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Abstract

We proposed here a non-destructive technology for pre-sorting eggs into subclasses characterized by a specifical acceptable
shelf life and quality requirements. Egg characteristics were identified suiting a predictive model for controlling storage
periods. Accordingly, the relationships of egg parameters were assessed, with weight loss (AW) during storage being the best
indicator of changes in egg contents variables. Using changes in AW, we established three indicators with the maximum effect
on fast egg drying and shrinkage. These included egg weight (W), egg volume-to-surface area ratio, and air cell diameter.
The relationship formulae were derived to estimate the AW value accurately. This approach enables to judge regarding the
potential of each particular egg subclass for its acceptable weight shrinkage and assign an optimal storage period for it. The
proposed non-invasive analytical method can be implemented in industrial conditions for both table and hatching eggs with

the available set of automated technological equipment.

Keywords Chicken eggs - Non-destructive analytical methods - Egg storage - Egg quality control - Egg sorting

Introduction

Modern industrial technologies for egg production are asso-
ciated with the need to take into account aspects of han-
dling large batches of eggs, their packaging, transporting,
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and other production processes, including the problem of
temporary storage of eggs. The latter is also crucial for the
incubation of hatching eggs on an industrial scale (Ayeni
et al., 2020) and processing of poultry eggs for the produc-
tion of other food products (Wang et al., 2012). Herewith,
storage conditions should guarantee the maintenance of cer-
tain quality indicators by the end of the storage period for
both table and hatching eggs. To prevent deterioration of
egg quality, a number of technological solutions have been
developed, which can be conditionally divided into the fol-
lowing categories:

1. The most common technology known for over 100 years
(Jenkins & Pennington, 1919) is provision of special
storage conditions, such as low temperatures and/or con-
trolled humidity, as well as artificial gas environment
(Brake et al., 1997; Giampietro-Ganeco et al., 2015;
Park et al., 2003; Salamon, 2020; Samli et al., 2005).

2. Use of special packaging in which eggs are placed
during storage (Imai, 1981; Okonkwo et al., 2021;
Renukadevi et al., 2018).

3. Application of protective coatings to egg shells (Al-Hajo
et al., 2010; Almeida e Silva et al., 2020; Dudusola,
2009; Nongtaodum et al., 2013; Oleforuh-Okoleh &
Eze, 2016; Park et al., 2003).
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However, use of these technical solutions entails addi-
tional costs for equipment, energy, and auxiliary materi-
als. Moreover, no developed technology guarantees that
absolutely all eggs stored in such conditions will reach the
end of their shelf life with guaranteed quality indicators
required for further use.

As a possible solution, the pre-sorting of eggs into sub-
classes can be suggested so that each subclass will have
its own acceptable shelf life, after which the eggs will
still meet the required quality characteristics. Despite the
obviousness of such a technological approach, its develop-
ment potential was claimed relatively recently, although,
judging from the lack of such studies, this has not received
a worthy response in the egg research community. As a
result of investigating quality of chicken eggs in relation
to extended period of storage, Hagan et al. (2013) argued
that “the significant interaction effects observed in some
of the egg quality characteristics are indications of the
need to consider the strain of layer and how long the eggs
can be stored so as not to compromise the quality.” Their
study revealed that eggs from different strains can differ
in characteristics like egg weight (W), albumen weight
(W,), and Haugh unit (HU). Thus, if we approach the pro-
posed technique of inter-strain egg sorting more broadly, it
would be advisable to perform a pre-storing arrangement
depending on those quality characteristics that are most
vulnerable to the duration of the storage process.

Perhaps, when choosing variables that are most subject
to change during storage, all researchers agree that these
are the parameters of the egg contents (or interior). For
example, according to Jin et al. (2011), eggs have their
highest possible albumen height (H) value (and hence HU
derived from it) when they are freshly laid and reduces
with increasing storage time. Stoj¢i¢ and Peri¢ (2018)
made a similar statement that H and HU were “affected
by the storage period and are of immense importance.”
Accordingly, their findings suggested that H and HU are
the most important parameters of egg quality. Earlier,
Alleoni and Antunes (2001) came to a comparable con-
clusion that HU and H “decreased significantly during
storage.” Similar trends in changes in egg white indica-
tors have been confirmed, probably, by all researchers who
have studied this issue (Karoui et al., 2006; Khan et al.,
2014; Lall et al., 2018; Samli et al., 2005; Tabidi, 2011).

