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ABSTRACT

Osmotic dehydration is a low-energy process since water removal from the raw material is without phase change. The goal of this
research is to estimate energy efficiency of the process of osmotic dehydration of pork meat at three different process temperatures,
in three different osmotic solutions and in co- and counter-current processes. In order to calculate energy efficiency of the process of
osmotic dehydration, convective drying was used as a base process for comparison. Levels of the saved heat energy in the process of
osmotic dehydration in comparison to convective drying were from 1.40 MJ to 1.97 MJ per 1 kg of fresh meat. Based on the pre-
sented results it can be concluded that the optimization of the process of osmotic dehydration from the aspect of energy efficiency has
to include: choosing molasses as an osmotic solution; process temperature of 20°C; choosing counter-current process due to higher
energy efficiency.
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REZIME

Smanjenje kolicine utrosene energije po jedinici uklonjenje vode iz namirnica je neophodno u cilju povecanje ukupne efikasnosti
procesa, smanjivanja troSkova proizvodnje, kao i smanjivanja uticaja visoke potronje energije na Zivotnu sredinu. Osmotska de-
hidratacija je proces niske energetske zahtevnosti posto se proces uklanjanja vode iz sirovina biljnog i animalnog porekla odvija bez
fazne transformacije. Cilj ovog istraZivanja je procena energetske efikasnosti procesa osmotske dehidratacije svinjskog mesa na tri
razlicite temperature procesa, u tri razli¢ita osmotska rastvora i pri isto-strujnim i protiv-strujnim izvedbama procesima. Da bi se
izracunala energetska efikasnost procesa osmotske dehidratacije, konvektivno susenje je uzeto kao bazni proces za poredenje. Nivoi
uStedene tolotne energije u procesima osmotske dehidratacije u poredenju sa procesima konvektivnog susenja kretali su se od 1.40
MJ do 1.97 MJ po 1 kg sveZeg mesa. Modifikacijom tehnoloSkog postupka iz isto-strujnog u protiv-strujni proces, energetska efikas-
nost se povecala za 13%. Poveéanjem temperature procesa osmotske dehidratacije, nije se u dovoljnoj meri povecéala tehnoloska efi-
kasnost procesa, da bi kompenzovala dodatni utro3ak energije za zagrevanje sistema svinjsko meso/osmotski rastvor u energetskom
bilansu. Na osnovu prikazanih rezultata moze se zakljuciti da optimizaciju procesa osmotske dehidratacije svinjskog mesa sa aspekta
energetske efikasnosti treba voditi u smeru: odabira melase kao osmostkog rastvora, procesne temperature od 20°C i protiv-strujnog
procesa osmotske dehidratacije.

Kljuéne reci: Osmotska dehidratacija, energetska efikasnost, svinjsko meso, melasa Secerne repe.

INTRODUCTION from the osmotic solution to the food material being dehydrated,
causing solid gain of the food material that is specific for os-
Out of the total industrial energy consumption in food pro-  motic dehydration (Koprivica et al., 2010). From all investigated
duction 15% is used for the process of thermal drying, with rela- responses of the process of OD (Pezo et a'_7 in press)7 0n|y WL
tively low thermal efficiency of 20 to 50%. Hence, reducing the s not affected by solid gain and it is comparable between differ-
amount of consumed energy per unit of removed water from the  gnt types of dehydration.
food material is necessary in the effort to increase the total effi- Due to big complexity of meat composition (Stamenkovic et
ciency, reduce the costs of production, as well as reduce the ef- 31, 2007) direct calculation of quantity of heat needed for re-
fects of high energy consumption on the environment (Chua et moving the equivalent quantity of water from meat by convec-
al., 2001). tive drying is not precise enough, since the calculation cannot
OD is a low energy demanding process (Panagiotouet al.,  take into account the phenomena that characterise biological ma-
1999; Waliszewiskiet al., 1999) due to its ability to remove water  terjal, such as meat. Water in meat is located in myofibrils, meat
from food material without phase change, hence without energy  cell functional organelles, and also in inter-cellular space be-
consumption on latent heat of evaporation of water (Della Rosa  tyeen myofibrils and sarcoplasm (Barat et al., 2009). The goal
etal., 2001; Torreggiani, 1993). of this research was to estimate energy efficiency of the process
In order to investigate and estimate energy efficiency of the  of OD of pork meat at three different process temperatures, in
OD process, convective drying is taken as a base treatment for  three different osmotic solutions and in co- and counter-current
comparison. processes, with the comparison to the convective drying through
Comparison of the efficiencies of OD process and convective 3 simple experiment of following dynamics of water evaporation

