feeder and nipple drinkers. The stocking density within each enclosure adhered
to the stipulations outlined in the European Union Directive [56]. All pens were located
within the same facility in order to ensure consistent environmental conditions across all
groups. The pigs were provided with unrestricted access to both feed and water. After one
week of adaptation period, pigs were divided in 2 dietary groups: standard finishing diet
with no BM added (CON) and standard finishing diet with 20% w/w BM added (BM20),
with 20 piglets/group, 4 replicate pens/group and 10 piglets/replicate pen. A two-phase
feeding program was used in each dietary treatment, consisting of a finishing 1 diet fed
from 80 to 123 days of age, and a finishing 2 diet fed from 123 to 180 days of age. In total,
4 ratios were formulated, 1 per feeding period per dietary treatment (Table 2). In BM diets,
conventional ingredients were replaced by BM (mainly maize meal, corn, wheat pollard,
and soya) to formulate all rations on an isonitrogenous and isocaloric basis. The duration
of the experiment was 100 days.
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Table 2. Formulation and nutrient composition of the diets containing bakery meal (BM20) compared
with the control diet (CON).

Finishing 1 (80–123 Days) Finishing 2 (123–180 Days)

Items CON BM20 CON BM20

Ingredient (%w/w)
Maize meal 27.00 25.00 32.00 27.00
Corn 15.00 13.00 12.00 13.00
Wheat pollard 15.00 10.00 14.00 8.00
Bakery meal 0.00 20.00 0.00 20.00
Wheat 9.00 9.00 10.00 7.00
Soya 47 15.00 8.00 14.10 7.10
Premix 1 2.00 2.00 2.00 2.00
Soybean oil 1.20 1.00 - -
Mycotoxin Binders 0.10 0.10 0.30 0.30
Marble powder 0.80 0.80 0.80 0.80
Barley 14.90 11.10 14.00 14.00
Vegetable fat - - 0.80 0.80
Total 100.00 100.00 100.00 100.00
Chemical composition
Dry matter (%w/w) 88.40 90.10 87.40 90.20
Crude protein (%w/w) 14.81 13.48 14.49 13.45
Crude fibre (%w/w) 4.12 3.59 4.22 3.57
Ether extract (%w/w) 5.09 9.44 4.05 8.51
Crude ash (%w/w) 3.27 3.37 3.25 3.33
Gross energy (Mj/kg) 15.66 16.37 15.67 16.53
Metabolisable energy
(Mj/kg) 12.54 13.27 12.52 13.48

1 Premix contains (per kg of product): Vitamin A, 260,000 IU; vitamin D3, 80,000 IU; vitamin E, 2400 mg; vitamin
K3, 120 mg; vitamin B1, 80 mg; vitamin B2, 280 mg; pantothenic acid, 400 mg; vitamin B6, 100 mg; vitamin B12,
1200 mg; niacin, 1200 mg; folate, 40.02 mg; biotin, 1.98 mg; choline chloride, 35,000 mg; iron, 4800 mg; copper,
600 mg; manganese, 2000 mg; zinc, 3200 mg; iodine, 40 mg; selenium, 8 mg; butylated hydroxytoluene, 12 mg;
propyl gallate, 1 mg; citric acid, 3 mg.

Pigs were weighed 3 times at a group level at 80, 120, and 178 days old. The BW,
body weight gain (BWG), and feed consumption (FC) per pig were measured to calculate
the feed conversion ratio (FCR) of each period—Period 1: 80–120 days of age, Period 2:
120–178 days of age, and whole experimental period: 80–178 days of age. At the end of
the experiment (day 180), all pigs were slaughtered at a local abattoir and 16 pigs (8 pigs
per group) were randomly selected for meat quality analysis. Accordingly, carcasses were
also selected for sensor evaluation testing (SET). After slaughter, the carcasses were chilled
at 4 ◦C and, after 24 h, the selected carcasses were cut. The selected meat samples were
collected from the longissimus thoracis muscle of the pig carcasses both for the meat quality
analysis and for SET.

2.4. Meat Analysis and Health Lipid Indices

The assessment of food products’ quality is contingent upon various factors, including
their physical characteristics, chemical makeup, presence of contaminants (both micro-
biological and toxic substances), and sensory attributes [57]. Global consumers have a
persistent need for the reliable and uninterrupted provision of high-quality food prod-
ucts that align with the perceived value corresponding to their cost. Objective tests are
employed for the purpose of assessing a specific attribute of a food product, rather than
evaluating its overall quality [58].