Since most of the changes in egg quality in terms of HU
and H are related to moisture loss by evaporation through the
shell pores and CO, release from albumen (Hinton, 1968;
Robinson, 1987; Shenstone, 1968), W steadily reduces dur-
ing storage. This phenomenon was confirmed by Scott and
Silversides (2000), Park et al. (2003), Samli et al. (2005),
Oleforuh-Okoleh and Eze (2016), and many others.

Change in egg weight, i.e., its loss (AW), is quite easy
to track during storage without violating egg integrity,

whereas the albumen parameters cannot ensure this because
the egg must be broken to measure them. Therefore, the
variable AW can be the most convenient alternative for
assessing the egg freshness (quality) and, accordingly, its
suitability for further use at the end of the storage process.
Thus, AW can be safely used in analytical studies aimed at
developing technological solutions related to egg sorting
before storage.

On the other hand, it is not convenient in industrial condi-
tions to use AW as an indicator by which eggs can be sorted.
Indeed, the eggs in this case have to be weighed daily dur-
ing a certain period of their storage, after which a decision
should be made on the degree of suitability of each egg for
this storage period to sort the eggs properly. It is much more
attractive to estimate in advance the potential of each egg
for a specific shelf life. Hence, it is extremely relevant to
explore what methodological, technological and engineering
solutions can be developed to predict the optimal duration
of egg storage. An analysis of the studies conducted on this
topic made it possible to structure them into few main cat-
egories as outlined below.

Engineering Solutions

Previously, most of the research focused on identifying the
rates of fresh eggs and stale eggs using visible-near-infrared
(Vis—NIR) Spectroscopy. For example, Berardinelli et al.
(2005) found this equal to 80% of fresh eggs, while Zhao
et al. (2010) achieved even higher identification accuracy
(93.3%). Lin et al. (2015) and Coronel-Reyes et al. (2018)
tried to improve further the egg freshness identification rate
through multivariate calibration modeling procedures. How-
ever, recent studies using Vis—NIR spectroscopy have proved
their greater potential as engineering solutions. A number of
relevant works were aimed at predicting possible changes in
the quality indicators of egg contents. For instance, Abdel-
Nour et al. (2011) demonstrated that Vis—NIR transmission
spectroscopy, as a useful instrument for determining albu-
men pH and egg freshness, can also be used to predict HU,
albumen pH, and number of storage days non-destructively.
By estimating the ultrasonic phase velocity within the egg
material, Aboonajmi et al. (2010, 2014) looked into the fea-
sibility of non-destructive prediction of the primary qual-
ity indices of commercial eggs. It was discovered that the
phase velocity dropped over three weeks as the eggs' storage
time increased. In a later work, Aboonajmi et al. (2015) used
Vis—NIR spectroscopy for the same purpose, with which
they achieved a satisfactory prediction accuracy of HU for
intact eggs (R*=0.745 and 0.760) and air cell height (k)
(R*=0.835 and 0.844) under room and refrigerated settings,
respectively. Conversely, Kim et al. (2022) argued that the
NIR spectroscopy method did not demonstrate sufficient
prediction efficiency for HU.

@ Springer
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Suitable predictive models for egg shelf life have also
been devised using the state-of-the-art e-nose technology.
Yimenu et al. (2017) determined egg volatile during storage
and, based on the data obtained, developed a fairly accurate
model for predicting storage time. However, in their later
work, the authors still lean towards controlling egg fresh-
ness by predicting HU in a real-time cold chain environment
when applying non-destructive AW-related parameters (Kim
et al., 2022).