process is possible only by choosing the adequate response of i parallel runs of meat and water samples.
both processes, one that is not affected by secondary mass flow
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Nomenclature:

A —ash mass fraction of shoulder blade pork meat: 0.0011 kg/kg
i.s.

c,— specific heat capacity of the sample, (kJ/kg-C)

Cp1 — specific heat capacity of pork meat, (kJ/kg-C)

Cp2 — specific heat capacity of osmotic solution, (kJ/kg-C)
Cp— ash specific heat capacity: 1.14 kJ/kg-C

Cpm — fat specific heat capacity: 1.67 kd/kg-C

Cpvachy — Crystal NaCl specific heat capacity: 0.85 kJ/kg-C
Cp(os1) — OS; specific heat capacity: 2.34 kJ/kg-C

Cp(os2)— OS; specific heat capacity: 2.22 kJ/kg-C

Cp(os3) — OSs specific heat capacity: 2.09 kJ/kg-C

Cpp — Protein specific heat capacity: 0.84 kJ/kg-C

cpv—ash water specific heat capacity: 4.19 ki/kg-C
Cpsuccrose) — SUCTOse specific heat capacity: 1.24 ki/kg-C
Cp(watery — Watter specific heat capacity: 4.19 kJ/kg-C

d.m. - dry matter content

L — latent heat of water evaporation, (kJ/kg)

M - fat mass fraction of shoulder blade pork meat

MBE - Mean bias error

meat: 0.0031 kg/kg i.s.

m; — mass of evaporated water from the sample, (kg)

m; — sample mass, (kg)

mg; — pork meat mass, (kg)

ms, — osmotic solution mass, (kg)

N — NaCl mass fraction of OS;: 0.1372 kg/kg i.s.

OD - osmotic dehydration

OS; - Osmotic solution 1

OS, - Osmotic solution 2

OS; - Osmotic solution 3

Q - quantity of heat needed for heating and evaporation of de-
termined mass of water, (kJ)

Q. — quantity of heat needed for heating meat/osmotic solution
system, (kJ)

R? — coefficient of determination

RMSE - Root mean square error

S — sucrose mass fraction of OS;: 0.4706 kg/kg i.s.

T, —initial sample temperature, (°C)

T, — final sample temperature, (°C)
V — water mass fraction of shoulder blade pork meat: 0.75 kg/kg
i.s.
W — water mass fraction of OS;: 0.3922 kg/kg i.s.
WL — water loss

y*- chi-square test

MATERIAL AND METHOD

Pork meat (M. triceps brachii) was purchased just before
use. Initial moisture content of the fresh meat was 72.83%. Os-
motic solutions used in this research were:

0S;:

Aqueous osmotic solution of sodium chloride and commer-
cial sucrose (350 and 1200 g/kg of distilled water, respec-
tively) (Qi et al., 1998; Collignan et al., 2001);

0S,:

Mixture of OS; and sugar beet molasses of dry matter
content of 80% in mass ratio of 1:1;

0S::

Sugar beet molasses obtained from the sugar factory Peéinci,
with initial dry matter content of 85.04 %, diluted to mass con-
centration of 80% dry matter content.

Preparation of the pork meat and the treatment of co-current
process of OD are described in Pezo et al. (in press), with the

only difference that mass ratio of material to osmotic solution
was 1:2.