The meat samples were characterised concerning their colorimetric characteristics,
the protein and fat content, the FA profile, and the health quality of meat lipids. The
colorimetric analysis was performed with a colour-measuring device (colorimeter) CR-400
Chroma-Meter (Konica Minolta Inc., Tokyo, Japan). The colorimeter provides colour data
in terms of colour space values, such as CIE Lab*, CIE LCh*, or RGB, depending on the
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instrument and settings used. CIE Lab* is a widely used colour space that represents
colours based on lightness (L*) and two colour-opponent dimensions (a* for green–red
and b* for blue–yellow). Before starting any colour measurement, the colorimeter was
properly calibrated according to the manufacturer’s instructions. In each meat sample,
three shots were taken at different points and the average was obtained. Areas with a
lot of intramuscular fat or connective tissue were avoided during the procedure. The
measurements were performed at days 0, 5, and 7 after the meat sample collection, and are
reported as time points T0, T1, and T2, respectively. The pH value and the protein content of
the meat’s samples were estimated employing a pH meter C3061 (Consort BVBA, Turnhout,
Belgium) and the Kjeldahl method. A KjeldahlTherm KB-8 digestion array (Gerhardt
GmbH & Co. KG, Königswinter, Germany) and the Vapodest 40s (Gerhardt GmbH &
Co. KG, Königswinter, Germany) distillation apparatus were used to determine the total
nitrogen and calculate the proteins of the sample. The percentage of protein content was
calculated by multiplying the ammonium result with the conversion factor of 6.25. The
fatty acid composition and fat content of the meat samples were determined according
to a method employing Soxhlet extraction (Soxtec 2050, Foss, Tecator, Denmark) of lipids,
followed by lipids transesterification, employing boron trifluoride and methanol [59].
The produced Fatty Acid Methyl Esters (FAME) were analyzed using a HP 5890 GC-FID
(Hewlett–Packard, California, United States) according to a reported method [60]. The
health quality of meat lipids was evaluated by determining the proportions of specific FAs
and their respective groups: Atherogenic Index (AI), Thrombogenic Index (TI), and the
ratio between hypocholesterolemic (h)/hypercholesterolemic (H) fatty acids (h/H). The
following equations were used to calculate these indexes:

Atherogenic Index [61]

AI = (4 × C14:0 + C16:0 + C18:0)/(ΣMUFA + ΣPUFA-n-6 + ΣPUFA-n-3)

Thrombogenic Index [62]

TI = (C14:0 + C16:0 + C18:0)/(0.5 × ΣMUFA + 0.5 × ΣPUFA-n-6 + 3 × ΣPUFA-n-3 + ΣPUFA-n-3/ΣPUFA-n-6)

Ratio between hypocholesterolemic and hypercholesterolemic fatty acids [63]

h/H = C18:1n9c + C18:2n6c + C18:3n3c + C18:3n6c + C20:2n6 + C20:3n6 + C20:4n6 + C22:6n3/C14:0 + C16:0

where:

Σ = Summatory;
MUFA = monounsaturated FAs;
PUFA = polyunsaturated FAs.

The lipid oxidative analysis method is predicated upon the chemical reaction between
thiobarbituric acid (TBA) and malondialdehyde (MDA), forming a pink-coloured compound
that can be determined spectrophotometrically at 535 nm, according to Zeb and Ullah [64].
Results are expressed in mg MDA/g. The measurements were performed at days 0, 5, and 7
after the meat sample collection, and are reported as time points T0, T1, and T2, respectively.

2.5. Sensory Evaluation Testing

Sensory methods are employed to assess the response to stimuli that arise from the
utilisation of a particular product and are frequently employed to ascertain the level of
consumer acceptance of a food product, thereby playing a role in the development of quality
systems [57]. As a result, it is regarded as a technical tool that aids in ensuring quality
assurance throughout the food production process. In addition to this, it is beneficial in
acquiring feedback to inform decision-making and facilitate the appropriate modifications
of a specific food product [65]. In the context of this study, Sensory Evaluation Testing (SET)
was employed to compare the meat from pigs fed with BM20 diet with the meat from the
pigs fed with the conventional diet.
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2.5.1. Participants

All participants willingly engaged in the study and provided their informed consent by
signing a consent form prior to the commencement of the study. The entirety of the gathered
data were rendered irreversibly anonymous, thereby ensuring that the identification of
individual persons based on the collected data sets was unattainable. One group of
23 consumers (16 male and 7 female), aged between 25 and 63 years old, was formulated
to evaluate the pig meat. The total number of consumers are aligned with other similar
studies [59,66]. All participants unequivocally affirmed the following: (i) their sense of
smell and taste were not impaired, either by any underlying medical condition or illness,
during the conduct of the Sensory Evaluation Test (SET); (ii) they maintained a habitual
consumption of pork meat; and (iii) they did not exhibit any allergic reactions to pig meat
or any other food items employed in the course of the SET. All participants were informed
about the aims and scope of the SET, and were provided with a short training course about
the SET procedure, the completion of the evaluation sheet, and the interpretation of the
5-point hedonic scale that was used in the SET.

2.5.2. Meat Samples and Preparation

All meat samples, after collection, were individually packed in sealable food bags
and frozen at −18 ◦C temperature until the day of the SET. Meat samples were defrosted
overnight in a commercial refrigerator at 4 ◦C and cooked unseasoned in a convection oven
at approx. 150 ◦C. Cooking lasted approx. 30 min until the internal temperature of the
meat samples reached 80 ◦C; the temperature was measured with an electronic hand-held
thermometer (CP-411, ELMETRON Sp. j., Zabrze, Poland). After cooking, the meat was
cut to rather uniform meat samples (approx. 2 cm cubes), containing no bones; the meat
samples were placed on a white ceramic food plate, and were immediately served to the
participants after reaching approx. 60 ◦C temperature.

2.5.3. SET Procedure

SET took place at the premises of a commercial restaurant in Nea Triglia, Chalkidiki,
northern Greece. The designated tasting area was exclusively allocated for the Sensory Eval-
uation Test (SET), wherein each participant was individually and simultaneously presented
with a ceramic food plate containing six distinct meat samples, three from pigs fed with the
conventional ratios (CON meat samples), and three from pigs fed with ratios comprising
20% w/w BM (BM20 meat samples). The positioning of the meat samples on the food plate
was standardised across all participants, ensuring that they were unaware of the specific
identity of the meat samples, i.e., the experimental treatment to which they corresponded.
The participants were granted the autonomy to exercise randomisation in selecting the
sequence for evaluating the meat samples. Following the comprehensive evaluation of
each specimen, the participants successfully neutralised their taste by consuming a morsel
of unsalted and unsweetened wheat toast, accompanied by a small quantity of natural
mineral water. All participants were given a standardised evaluation form, which they
diligently completed by manually assigning scores using a 5-point hedonic scale. The
scale ranged from 1, representing extreme dislike, to 5, indicating extreme liking. The
aforementioned attributes were assessed for every meat specimen, encompassing colour,
aroma, taste, tenderness, juiciness, and the overall impression.