High predictive accuracy (with R* values up to 0.985)
was demonstrated for egg shelf life by Ragni et al. (2007)
and Ragni et al. (2010), who explored the non-invasive pre-
diction of fundamental quality characteristics of shell eggs
employing an open-ended coaxial probe dielectric measure-
ment technique. The variables under investigation involved
yolk index, H, HU, and air cell size as a function of time
spent for storage at ambient temperature.

The use of fluorescence to assess the quality of eggs dur-
ing storage can also be a viable alternative to other engineer-
ing systems. For example, Karoui et al. (2008) summarized
the results of their research on eggs storage time and condi-
tions, suggesting that the fluorescence spectrum of vitamin
A may be a useful tool for determining the freshness of eggs.

The rapid development of instrumentation and the pos-
sibility of its use for the needs of various industries prom-
ise a great potential for further research in this direction.
Exploration based on impedance measurement (Ching et al.,
2023), a technique using terahertz waves (Khaliduzzaman
et al., 2020), even more advanced near-infrared hyperspec-
tral imaging systems (e.g., Liu & Ngadi, 2013) and, possibly,
a number of others may be propitious.

Undoubtedly, the use of sophisticated devices that can
quickly and accurately measure the condition of the egg con-
tents without destroying it is extremely attractive. However,
the issue of predicting the term of possible egg storage at
the earliest stage (ideally, immediately after the egg is laid)
remains open. Given the lack of highly efficient industrial
appliances and/or their high cost, it is impossible to disagree
with Kim et al. (2022) that the monitoring of the egg stor-
age process can be performed by conventional weighing,
i.e., recording the AW values. In this regard, we argue that
it is precisely by W that a certain margin of safety can be
predicted for the possible albumen shrinkage during storage.
Otherwise, the greater the initial W value, the longer the egg
will probably be stored.

Initial Egg Weight

There are no directly predictive models of egg storage
time in the specialized scientific literature, based on the
W value before storage. Nevertheless, a number of studies
indicate the possible prospect of using the W parameter for
this purpose. For example, according to Washburn (1990),
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there is a correlation between W and H, meaning that as egg
size increases, so does the percent of albumen. Scott and
Silversides (2000) discovered that correlation coefficients
between W and three egg components, i.e., albumen, yolk,
and shell, indicated that W overall and at each storage period
was closely correlated with albumen weight (W,). According
to Feddern et al. (2017), better egg quality (measured at
week 1 of storage) was associated with higher values of W,
yolk height, H, HU, and egg density (D). As a result of a
comparative analysis using eggs of different W subclasses,
Gogo et al. (2021) showed that the average AW values for
large (60-64 g), extra-large (65-69 g), and jumbo (>70 g)
were 1.67, 1.78, and 1.99 g, respectively. That is, if you
recalculate these results as relative AW values, the values
will be placed in reverse order. In other words, the greater
the W value, the less weight shrinkage during egg storage.

Thus, it is indeed possible that eggs of higher W values
may have a much greater long-term storage potential than
lighter eggs due to losing relatively less moisture.

Air cell size is the parameter that is associated with mois-
ture loss due to evaporation via the shell pores and CO,
release from albumen in the course of storage (Hinton,
1968; Robinson, 1987; Shenstone, 1968). In this regard, this
parameter can also be used to predict the predisposition of
eggs to different periods of their storage.

Air Cell Dimensions

As soon as the egg is laid, the two shell membranes sepa-
rate, creating an air space. Then, as CO, and moisture grad-
ually escape via the shell pores, the air cell grows in height
(Romanoff & Romanoff, 1949). Samli et al. (2005) demon-
strated in their research that, in addition to such parameters
as H, HU, pH of albumen, and yolk, which can only be
accurately determined by destructive methods, the air cell
size was found to be one of the most important parameters
and was greatly influenced by storage time and tempera-
ture. A similar assumption about the importance of the
air cell size, along with quality indicators of the contents,
was made by Aboonajmi et al. (2010, 2015). According to
them, HU and air cell height (/) are the two basic indica-
tors of egg freshness. In that study, 2 was more than tripled
when stored at 25 °C for 35 days. A similar increase in &
was noted in the studies of Ragni et al. (2007) and Ragni
et al. (2010) after 16 days of storage, as well as Drabik et al.
(2021) who examined this relationship during 35 days of
storage of chicken eggs.