Counter-current process of OD differed from co-current
process in changing concentrations of osmotic solutions during
every hour of 5 hour process, Table 1. In this way conditions of
counter-current process are simulated. Mass ratio of material to
osmotic solution was 1:2, since this low mass ratio better ex-
presses the difference between co- and counter-current process
than the usual mass ratio of 1:5, which reduces decreases in con-
centration gradient in co-current processes.

Table 1. Concentrations of three osmotic solutions in every
hour of five hour process of counter-current osmotic dehydra-
tion

1st h 2nd h 3rd h 4th h 5th h

05S:: 45% | 48.75 | 52.5% |56.25% | 60%
1 dm. |%dm.| dm. d.m. d.m.
0S,: 52.5%| 56.88 [61.25% |65.63%| 70%
| dm. |%dm.| d.m. d.m. d.m.
0S.: 60% | 65% 70% 5% 80%
1 dm. | dm. | d.m. d.m. d.m.

Dynamics of water evaporation is experimentally determined
by parallel convective drying of the same quantities of meat cube
samples (dimensions of 1x1x1 cm) and water of 100 g in the
same glass trays, placed in a convective heater, preheated at
100°C. The samples of meat and water were at the same room
temperature before the experiment. In equal time intervals (15
min, 30 min, 45 min, 60 min, 90 min, 120 min and 150 min)
meat and water sample mass is measured.

Calculation of WL values used for calculation of quantity of
saved energy is described in Pezo et al. (in press).

Quantity of heat needed for increasing the temperature of
water samples and evaporation of determined mass of water is
calculated from the following equation (Toledo, 2007):

Q:Cp'ms'(TZ'T1)+L'mi 1)

Quantity of heat needed for heating meat/osmotic solution
system to process temperatures is calculated according to
(Toledo, 2007):

Qz= (Cpr* Myt Cpp- Myp) - (To- Ty) ()

Specific heat capacity of pork meat, ¢y, is calculated based
on chemical composition of pork meat shoulder blade used in
process of osmotic solutions (Nicetin et al., 2012) from follow-
ing equation (Toledo, 2007):

Cp1 = P+(Cpp) +M-(Com)+A-(Cpa) +V+(Cp) ®)

Specific heat capacity of osmotic solutions c,; is calculated
based on modified equation (3), where mass fractions and spe-
cific capacities of components of osmotic solutions are used.

(Specific heat capacity; Water — thermal properties; Ol-
brich, 1963).

Statistical analysis of experimental data was performed using
StatSoft Statistica 10.

RESULTS AND DISCUSSION

The results of the dynamics of evaporations are shown in
Figure 1, where the dependence of time needed for certain levels
of WL and values of WL for meat and water samples is formed.
In Table 2 values of R? y°, MBE and RMSE are shown.
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Table 2. Statistical indicators of experimental data fitting to
model

Statistical indi- Meat Water
cators
R? 0.991 0.994
¥ 6.47E-04 7.37E-04
MBE 8.97E-03 2.49E-03
RMSE 1.37E-03 1.56E-03

In both cases for meat and water samples high values of R®
and low values of >, MBE RMSE indicate that experimental
data have good fittings to the proposed models (Menges and
Ertekin, 2006).

Considering that meat and water samples were dried at the
same time in parallel runs, under the same conditions, the same
absorbed quantity of heat by both samples can be assumed.

Time of convective drying needed for
achieving the same WL levels as for different
processes of osmotic dehydrations presented in
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Fig. 1. Dependence of water loss by evaporation from meat and
water samples and duration of convective drying

Table 3. Mean values and standard deviations of quantities of heat needed
for the same level of WL in convective drying of 1kg of pork meat