2.6. Statistical Analysis

The statistical analysis of the data was performed using Jeffreys’s Amazing Statistics
Program JASP (JASP v 0.16.3) software. Student t-test was used to compare the average
values of the parameters (growth performance, meat protein and fat content, fatty acid
composition, health lipid indices, and sensory characteristics of pig meat) evaluated among
the two different feeding scenarios; any difference with p-value ≤ 0.05 was considered
statistically significant. A repeated measures ANOVA was used to compare the average
values of the colorimeter characteristics and lipid oxidative analysis of the pigs’ meat
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between the control group and a diet supplemented with BM20. A post hoc analysis was
conducted employing Tukey’s test. The application of multiple regression analysis was
employed to assess the associations between the various sensory attributes examined and
the overall acceptance of pig meat. The findings are presented in the form of standardised
regression coefficients.

3. Results and Discussion
3.1. Mapping Production Points and Recording Characteristics and Quantities of
Food By-Products

To ascertain the potential sources of bakery FFPs, the authors undertook a compre-
hensive search of business registration websites situated in administrative districts in close
proximity to the pig farm. The search specifically targeted products that satisfy the predeter-
mined eligibility criteria. The pig farm is situated in Nea Triglia, Greece, in close proximity
to the road infrastructure connecting Thessaloniki and Chalkidiki. The transportation
infrastructure encompasses both urban and suburban areas, which undergo a significant
increase in population during the summer season. Moreover, in close proximity to the
pig farm, there exist several noteworthy industrial zones. The sources being examined
have been classified into three distinct zones, taking into account their proximity and
connectivity to the pig farm (see Figure 1). The potential sources are classified into distinct
groups and are typically located within a radius of 15, 75, and 300 km with respect to the
pig farm. These groups comprise 90, 300, and 900 businesses, respectively. The first zone
consists of the urban and suburban areas surrounding Nea Triglia in Chalkidiki, along with
the industrial sector of Lakoma. The second zone encompasses the sources situated in the
central district of Thessaloniki, along with the industrial and artisanal areas of Thermi and
Vasilika. The third zone comprises the industrial and artisanal regions of Sindos, Kilkis,
and Katerini, as well as the surrounding urban and suburban areas.
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map section. The QR code is an open data source of the mapped sources.

In order to record the values presented in Table 3, the quality attribute values of twenty
packaged commercial products were registered for each category. Additionally, the mean
and standard deviation of these values were calculated for each respective category.
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Table 3. The FFP categories employed in the formulation of the BM, along with their respective mean
values and standard deviations pertaining to their quality attributes.

Parameter Bread Industry Biscuit
Industry Flour Mills Markets Bakeries

Moisture (% w/w) 32.7 ± 9.6 11.5 ± 2.5 6.5 ± 2.6 15.6 ± 4.9 17.8 ± 5.5
Energy (kcal/100 g) 326.6 ± 56.1 446.8 ± 40.5 411.7 ± 40.3 412.4 ± 44.2 412.6 ± 45.2
Protein (% w/w) 7.7 ± 2.4 6.0 ± 3.9 8.5 ± 3.2 7.8 ± 2.4 7.6 ± 2.2
Fat (% w/w) 13.7 ± 9.0 21.3 ± 7.1 11.1 ± 7.5 17.6 ± 7.1 19.3 ± 7.0
Saturated fat (% w/w) 5.2 ± 4.0 11.1 ± 4.2 4.4 ± 4.0 8.6 ± 3.9 9.7 ± 3.9
Carbohydrates (% w/w) 43.3 ± 14.3 56.7 ± 8.6 67.1 ± 9.6 55.0 ± 10.1 52.0 ± 10.2
Sugars (% w/w) 2.9 ± 2.5 21.1 ± 11.4 17.6 ± 12.7 17.1 ± 10.1 16.9 ± 9.4
Fibres (% w/w) 2.2 ± 1.0 3.6 ± 2.3 6.7 ± 3.1 4.0 ± 2.3 3.4 ± 2.1
Salt (% w/w) 1.1 ± 0.7 0.7 ± 0.3 0.8 ± 0.4 0.8 ± 0.4 0.8 ± 0.5

3.2. Experimental Evaluation of Alternative Diets with BM in the Quality of the Carcass

The supplementation of BM in the diet of finishing pigs did not significantly affect the
BW, the Average Daily Weight Gain (ADG), and the FCR of the pigs, both for the whole
experimental period and for the partial examined periods (p > 0.05) (Table 4). In the last day
of the experiment, the highest BW was recorded in the control group. From 123 to 178 of
age, a better FCR was observed in the pigs fed with BM20. Also, in the whole experimental
period, better FCR was estimated for the same group, but FCR did not differ significantly
among the groups (p > 0.05).

Table 4. Growth performance of the pigs fed the control and the BM20 diet. Data are presented as
mean ± SE.