Following are some conclusions that may be drawn from
the above literature review:

1. The technology of egg sorting prior to storage, depend-
ing on their potential to withstand a certain period of
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time with the required quality indicators of the contents, .
) duired quatiy 1n ) §= 298 12 0341w - 4.2707), @)
is extremely promising, is relatively easy to implement, L

and can be quite effective in terms of the desired egg
storage results.

2. Clearly, there are not enough available studies aimed at
developing predictive models for the suitable storage
time of eggs depending on the values of their parameters,
which can be measured quite simply, in relation to indus-
trial conditions and, moreover, in a non-invasive way.

In view of this, we set ourselves the objective to evalu-
ate the potential of using the parameters of chicken eggs,
which can be determined without violating their integrity,
and to build a predictive model of their possible shelf life.
To achieve this goal, we carried out the relevant studies that
included the following tasks:

1. Determined the relationship between the indicators of
egg contents and AW during storage.

2. Measured the following parameters, obtained without
violating the egg integrity: W, its linear dimensions, i.e.,
length (L) and maximum breadth (B), volume (V), den-
sity (D), surface area (S), and air cell dimensions.

3. Carried out a correlation analysis of dependences of AW
during storage and the measured parameters of eggs.

4. Built a predictive model for calculating AW during stor-
age depending on the complex of the most significant
non-destructive parameters.

Material and Methods

The planned studies were designed to be more exploratory
in nature, as a result of which they required a thorough and
careful approach in determining a large number of analytical
measurements. As a result, we were forced to limit the size
of the experimental sample. A total of forty five table eggs
were examined here that were produced by Yasensvit LLC
(Kyiv Region, Ukraine) from a flock of 23- to 35-week-old
Hy-Line W36 laying hens. From the moment of egg laying
to purchase, the eggs were stored at a temperature of 4 °C
for three days. Each egg was weighed (W) using an elec-
tronic scale to the nearest 0.01 g, and their L and B were
measured to the nearest 0.1 mm using a vernier caliper. All
eggs were photographed (Narushin, Lu et al., 2020) and the
distance (w) of the B axis shift from the center of the egg
was measured from their images with an accuracy of 0.1
mm (Narushin, Romanov et al., 2020). The values of V and
S were determined using the following calculation formulae
from Narushin, Romanov et al. (2021):

Ve 0.5233B%(L* + 0.0071Lw — 0.8565w?)

7 ey

where Vis egg volume (cm?); S is its surface area (cm?); L is
its length (cm); B is its maximum breadth (cm); and w is the
distance between two vertical axes, one of which conforms
to B and the other of which crosses the egg at L/2 (cm).

The air cell diameter (d) was measured by candling the
egg and using a vernier caliper with an accuracy of 0.1 mm
in two measurements, after which the results were averaged.
The process of measuring d is depicted in Fig. 1.

The values of air cell height (#) and volume (V) were
calculated using the following formulae from Narushin,
Romanov, Griffin et al. (2021):

LB? = 2d*w — \/ Qd?w — LB2)? — d2B(L — 2w)*
282

3

s

h=

2
Voo = B2 02 13,7900 — 4.08w)
L €]

+ 0.012L(L* = 5.92Lw + 172.58w?)),

where £ is air cell height (cm), d is its diameter (cm), and
V. is its volume (cm?).

After performing the non-invasive evaluation, the eggs
were divided into three groups. Group 1 (20 eggs) was used
for destructive measurements. The eggs were broken, their
contents were poured onto a flat surface, and H and the
diameter of yolk (D,) were measured with an accuracy of 0.1
mm. Based on the measured parameters H and D, the egg
quality indices, i.e., HU (Haugh, 1937) and EQI (Narushin,
Romanov, Griffin et al., 2021), were computed as follows:

Fig. 1 The process of measuring the air cell diameter of an egg

@ Springer
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037 _ |
HU = 1001log <H - \/5(30‘41/00 0, 1.9),

100H\H
\/0-5W =5+ D2H

where H is the height of thick albumen (mm in Eq. 5 and cm
in Eq. 6), Wis egg weight (g), G is the gravitational constant
equal to 32.2, and D, is yolk diameter (cm).