Table 3 is determined from the equations of de- 0s; 0s; 0S;

pendence of time and WL for meat samples, [Temp. | 20°C | 35°C | 50°C | 20°C | 35°C | 50°C | 20°C | 35°C | 50°C

presented in Figure 1. Then, for the same de- [Co-current OD

termined time of convective drying, WL values |y gq, 24231 04657 04950 [0.4280 0.4980 05487 [0.4703 0.5207 (0.5843
; +1+0.0136[£0.0243 £0.0029 +0.0035 +0.0058 +0.0004 *0.0025 10.0115 |+0.0090

for water samples are determined. These WL . . 5 a . A - e -

val f water samples are used for calculatin 1631.37 [1529.17°[1402.23° [1627.5471647.64° [1602.32° [1770.94° [1734.34*[1742.54

alues ot water samp ( UIaUNG g, 44945 48247 [+0.84 1197 [10.77 142 [+851  439.04 1+30.51

the quantity of absorbed heat using equation (1). |55 inter-current 0D

This quantity of heat is also absorbed by meat | =~ 104365 0.4451 04881 [.4768 [0.4907 05288 [.4967 [0.5614 05698

samples for achieving observed WL levels. In (99:)40.2311[+0.0108 0.0015 [+0.0061%0.0085 1£0.0027 %0.0139 [+0.0045 +0.0031

this way, the connection between WL values 1656.3" [1564.61% [1589.51° [1793.0191722.83%[1734.641860.44™ [1966.317 [1881.40°

achieved in OD process and the assumed and [Klkgnew) [£73.97 #36.67 #5.10 [¥20.74 +28.84 [¥9.24 1+47.13 11534 [+10.50

calculated quantity of heat “saved” by using
osmotic process instead of convective drying is
accomplished.

In OD processes at increased temperatures
(35°C and 50°C), the values of “saved” quantity
of heat are adjusted to heat losses for heating

™ Different letters in superscript in the table indicate statistically significant
difference between values, at significance level of p<0.05

Table 4. Mean values and standard deviations of quantity of heat needed for
removal of 1 kg of water from pork meat

meat/osmotic solution system, calculated by

h . h 0S; 0S, 0S3
equations (2), (3). In this way, “saved” quantity |remp. 20°C | 35°C | 50°C | 20°C | 35°C | 50°C | 20°C | 35°C | 50°C
of heat for all ODs are comparable and indicate |co-current OD
energy balance of the total process. Q 127.87%601.8" [1023.23°[126.40%[544.75™[890.29° [115.03*[502.407 [804.38"

All values of WL and “saved” quantity of |[kJ/kgH,0)+4.12 k3151 +5.99 |+1.03 #6.35 |+0.65 |+0.62 |+11.10 |+12.39
heat for all ODs are presented in Table 3. Counter-current OD

Table 3 shows values of quantity of heat |Q 123.94%393.179/606.23™ [113.46% B49.30° [545.95™ [108.92°[298.36" [492.98°
needed for removing 1kg of water from meat in  [(kJ/kgH,0)+9.53 +9.55 +1.86 |+1.45 [6.05 H2.79 |+3.05 |+2.39 |+2.68

co- and couner-current OD processes at differ-
ent temperatures.

Analysis of energy balance of OD in
comparison to convective drying

Based on the results shown in Table 3, it can be seen that the
levels of “saved” energy in OD process in comparison to con-
vective drying ranged from 1.40 MJ to 1.97 MJ per 1kg of fresh
meat. OD processes at 20°C — which were undemanding in terms
of energy — achieved equivalent energy savings from 1.63 MJ to
1.86 MJ per 1kg of fresh meat. By modification of the techno-
logical procedure from a co-current to counter-current process,
energy efficiency increased up to 13% (for example: OD in OS;,
at 35°C).

Heat energy required for removing 1kg of water from pork
meat in OD was affected by applied technological parameters
and ranged from108.92+3.05 kJ/kgH,O to 1023.23+5.99
kJ/kgH,O, Table 4. In comparison to the quantities of heat
needed in convective drying for removing the same amount of
water, which ranged from 8000 to 9500 kJ/kgH,O (Lenart and
Lewicki, 1988), energy efficiency of OD processes was from
8.55 to 80.28 times higher.