Dietary Treatments

CON BM20

Body weight (kg)
80 age 32.25 ± 0.63 32.00 ± 0.71
123 age 64.10 ± 1.08 60.18 ± 1.25
178 age 108.76 ± 1.85 106.84 ± 2.13
Feed consumption
Period 1 (80–123 age) 108.30 ± 0.06 a 96.98 ± 0.01 b

Period 2 (123–178 age) 222.60 ± 0.03 222.53 ± 0.01
Total period (80–178 age) 220.60 ± 27.40 213.00 ± 27.47
Average daily weight gain (kg/d)
Period 1 (80–123 age) 0.94 ± 0.02 0.83 ± 0.02
Period 2 (123–178 age) 0.83 ± 0.05 0.86 ± 0.03
Total period (80–178 age) 0.87 ± 0.02 0.85 ± 0.02
FCR
Period 1 (80–123 age) 3.41 ± 0.07 3.45 ± 0.10
Period 2 (123–178 age) 5.03 ± 0.25 4.78 ± 0.15
Total period (80–178 age) 4.33 ± 0.10 4.28 ± 0.11

a,b No significant differences were detected between groups (p > 0.05).

As presented in Table 5, in the colorimeter analysis of the meat, the L* and b* values
did not differ among the dietary groups and different times of analysis (p > 0.05). However,
a* colour index was found to be significantly higher (p < 0.05) in the CON group. Also,
a* value differed significantly (p < 0.05) among the different times of analysis. Moreover, a
lipid oxidation analysis of the meat showed no significant differences between the dietary
treatments (p > 0.05) (Table 6). Among the different periods of the analysis, significant
differences were found in both groups between T0 and T2 (p < 0.05).
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Table 5. The colorimetric characteristics, lightness L*, red index a*, and yellow index b* of pigs fed
the control and the diet containing BM20. Data are presented as mean ± SE.

Parameter Group T0 T1 T2 Group Mean p
Group Time Group × Time

L*
CON 59.333 ± 3.503 61.183 ± 3.503 62.556 ± 3.503 61.024 ± 2.022

0.654 0.198 0.643BM20 55.479 ± 3.503 58.732 ± 3.503 64.997 ± 3.503 59.736 ± 2.022
Time mean 57.406 ± 2.477 59.958 ± 2.477 63.776 ± 2.477

a*
CON 44.467 ± 3.615 38.123 ± 3.615 30.677 ± 3.615 37.756 ± 2.087 a

0.028 0.003 0.968BM20 36.732 ± 3.615 32.107 ± 3.615 24.378 ± 3.615 31.072 ± 2.087 b

Time mean 40.599 ± 2.556 A 35.115 ± 2.556 AB 27.527 ± 2.556 B

b*
CON 29.538 ± 3.196 27.180 ± 3.196 24.439 ± 3.196 27.052 ± 1.845

0.213 0.644 0.802BM20 24.367 ± 3.196 23.450 ± 3.196 23.451 ± 3.196 23.756 ± 1.845
Time mean 26.952 ± 2.260 25.315 ± 2.260 23.945 ± 2.260

A,B means within rows differ significantly (p < 0.05). a,b means values within columns differ significantly (p < 0.05).

Table 6. Lipid oxidative analysis of the pigs’ meat between the control group and diet supplemented
with BM20. Data are presented as mean ± SE.

Parameter Group T0 T1 T2 Group Mean p
Group Time Group × Time

MDA
CON 0.135 ± 0.003 A 0.140 ± 0.003 A 0.159 ± 0.003 B 0.145 ± 0.001

0.957 <0.001 0.666BM20 0.137 ± 0.003 A 0.140 ± 0.003 A 0.157 ± 0.003 B 0.145 ± 0.001
Time mean 0.136 ± 0.002 A 0.140 ± 0.002 A 0.158 ± 0.002 B

A,B means within rows differ significantly (p < 0.05).

The results of the fat content showed that no significant differences were observed
between the dietary groups (p > 0.05) (Table 7). Similarly, no significant differences were
found in the pH values of the pig meat between the dietary groups (p > 0.05). Protein content
was recorded as being significantly higher (p < 0.05) in the control group in comparison to
the BM20 group.

Table 7. Protein and fat content in the meat of the pigs between the control group and diet supple-
mented with 20% of BM. Data are presented as mean ± SE.

Dietary Treatments

CON BM20

Fat (%) 16.55 ± 2.76 10.92 ± 3.00
Proteins (%) 17.00 ± 0.41 a 11.48 ± 2.72 b

pH 5.71 ± 0.05 5.76 ± 0.02
a,b Means within a row that differ significantly (p < 0.05).

The fatty acid (FA) composition analysis of the pigs’ meat did not differ between the
dietary groups (p > 0.05), regarding MUFAs, PUFAs, SFAs, PUFA/SFA, n-3 PUFAs, and
n-6 PUFA/n-3 PUFA ratios (Table 8). In addition, n-6 PUFAs were significantly (p < 0.05)
higher (2.096 ± 0.585) in the control group. The results of health indicators, AI, TI, and
h/H ratio, did not differ between the dietary groups but were observed to be higher in
the BM20 group. According to the results of individual FAs, no differences were found
between the dietary groups. More specifically, the most abundant FA among MUFAs in
the meat of the dietary groups was palmitoleic acid (C16:1). Palmitic acid (C16:0) was the
most abundant FA of the SFAs in the meat of both groups. Also, among PUFAs, the most
abundant FA in the meat of all treatments was Cis-11,14-Eicosadienoic acid (C20:2) acid.
Moreover, no significant differences were found in the FA profiles between the two dietary
treatments (p > 0.05).
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Table 8. The effect of BM supplementation on the pig meat FA composition and health lipid indices.
Data are presented as mean ± SE.