The egg shell was thoroughly washed from the remains
of the contents without separating the shell membrane, dried
in air for a day, and weighed (W,) with an accuracy of 0.01
g. The thickness of the shell along with the shell membrane
(T) was measured with a micrometer with an accuracy of
0.01 mm at six points, after which the measurement results
were averaged. Shell volume (V,) was calculated using the
following formula from Narushin et al. (2022):

EQI = 1001og 6)

V, = 1.054T(B> + 2(B — T)(L — 2T) — 0.41(B — T)w), (7)

where V, is shell volume (cm?), L and B are egg length and
maximum breadth (cm), respectively, and T is mean shell
thickness (cm).

Characteristics of egg interior were evaluated as the fol-
lowing differences between the corresponding values of the
whole egg and the shell: volume, V;=V—V; and weight,
W,=W— W,. Density of interior, D;, was calculated as the
ratio of W;to V.

Eggs of Group 2 (15 pieces) and Group 3 (10 pieces)
were stored for 8 and 15 days, respectively, at ambient tem-
perature of 18 °C with daily weighing. At the end the storage
period, the eggs were broken and subjected to a destruc-
tive assessment of internal parameters similar to Group 1
as described above. The AW parameter was defined as the
difference between W values before and after storage.

The significance of the results between groups was
assessed using Student’s #-test and the tightness of the rela-
tionship using the Pearson correlation coefficient. Given the
limited nature of the planned samples, special attention was
paid to the issue of their representativeness. To do this, we
used the Cochran (1977) calculation formula for minimum
sample and an assumption on the margin of error (E). Fol-
lowing Cochran (1977), the level of 5% (0.05) conformed to
the acceptable value of E_,,. Accordingly, we converted the

max*
Cochran (1977) calculation formula to the following equation:

(N - n)o'y2

where 7 is the number of eggs in the particular sample, N is
the total number of eggs in the batch being investigated, and
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o, is the standard deviation of the studied parameter, in this
instance the sex ratio of ducklings in each sample.

The STATISTICA 5.5 program (StatSoft, Inc./TIBCO,
Palo Alto, CA, USA) and computational Excel tools were
used to process the data obtained.

Results and Discussion

The results of examination of the three egg groups are pre-
sented in Table 1. These data indicated that the differences
in major external and internal egg parameters between the
three groups were insignificant, except for H, Dy, HU, and
EQI. Notably, the difference in the D, values was significant
for Groups 2 and 3 only in comparisdn with Group 1, but not
between themselves. Obviously, the yolk grew in diameter
and, accordingly, lost its height at the first stages of storage,
after which these parameters remained unchanged. The pro-
cess of so-called spreading out of the yolk was explained by
Fromm and Matrone (1962). According to them, the yolk’s
flattening occurs due to the vitelline membrane’s thinning.
Since, judging by the data we obtained, the weakening of
the vitelline membrane occurred unevenly, the D parameter
can carry an equally important informational component in
a comprehensive pattern of changes in the quality of egg
contents. In this regard, we believe that EQI that takes into
account both A and Dy (Narushin, Romanov, Griffin et al.,
2021) is much preferable for such studies than HU.

The representativeness assessment showed that the
size of each sample was clearly significant. The criterion
of £<0.05 was entirely satisfied because the value of E
equaled 0.0008. As a result, it was feasible to guarantee the
accuracy of the statistical processing of the outcomes of the
conducted observations.

Consequently, having the necessary set of initial param-
eters (Table 1), we were able to accomplish the first task we
set with regard to the adequacy of the relationship between
AW during storage and quality indicators of the egg con-
tents, i.e., H, HU, and EQI. These relationships are repre-
sented as graphical dependencies in Fig. 2.