Analysis of the effect of the type of osmotic
solution on the energy balance of OD process

Based on the presented results in Table 3 it can be seen that
there were no statistically significant differences between the
results of quantities of “saved” heat energy of co-current proc-
esses in OS; and OS,, at 20° and 35°C, while at the temperature
of 50° there were statistically significant differences between
results of all three osmotic solutions. This indicates that the type
of osmotic solution statistically significantly affects the levels of
quantities of “saved” heat energy, and also that the highest val-
ues are achieved in OS; (molasses). The same statistical signifi-
cances are present in analysis of the values of the quantity of
heat needed for removal of 1kg of water from the meat at the
same temperatures, but in different osmotic solutions, Table 4.

In the cases of counter-current processes, significant statisti-
cal differences are noticeable between values in different os-
motic solutions at all temperatures, indicating that the type of
osmotic solution statistically significantly affects quantities of
“saved” heat energy in counter-current process, as well, Table 3.
The highest values are once again achieved in OS,.
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Analysis of the effect of temperature on the
energy balance of OD process

The values of “saved” quantity of heat during co-current
process in OS;, Table 3, indicate that there were significant sta-
tistical differences between values at 20°C and 35°C in compari-
son to values at 50°C. The increased temperature of the process
statistically significantly affected the reducing quantities of
“saved” energy. This can also be noticed for WL values, since
the increase of the technological efficiency, due to the increase
of the temperature of the process, was not high enough to com-
pensate for heat consumption in the energy balance for extra
heating of the meat/osmotic solution system.

In case of co-current OD in OS,, there was no significant sta-
tistical difference between the values of the quantities of “saved”
heat, indicating that extra input of energy led to significant in-
crease of WL values and technological efficiency, so the energy
balances of tested samples were similar, Table 3.

Co-current OD in OS; has shown the same trends of energy
balances as the process in OS,, Table 3.

Counter-current ODs in all osmotic solutions have shown the
same trends of energy balances as co-current processes in OS,
and OS;, Table 3.

Based on the results of significant statistical influences of the
temperature of the process on the quantity of heat energy re-
quired for removing 1kg of water from pork meat, Table 4, it can
be noticed that in all cases the increase of the temperature statis-
tically significantly increased the needed quantities of heat en-

ergy.

Analysis of the effect of the type of process on
the energy balance of OD process

Based on the presented results in Table 3 it can be seen that
there were no statistically significant differences between the
results of quantities of “saved” heat energy of co-current and
counter-current processes in OS;, at 20°C and 35°C, while at the
temperature of 50° there were statistically significant differences
between results. At the highest temperature, the counter-current
process resulted in statistically significant increase of the energy
efficiency in comparison to the co-current process.

In case of OD in OS,, statistically significant differences be-
tween values of quantities of “saved” heat of co- and counter-
current processes were observed only at 20°C, Table 3.

In case of OD in OS;, statistically significant differences be-
tween the values of quantities of “saved” heat of co- and
counter-current processes were observed at 35°C and 50°C, indi-
cating that at higher temperatures the type of the process statisti-
cally significantly influenced the energy balance, Table 3.

From the results presented in Table 4, it can be noticed that
the type of the process statistically significantly influenced the
quantity of needed heat energy for removing 1kg of water in
most cases (in all osmotic solutions at 35°C and 50°C), where
lower values of heat were needed for counter-current processes.

CONCLUSION

Based on statistically significant effects of the technological
parameters on energy balance of the process of osmotic dehydra-
tion of pork meat, optimisation of the process from the aspects of
energy efficiency should include:

Choosing molasses as an osmotic solution, since it exerted
the best energy saving in comparison to other two osmotic solu-
tions.

Increasing the temperature from energy undemanding 20°C
to 35°C did not always increase WL high enough to justify extra
input of energy, while the temperature of 50°C has shown as too
energy demanding on final energy balance.

Choosing counter-current process since it has shown better
combined technological and energy efficiency.
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