Dietary Treatments

CON BM20

MUFA 7.327 ± 1.113 7.540 ± 0.438
PUFA 1.700 ± 0.292 1.738 ± 0.122
SFA 7.616 ± 1.360 7.829 ± 0.447
PUFA/SFA 0.227 ± 0.012 0.222 ± 0.010
PUFA n6 2.096 ± 0.585 a 1.506 ± 0.111 b

PUFA n3 0.152 ± 0.025 0.171 ± 0.012
PUFA n6/PUFA n3 15.918 ± 5.958 8.845 ± 0.385
AI 0.860 ± 0.060 0.917 ± 0.019
TI 1.427 ± 0.098 1.501 ± 0.033
h/H 12.467 ± 2.317 13.433 ± 0.768
Fatty acids
Butyric acid (C4:0) ND ND
Caproic acid (C6:0) ND ND
Caprylic acid (C8:0) ND ND
Capric acid (C10:0) 0.006 ± 0.002 0.008 ± 0.002
Undecanoic acid (C11:0) ND ND
Lauric acid (C12:0) 0.004 ± 0.003 0.014 ± 0.002
Tridecanoic acid (C13:0) ND ND
Myristic acid (C14:0) 0.228 ± 0.042 0.239 ± 0.017
Myristoleic acid (C14:1) ND ND
Pentadecanoic acid (C15:0) 0.001 ± 0.001 0.001 ± 0.001
Cis-10-Pentadecenoic acid (C15:1) ND ND
Palmitoleic acid (C16:1) 0.324 ± 0.050 0.302 ± 0.027
Heptadecanoic acid (C17:0) 0.050 ± 0.010 0.050 ± 0.005
Cis-10-Heptadecenoic acid (C17:1) 0.038 ± 0.008 0.036 ± 0.004
Stearic acid (C18:0) 2.772 ± 0.513 2.882 ± 0.173
Palmitic acid (C16:0) 4.510 ± 0.790 4.600 ± 0.266
Elaidic acid (C18:1n9t) 0.010 ± 0.003 0.007 ± 0.002
Oleic acid (C18:1n9c) 6.326 ± 1.303 7.172 ± 0.413
Linolelaidic acid (C18:2n6t) 0.607 ± 0.607 ND
Linoleic acid (C18:2n6c) 1.489 ± 0.258 1.503 ± 0.110
Arachidic acid (C20:0) 0.028 ± 0.007 0.028 ± 0.004
γ-Linolenic acid (C18:3n6) ND ND
Cis-11-Eicosenoic (C20:1) 0.024 ± 0.004 0.023 ± 0.002
Linolenic acid (C18:3n3) 0.142 ± 0.026 0.156 ± 0.010
Heneicosanoic acid (C21:0) ND ND
Cis-11,14-Eicosadienoic acid (C20:2) 0.057 ± 0.010 0.054 ± 0.008
Behenic acid (C22:0) ND ND
Cis-8,11,14-Eicosadienoic (C20:3n6) ND 0.002 ± 0.001
Erucic acid (C22:1n9) 0.010 ± 0.004 0.016 ± 0.002
Cis-11,14,17-Eicosatrienoic acid (C20:3n3) ND ND
Arachidonic acid (C20:4n6) ND ND
Tricosanoic acid (C23:0) ND ND
Cis-13,16-Docosadienoic acid (C22:2) ND ND
Cis-5,8,11,14,17-Eicosapentaenoic acid (C20:5n3) ND ND
Lignoceric acid (C24:0) ND ND
Nervonic acid (C24:1) ND ND
Cis-4,7,10,13,16,19-Docosahexaenoic acid <0,01(C22:6n3) ND ND

a,b Means within a row with different superscripts differ significantly (p < 0.05), ND: Not Detected, AI: Atherogenic
Index, TI: Thrombogenic Index, h/H: hypocholesterolemic (h)/hypercholesterolemic (H) fatty acids.

3.3. Findings of the Sensory Evaluation Test

The BM20 meat samples showed some differences regarding their sensory character-
istics, as scored by the taste panel on a scale of 1 to 5 (Figure 2 and Table 9). In terms of
their overall acceptance, the BM20 meat scored slightly higher (i.e., 3.48 ± 0.10) than the
CON group (i.e., 3.62 ± 0.10). A data analysis revealed only one statistically significant
difference (p < 0.05) between the two feeding scenarios, i.e., the meat’s colour. The BM20
meat scored significantly higher (3.72 ± 0.11) compared to CON samples (3.27 ± 0.10),
revealing the preference of the taste panel for the BM20 meat samples. Differences be-
tween other sensory characteristics, i.e., juiciness, aroma, and taste, existed, but these were
not statistically significant (p > 0.05). Regarding juiciness, CON samples scored higher
(3.30 ± 0.11), meaning that the meat was juicer than the BM20 samples. On the contrary,
BM20 meat was found to have a better aroma and taste compared to the CON meat. Finally,
there was no differentiation regarding the tenderness between the two groups; they both
scored 3.42. These observations show that the addition of BM20 in the feeding ratios of
pigs positively affects the overall acceptance of their meat, enhancing their aroma, taste,
and colour.
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Figure 2. Sensory characteristics of pig meat. Characteristics were judged by a panel on a scale from
1 to 5.