All these dependencies characterized a steady linear
drop in each of the quality indicators of the egg contents in
proportion to the amount of weight shrinkage during stor-
age. Although the used three time points were not enough
to carry out a full-fledged approximation of the obtained
data, we decided to describe these dependencies with the
following mathematical formulae:

H=5875-1781 AW, C))
with R? = 0.9969 (p < 0.01);
HU =77.42-21368 A W, (10)
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Tab!e 1 Means and standard Parameters Mean by groups SD by groups

deviation (SD) values of

measured and calculated egg 1 2 3 1 2 3

variables for Group 1 (prior to

storage), Group 2 (8 days of Egg weight prior to storage, W (g) 56.38 56.24 56.26 2.71 2.34 2.35

storage), and Group 3 (15 days Length, L (cm) 5.56 5.51 5.51 0.12 0.18 0.13

of storage) Max breadth, B (cm) 4.33 4.34 432 0.08 0.04 0.07
Egg volume, V (cm?) 54.42 54.34 53.85 2.61 2.28 2.27
Surface area, S (cm?) 59.46 59.59 59.34 2.01 2.05 1.56
Egg density, D (g/cm?) 1.036 1.035 1.045 0.020 0.012 0.014
Air cell diameter, d (cm) 2.80 2.82 2.79 0.25 0.12 0.15
Air cell height,  (cm) 0.62 0.63 0.62 0.13 0.08 0.08
Air cell volume, V,, (cm®) 2.08 2.09 2.02 0.89 0.45 0.48
Shell weight, W, (g) 5.62 5.51 5.67 0.47 0.39 0.50
Shell volume, V, (cm?) 2.55 2.52 2.53 0.22 0.27 0.20
Shell thickness, T (mm) 0.372 0.365 0.368 0.032 0.038 0.027
Weight of interior, W, (g) 50.76 50.73 50.59 2.39 2.24 2.10
Volume of interior, V; (cm®) 46.77 46.06 45.40 2.73 2.77 2.12
Thick albumen height, H (cm) 0.593 0.368* 0.217° 0.093 0.146 0.072
Yolk diameter, D, (cm) 4.21 4.45% 4.35% 0.19 0.29 0.15
Weight loss on Day 8, AW, (2) - 1.192 1.163 - 0.181 0.133
Weight loss on Day 15, AWy, (g) - - 2.118 - - 0.219
Haugh units, HU 77 54¢ 3280 7 18 16
Egg Quality Index, EQI 114 89? 6940 8 19 17

Significant difference (p <0.05) as compared to Group 1

bSignificant difference (p <0.05) as compared to Group 2

with R? = 0.9981 (p < 0.01);

dependences were necessary in order to verify the adequacy

of choosing AW as an indirect characteristic of egg qual-
EQI = 114.08 —21.254 A W, (I1) ity in the further analysis of the experimental results. The
obtained relationships are in full agreement with the results

with R? = 0.9995 (p < 0.01).

of other authors (e.g., Oleforuh-Okoleh & Eze, 2016; Park

Thus, having data on AW during egg storage and accord- et al., 2003; Samli et al., 2005; Scott & Silversides, 2000).

ing to formulae (9) to (11), we were able to carry out an

The next stage of this analysis is aimed at assessing the cor-

appropriate recalculation for the main egg quality charac-  relations between AW during storage and other egg parameters
teristics and, based on these, decide on the termination or  that can be determined using non-invasive analytical methods.
further extension of the storage period. In our case, these ~ The purpose of this analysis was to select a set of parameters

EQl

15

105

95

85

75

aAw aw

A B

65

i\

C

Fig.2 Plots for relationships between egg weight loss, AW (g), and A height of thick albumen, # (mm); B Haugh unit, HU; and C Egg Quality

Index, EQI
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whose values can be used to predict the ability of an egg to
withstand a certain period of storage without a dramatic dete-
rioration in its properties. As a result of the literature review,
it was found that W (e.g., Feddern et al., 2017; Scott & Silver-
sides, 2000; Washburn, 1990) and air cell dimensions (e.g.,
Aboonajmi et al., 2010, 2015; Drabik et al., 2021; Ragni
et al., 2007, 2010) have the greatest potential for this analy-
sis. However, in addition to these non-destructive parameters,
we considered it interesting to include for analysis a number
of other indicators obtained as a result of destructive experi-
ments. In particular, these included shell characteristics and
D,. The development of computational methods (Nordstrom &
Ousterhou, 1982; Narushin, 1997, 1998) and instrumentation
(Kibala et al., 2015; Narushin et al., 2004; Narushin, Chausov
et al., 2021; Schoorl & Boersma, 1962) to determine the shell
characteristics without its destruction, as well as our recent
study (Narushin et al., 2023) on the calculation of D, based
on the external egg parameters and elastic shell deformation,
suggest that the use of these parameters to predict the egg
shelf life can be very promising.

The results of the correlation analysis are presented in
Table 2. Considering the complex prediction of egg stor-
age during the two studied periods (8 and 15 days), the
VIS parameter showed the highest correlation (0.666 and
0.840, respectively). Judging by the obtained correlation
coefficients (0.712 and 0.835, respectively), B can also be
a very promising parameter. However, B is included in the
calculation formulae for determining V and S (Egs. 1 and
2, respectively); therefore, we suggested that the integral

Table 2 Correlation of measured and calculated egg variables with AW

Parameters Correlation with AW

8 days of storage 15 days of storage

Egg weight, W (g) 0.391 0.635°
Length, L (cm) 0.116 0.273
Max breadth, B (cm) 0.712% 0.835%
Egg volume, V (cm®) 0.515° 0.765%
Surface area, S (cm?) 0.389 0.674°
WIS ratio 0.264 0.493
VIS ratio 0.666* 0.840*
Egg density, D (g/cm?) -0.423 —0.441
Air cell diameter, d (cm) 0.432 0.410
Air cell height, & (cm) 0.189 0.136
Air cell volume, V,, (cm®) 0.306 0.254
Shell weight, W, (g) —0.022 —0.108
Shell thickness, 7" (cm) —0.187 —0.443
Shell volume, V (cm®) -0.027 —0.134
Density of interior, D, (g/cm®) —0.226 -0.222

The meanings without any index mean were insignificant
ip<0.01
5p<0.05
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indicator V/S that combined few values was much more
suitable for the prediction purpose. Moreover, the sig-
nificant correlation for B could be due to the experimen-
tal sample, which also testified in favor of the integral
estimate V/S. From a physical point of view, the influ-
ence of the V/S ratio on AW during storage is also quite
reasonable. The V parameter characterizes the reservoir
of potential moisture that will evaporate during storage,
thereby reducing W. At the same time, the S parameter, as
the area of potential evaporation, has a direct impact on
the moisture loss.

Considering the significant relationship between AW and
VIS, we assumed that the W/S ratio could also have no less
effect on the weight shrinkage process. Taking into account
the fact that, in the physical sense, W (in addition to V) also
includes D, the W/S ratio is an even more complex parameter
than V/S. However, the correlation analysis (Table 2) showed
rather low and insignificant coefficient values for W/S in
both studied storage periods (0.264 and 0.493, respectively).
Additionally, the insignificant relationship between AW and
D; was rather unexpected for us, although it would be quite
logical to assume that the shrinkage of the inner liquid part
of the egg directly affects the change in D;. We suggest that
the methodology for determining D; requires a further and
more careful study in order to improve the accuracy. Of
practical interest could be the fact that, among the param-
eters characterizing the air cell, the highest correlation was
noted for d (0.432 and 0.410, respectively), although these
coefficients were insignificant. Realizing that just numbers
of correlation coefficients do not always contribute to the
best understanding of relationships between parameters,
we decided to visualize them using graphical dependencies
(Fig. 3) for the first storage period (8 days).

At the next stage, we tried to increase the potential for pre-
dicting AW during storage through a multivariate analysis of
this process. As influencing parameters, we chose various
combinations of W, V/S, and d, the relationship of which can
be presented using the following formulae:

7.51
AW = 61.97W‘1'02.<¥) 05 (12)

with R? = 0.571 (p < 0.01);

5.44
AW = 0.87(%) d°8, (13)

with R? = 0.529 (p < 0.01).