Table 9. Data for the statistical means and variability for the pig meat evaluation.

Sensory Characteristics

Tenderness Juiciness Aroma Taste Colour Overall
Acceptance

CON 3.42 ± 0.01 3.30 ± 0.11 3.25 ± 0.12 3.47 ± 0.10 3.27 ± 0.10 a 3.48 ± 0.10
BM20 3.42 ± 0.12 3.11 ± 0.11 3.28 ± 0.10 3.59 ± 0.11 3.72 ± 0.11 b 3.62 ± 0.10

a,b Means within a column that differ significantly (p < 0.05). All values are expressed as mean ± S.D.

Regression Analysis

A multiple regression analysis was conducted to examine the associations between
the overall acceptance of pig meat and the other sensory parameters that were analysed.
According to the findings presented in Table 10, it is evident that, in addition to softness,
the remaining sensory attributes have a statistically significant influence on the overall
approval of pork flesh. According to the tasting panel, the primary factor influencing the
general acceptance of pork flesh was its juiciness, followed by its taste. In addition, the
sensory attributes of scent and colour were found to exert a substantial influence on the
total consumer acceptability of pork, but softness emerged as the least influential element.

Table 10. Results of linear regression for relationships with pig meat overall acceptance.

b 1 p 2

R2 = 0.528

Tenderness 0.034 0.604
Juiciness 0.300 <0.001
Aroma 0.231 <0.001
Taste 0.267 <0.001
Colour 0.213 <0.001

1 Standardised partial coefficient of linear regression; 2 p-value based on linear regression analysis.

3.4. Development of Smart Applications and Tools for the Traceability, Marketing, and Supply of
Food By-Products
3.4.1. Traceability System

Agri-food supply chain management is referred tp, in the research of Luo et al. (2018),
as “the management of the relationship(s) among the raw material supply for agricultural
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production, processing, and product logistics and distribution” [67]. It is a complex task,
which becomes more complicated because of the involvement of by-products in the food
chain that are used for the production of, e.g., animal feed. It is also an interrelated system
based on the “production adjustment and consumption-driven” [68]. The concept of
circularity has been highlighted as an important issue in research on agri-food systems [69].
In addition, the improvement in supply chain efficiency in the process and the performance
of waste management is dependent on the implementation of a circular economy, which is
highlighted as the most important theme [70]. Therefore, there is a need for monitoring the
inputs and outputs in the food production process that are related to by-products in the
production process. In order to effectively recall a harmful food product, the information
about the product location must be available “in time” and preferably “online”. Let us
consider that the use, as inputs, of products that have arisen as by-products in some other
production process adds further risks to the supply chain, it is understood that the need to
fully trace all the inputs that may cause food safety issues is imperative.

For the development of an effective, transparent, and fully documented traceability
system, there is a need for the adoption of standards and solutions that will allow the
exchange of information related to products and events that occur at the various stages of
production, processing, distribution, consumption, or/and disposal of products. Previous
research investigated the standardisation of IoT data and platforms and highlighted GS1
EPCIS as one of the major standards [71]. In this project, the use of the Electronic Product
Code Information System (EPCIS) Standard is chosen. The EPCIS is a standard defined
by GS1, a non-profit international organisation which provides specifications for the rep-
resentation of product traceability information [72]. At this point, it is important to note
that, for the use case of the IoF2020 regarding the tracing and tracking of pigs, the EPCIS
event model was developed for meat transparency and traceability [71]. The GS1 global
organisation has defined standards for such information exchange, providing the Electronic
Product Code (EPC) standard as well as the EPCglobal Architecture Framework [73].

The GS1 Electronic Product Code Information System is a GS1 International Organ-
isation standard that allows trading partners to share information about the physical
movements and status of “items” as they travel through the entire supply chain, from
business to business to the final consumer. The EPCIS standard is chosen by companies
that focus on the tracking and tracing of products [71]. “Objects”, in the context of EPCIS,
usually refer either to physical objects that are identified (e.g., logistics units), or at the level
of locations (e.g., warehouses, production units, etc.), tracked at different times, and which
are treated in physical management steps of an overall business process involving one or
more organisations. The goal of the EPCIS standard is to enable disparate and separate
applications and processes (as this often happens from enterprise to enterprise) to generate
and share events both internally within enterprises (intra-departmental), as well as with
their partners, with a standardised, mutually acceptable manner and method.

Event data are created through business processes, captured through the EPCIS Cap-
ture Interface, and are available for query through the EPCIS Query Interfaces [74]. This
exchange of event data is intended to allow users to gain a common view of physical or
digital objects within the relevant business context.

The EPCIS standard, and, specifically, version 1.2, defines four different types of events.
Together, these facts make it possible to report the following:

• One or more products or group of products are created, observed or destroyed
(Object Event);

• One or more products are aggregated, or separated from, a larger unit, such as a box
or pallet (Aggregation Event);

• One or more products are composed and transformed for the production of one or
more products (Transformation Event);

• One or more products are related to or disconnected from a business transaction
(Transaction Event).
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Each event has a field that represents four possible dimensions of an EPCIS event [75]:

• What (the subject of the event, either a specific object (EPC) or a class of object (EPC
class) and a quantity);

• When (the time at which the event occurred);
• Where (the location where the event took place);
• Why (the business context of the event).

The GS1 Global Traceability Standard adds a fifth dimension, “Who,” in order to
identify the parties involved [76].

For each event, several fields are defined depending on the type of event, which
contain information about which EPC product codes are observed (the epcList field), the
location or even the specific point where the event takes place or the identity of a “parent”
in a concentration process (the parentID field referring to, e.g., a palette).

The GS1 EPCIS standard is commonly employed in conjunction with the GS1 Core
Business Vocabulary Language (CBV) standard. The CBV offers precise and comprehensive
explanations of data values that are suitable for populating the data structures outlined in
the Electronic Product Code Information Services (EPCIS) standard. The utilisation of the
standardised lexicon offered by the CBV standard is of utmost importance for achieving
interoperability and facilitating the provision and retrieval of data. This is accomplished by
mitigating disparities in the manner in which enterprises articulate comparable concepts.
The partners unanimously engage in comprehensive deliberations regarding the definition
and significance of the constituent elements of the CBV standard, thereby ensuring their
adherence to the established norms [72]. As an example, the EPCIS standard can define the
field “business step,” whose possible values (e.g., shipping, receiving) can be defined in
the Standard Vocabulary. It is worth noting that the GS1 EPCIS standard was also officially
recognised in 2015 as a Standard by the ISO organisation (ISO/IEC 19987:2015) [77]. Data
elements and structures are complied with GS1 EPCIS and CBV standards in order to
enhance the data interactivity between the participants in the supply chain [78].

A traceability solution was adopted for the development of the integrated by-product
full-path traceability scheme, which uses the field TransformationEvent of EPCIS in order to
create, in our case, a logical connection between the input and output of the produced BM.
The output identity is stored in the outputEPCList field with the corresponding quantities
in the inputEPCList field, while the input identities are stored in the inputQuantityList field
with the corresponding quantities in the outputQuantityList field. The rationale behind us-
ing outputEPCList for the process result is that only one event should be generated for each
final product. The alternative solution is the creation of an input–output relationship per
production event by using the grouping of related events and the transformationID field.

Finally, an important element that is used to characterize the BM as a product derived
from the use of bakery FFPs is the IMLD field in which the specific property (attribute)
“BySub-products” is assigned and takes specific values from a list depending on the used
product. The information on employing bakery by-products and their quantity in pig feed
diet is now following the final meat product to the final consumer.

3.4.2. Digital Tools Supporting Traceability

In order to effectively support the implementation of the traceability scheme, three
digital tools were designed and developed. These three applications act as sources of
input and retrieval of traceability information throughout the supply chain and are cen-
trally connected to Green Projects’ KalaΘosTM platform [79]. KalaΘosTM supports the
management of products, places, and supply chain actors, aiming for the implementation
of full-path tracing from farm to shelf. The KalaΘosTM Main Platform, along with its
complementary Modules, offers real-time information through various digital mediums
such as web, smartphones, and tablets. These Modules have the capability to function
autonomously or in tandem with other information systems. The Service-Oriented Architec-
ture (SOA) methodology has been employed, with a particular focus on the implementation
of JSON (JavaScript Object Notation). The overarching open architecture approach em-
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ployed in KalaΘosTM facilitates modularity and enables seamless integration with external
systems, thereby ensuring comprehensive operability. The KalaΘosTM infrastructure also
encompasses a comprehensive network of sensors deployed across farms, equipment,
trucks, aggregation, processing, and logistics facilities. These sensors are intricately con-
nected to a network of LoRa gateway stations, enabling seamless data transmission and
communication [79]. For this research, a set of sensors was used for monitoring the trans-
portation conditions of by-products and bakery meal from one unit to another.

The three digital tools that have been developed within the main platform are
the following:

(i) B2B App: Tool for supporting the disposal of FFPs by announcing the availability of
quantities of FFPs with full information regarding their composition and state. The
tool supports the implementation of relevant commercial transactions as well as the
planning and real-time monitoring of cargo shipments (Figure 3).
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Several functions are supported by the B2B App in conjunction with the KalaΘosTM

platform such as: the creation of an offer and demand requests, the negotiation between
seller and buyer, the creation of a contract, and the monitoring of its implementation.

The basic services supported by the app are as follows:

• Submission by sellers (producers, groups of producers, traders, etc.) for FFPs with
specific characteristics (focusing on the potential uses of products) (Figure 3);

• Request for quotation for products by buyers;
• Negotiation process for price determination and other elements of commercial agreement;
• Quality control procedures based on relevant protocols;
• Monitoring the contract execution process, including the payment completion stage.

(ii) Traceability App: A tool that covers the traceability needs with a focus on internal
traceability at the level of FFP production units using GS1 global standards. It has an
open architecture with interfaces with the production points for batching and labelling
based on sorting and weighing (Figure 4).
The Traceability App supports the recording of product/by-product events through-
out the supply chain. Stakeholders can see the events they created, as well as the
events of downstream and upstream products. The events for covering the needs of
this project are recorded in the following phases:

• During the receipt of FFPs (Incoming LOT event);
• During the transport to processing (Shipping event, Receiving Event);
• During the processing and production of the BM (Transformation event);
• During storage (Storing event, Unstoring event);
• During transport to the rearing unit (Shipping event);
• During the receiving and storing of products (Receiving event);
• During the production of the ration (Transformation events).
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(iii) Label Creation App: A tool for selecting the information for label creation. It has full
interface with Traceability App.

The Label Creation App supports the correct and complete display of information,
which will appear on the physical product and by-product labels, providing more details
about ingredients and production processes, linking the information provided to the re-
alised events (events) along the supply chain (Figure 5). Buyers can access this information
through the printed labels at unit sales level and/or at pallet level.