We also decided to test how much the prediction accu-
racy will change if V and S are used separately, instead of
VIS ratio:

AW — 44.99W_1'46.V7'74.S_7'21 .d0'77, (14)
with R?=0.573 (p<0.01).
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Fig. 3 Graphical dependences between egg weight loss, AW (g) and A egg weight, W (g); B V/S ratio; C air cell diameter, d (cm); and D density

of interior, D; (g/cm3)

In formulae (12) to (14), W was taken in g, Vin cm’, Sin
cm?, and d in cm.

Since the obtained determination coefficient for Eq. 13
(R?>=0.573) was not too much different from that for
Eq. 11 (R>=0.571) and the exponents for V and S were
practically identical and differed only in opposite signs, we
decided to recommend dependence (11) for practical use.

We also made a similar calculation using the same data
for the 15-day storage period. The result was expressed
by the following dependence:

5.22
AW = 5.55W‘0'29.(¥> 40, (15)

with R? = 0.847 (p < 0.01).

Thus, having a set of initial egg data, including W,
VIS, and d, we can, with a sufficient degree of accuracy
(R=0.756 for Eq. 11 and R=0.921 for Eq. 14, both signifi-
cant at p <0.01), estimate AW during storage for 8 (Eq. 12)
or 15 (Eq. 15) days and, as a result, decide on the potential
of each particular egg to its acceptable weight shrinkage.

Comparing the obtained results of egg parameters that
affect the process of changing its qualitative characteris-
tics and based on the literature data, it can be argued that,
in addition to W and air cell size, an important factor is
the V/S ratio.
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At the same time, according to our assumption, further
research in this field should focus more on the parameters
of the eggs themselves, without reference to the breeds and
characteristics of laying hens. Without a doubt, the age and
other characteristics of the birds impact the morphologi-
cal and physical parameters of the eggs. In particular, egg
parameters such as W, V/S, and d have the most direct effect
on the permissible periods of egg storage.

The fundamental importance in applying scientific
developments to their industrial implementation is the
availability of instrumental and technological base. Engi-
neering support for egg sorting techniques before storage
is a completely solvable task at a modern stage of technol-
ogy development. Currently, there are many proven meth-
ods applicable to this need, e.g., machine vision-based
systems with more or less complex components for egg
grading using such properties as defects and size of eggs
(Dehrouyeh et al., 2010; Garcia-Alegre et al., 1997, 2000;
Omid et al., 2013; Patel et al., 1994). Similar systems
have been developed to determine V and S (Narushin, Lu
et al., 2020; Nyalala et al., 2021). Also, ovoscopy systems
equipped with various additional devices, like ovoscope
and ultrasonographic imaging techniques (Onler et al.,
2017), can be used to determine the air cell parameters.
Furthermore, such engineering systems are available not
only as research samples, but are also actively used in
industry, e.g., egg sorting machines produced by Titus
& Jack GmbH (Neckargemiind, Germany; Titus & Jack,
2023) and automatic egg candling machines that can be
used to determine the air cell size (e.g., Nabel, 2022).

Conclusions

Based on the results of the research carried out and pre-
sented here, the following conclusions can be drawn:

(i) Pre-storage egg sorting technology based on the
non-invasive analytical principles we described here
is innovative and promising to minimize waste and
ensure the best quality of the final produce.

(i) The AW parameter during storage is an effective indi-
cator that can be used for a robust estimate of the
quality of the egg contents.

(iii) The EQI parameter is preferable than HU for assess-
ing and controlling the quality of egg contents during
storage, as it takes into account not only the change
in H but also the condition of the yolk. Given the
varying degrees of degradation of these parameters
during storage, the use of only one of them can lead
to erroneous conclusions about the actual egg quality.

(iv) The combination of W, V/S, and d allows to estimate,
with a reasonable degree of accuracy, the possible
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AW value during storage. This value can be calcu-
lated using formulae (12) or (15) derived on the basis
of the present study. The expediency of performing
similar experiments on other samples of chicken or
other poultry eggs cannot be ruled out.
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