The three steps that support the process of producing a product/by-product label,
based on EU legislation and the needs of each organisation and/or buyer, are the following:

1. Labels template creation at organisation level per product and per processing stage;
2. Information receiving, to be printed on the label, from Traceability App;
3. Label creation, checking, and printing.

During the demonstration trial, the three aforementioned tools were used to support
the implementation of a traceability scenario covering all relevant steps of the supply chain.
The process is initiated with the submission of a request for quotation for FFPs through
the B2B app. An offer for pasta FFP was made available by an industry in northern Greece
based on the quotation and, after a negotiation phase, a sales contract (order) was agreed.
Then, the FFPs were collected and gathered at a BM processing plant, unpacked, ground,
and thermally treated. The produced BM was shipped to the pig farm in Nea Triglia,
Chalkidiki to be included in the feeding diet of the pigs. All the events that occurred at
the supply chain, from the initial shipping, and the production phase up to the inclusion
of the BM into the pigs’ diet, were recorded using the Traceability App. Furthermore, for
transporting FFPs and BM from one unit to the other, a set of LoRa and GSM sensors was
used for monitoring the transportation conditions, namely temperature and humidity. This
information is available in the KalaΘosTM platform for each shipping event. Finally, a
set of labels were produced through the Label Creation App, when a product (new LOT
number) was entering the supply chain, either as an incoming product or as a produced
(output) product. The recording of all supply chain events makes available to the users the
information regarding the lot-by-lot traceability.
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4. Conclusions

In this study, an integrated methodology for the sustainable valorisation of bakery FFPs
as a pig feed ingredient was demonstrated through a pilot trial of the whole value chain, e.g.,
bakery FFP collection, the production of BM and its analytical characterisation, the tracking
of both bakery FFP collection and BM use through smart applications, the inclusion of BM
in real pig feed diets, feeding trials, and meat analysis and sensory characterisation. The
produced BM was physiochemically and microbiologically safe for addition in pig feed diet
and its inclusion, at a rate of 20% w/w, in finishing pig feed diet, did not affect the growth
performance or the FCR. The produced meat did not differ significantly from meat samples
of pigs fed with the conventional diet concerning the colour, the lipid oxidative analysis,
and the lipids’ health indices. Moreover, the sensory evaluation of the produced meat
was positive with 3.62/5.00 Overall Acceptance, which does not differ significantly from
the Overall Acceptance (3.48/5.00) of the meat samples from the control group. Overall,
the use of bakery FFPs as a pig feed ingredient—when properly employed—seems to be
a successful circular bioeconomy paradigm of FFP valorisation, resulting in a reduction
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in the need for conventional feed ingredients with no detrimental effect on pig farming
performance and the quality of the resulting meat products.

To achieve the safe integration of FFPs in the animal feed supply chain, a comprehen-
sive strategy is essential concerning FFP collection and redistribution from the human food
supply chain. Standards like barcoding and blockchain may ensure the secure and precise
monitoring and categorisation of FFPs suitable for animal feed. Close partnerships between
food producers, bakers, and animal feed manufacturers will enable efficient by-product
collection. The legal and safe use of FFPs also requires strict food safety regulations and a
clear legislative framework. To raise awareness of the benefits and safety of using FFPs in
animal feed, producers, farmers, and feed manufacturers must be trained. Research and
innovation, especially locally, encourages flexible and creative waste management solutions.
The monitoring and evaluation of waste collection initiatives to optimise resource allocation
and minimise environmental impact, creating a more efficient and eco-friendly framework
for diverting FFPs to animal feed, reducing food waste, and improving resource use, shall
be an integral part of the strategy towards sustainability.

Author Contributions: Conceptualisation, A.M., G.F.B., S.I.P., E.N.S. and N.T.; methodology, S.I.P.,
G.F.B., A.M., E.N.S. and E.K.; software, E.K. and N.T.; validation, L.M., S.I.P. and E.N.S.; formal
analysis, A.M., A.D., G.F.B., E.N.S. and K.N.K.; investigation, A.D., S.I.P., E.N.S., E.K. and K.V.;
resources, K.V., E.N.S. and E.K.; data curation, A.M., L.M., A.D. and K.N.K.; writing—original draft
preparation, A.M., S.I.P., A.D., K.N.K., E.N.S., L.M. and N.T.; writing—review and editing, L.M.,
S.I.P. and G.F.B.; visualisation, K.N.K., A.M. and N.T.; supervision, G.F.B., E.N.S. and N.T.; project
administration, N.T. and G.F.B.; funding acquisition, S.I.P., G.F.B., N.T. and E.N.S. All authors have
read and agreed to the published version of the manuscript.

Funding: This study was co-financed by the European Regional Development Fund of the Eu-
ropean Union and Greek national funds through the Operational Program Competitiveness, En-
trepreneurship and Innovation, under the call RESEARCH—CREATE—INNOVATE (project code:
T2EDK-04537).

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Research Ethical Committee of the Hellenic Agricultural
Organisation-Demeter (Protocol Number 14948/6-03-2023).

Informed Consent Statement: All participants participated voluntarily and signed an informed
consent form before the Sensory Evaluation Testing (SET). All collected data were irreversibly
anonymous, e.g., the individual persons could not be identifiable from the collected data sets.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to privacy restrictions set by the
funding agency of the research presented.

Acknowledgments: The authors would like to thank KAFSIS S.A. (https://www.kafsis.com/) for
their support and expert knowledge on the production of the bakery meal used in this study.

Conflicts of Interest: The authors declare no conflict of interest.

References
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