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Abstract Water consumption required during the leaching
stage in the surimi manufacturing process strongly depends
on the design and the number and size of stages connected
in series for the soluble protein extraction target, and it is
considered as the main contributor to the operating costs.
Therefore, the optimal synthesis and design of the leaching
stage is essential to minimize the total annual cost. In this
study, a mathematical optimization model for the optimal
design of the leaching operation is presented. Precisely, a
detailed Mixed Integer Nonlinear Programming (MINLP)
model including operating and geometric constraints was
developed based on our previous optimization model (NLP
model). Aspects about quality, water consumption and
main operating parameters were considered. The mini-
mization of total annual costs, which considered a trade-off
between investment and operating costs, led to an optimal
solution with lesser number of stages (2 instead of 3 stages)
and higher volumes of the leaching tanks comparing with
previous results. An analysis was performed in order to
investigate how the optimal solution was influenced by the
variations of the unitary cost of fresh water, waste treat-
ment and capital investment.
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List of symbols

A Area (mz)
c Concentration (mg/ml)
CAGT  Propeller agitator cost (U$S)

CEny Total cost of the power consumption (U$S/year)
CFW Fresh water cost (U$S/year)

CLTK  Leaching tank cost (U$S)

COL Operational labor cost (U$S/year)
COM  Manufacturing cost (U$S/year)
CSCPR  Screw press cost (U$S)

Ccsp Sanitary pump cost (U$S)

CRS Rotary sieve cost (U$S)

CRM Raw material cost (U$S/year)

cur Utility costs (U$S/year)

CWT Waste treatment cost (U$S/year)

D, Particle’s diameter (m)

Dy, Mass diffusivity (m?/s)

FI Investment cost (U$S)

Fw Fresh water flow stream (m3/s)

FW, Total fresh water consumption (m3/s)
Jp Chilton and Colburn factor

k. Global mass transfer coefficient (m/s)
K Distribution constant

M, Molecular weight (kDa)

M Mass flow rate of minced fish (kg/s)
Qini Inlet flow stream (m*/s)

Oour Outlet flow stream (m*/s)

Or Recycle flow stream (m’/s)

R Sample radius (m)

r Variable radius (m)

S Lost minced fish mass stream (kg/s)
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T Temperature (°C)

t Time (s)

v Agitation velocity (m/s)

Vi Leaching tank volume (m3)

Vop Operative volume of the leaching tank (m%)
Vi Volume of minced fish (m?)

Vi, Volume of washing water (m%)

Y Percentage of extraction (%)

Dimensionless groups
Re Reynolds’s number
Sc¢ Schmidt’s number

Greek symbols

& Volume fraction of solvent (dimensionless)
0 Density (kg/m°)

u Viscosity (N-s/m?)

0 Residence time (s)

0 r Total residence time (s)

Subscripts

p Proteins presented in minced fish

y Proteins presented in solvent phase
Cycle

EP From the removable proteins
f Minced fish

i At interface
inl Inlet

out Outlet
Introduction

Surimi, minced and water-washed fish muscle tissue, has
been used as a primary material for gelling foods enriched
in myofibrillar proteins, such as kamaboko and shellfish
analog products. The use of surimi as raw material or
feedstock for further processing products is more efficient,
in terms of transportation, storage, supply of raw materials,
and better quality than the use of fresh fish (Fahrizal et al.
2015).

Fish sarcoplasmic proteins are a large family of proteins
that include myogens and enzymes, and are soluble in
water or low ionic strength solution. These components are
normally washed out from surimi processing since they can
lead to deterioration during surimi storage (Hemung and
Chin 2013). Leaching process facilitates concentration of
myofibrillar proteins by removal of soluble components
(soluble proteins, other nitrogenous components, blood,
etc.) from minced fish (Suzuki 1981).

The frequency of fish muscle washing is important,
since the colour of surimi improves by increasing the
washing frequency (number of cycles) (Park 2005),
washing time and water quantity (Fahrizal et al. 2015).
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However, long period washing would result in high
hydration of mince and degradation of myofibrillar pro-
teins, making the subsequent dehydration process more
difficult and could repress the gel-forming ability (Park
2005). Several works have been published considering the
advantages and disadvantages of the washing frequency on
quality properties of surimi, such us process yield, sensory
evaluation, gel strength, texture analysis, water holding
capacity and whiteness (Park 2005; Ng and Huda 2011;
Yongsawatdigul et al. 2013; Ramadhan et al. 2014; Fah-
rizal et al. 2015; Fogaca et al. 2015; Hamzah et al. 2015).
Despite the fact that in these articles the number of cycles
is changed, the extraction time and/or water/mince ratio per
cycle are maintained as constant. This operating mode
could increase the loss of myofibrillar proteins and water
usage because there is no control of the extraction rate with
the number of cycles.

In particular, operating time, number of cycles, water/
mince ratio, pH and temperature affect the final composi-
tion and texture analysis. Medina and Garrote (2002), Park
(2005) and Reinheimer et al. (2013) exposed the impor-
tance of the mentioned variables on the final quality.

On the other hand, the surimi manufacturing process
requires a large amount of wash water, which may con-
tribute to high operating costs and environmental problems
(Reinheimer et al. 2013). Therefore, surimi manufacturers
have to consider minimizing water usage and reduce
wastewater disposal. Analyzing quality and operating
aspects evident trade-offs exist among the number of
cycles, wash water ratio and leaching time per cycle. The
key of the problem is to whether more water usage guar-
antees better surimi quality or if it is unnecessary and
wasteful (Reinheimer et al. 2013). The analysis of the
optimal design and operating mode of the leaching process,
considering the optimal number of stages, extraction time
and water/mince ratio is addressed in this work.

In previous works, a mathematical model to simulate the
extraction process of soluble protein from sdbalo
(Prochilodus platensis) during the surimi elaboration was
developed (Reinheimer et al. 2014). Indeed, the model
validation using experimental data obtained at laboratory
scale was presented there. The NLP optimization model
with a superstructure formulation was developed consid-
ering different process arrangements (conventional, coun-
tercurrent and hybrid configurations) to minimize the fresh
water requirement of the leaching process (Reinheimer
et al. 2014). From several optimization results, it was
concluded that the countercurrent arrangement leads to the
minimal water consumption. In addition, the results also
revealed that the minimum water consumption is achieved
when three or more stages are used for a fixed total tank
volume of the leaching process (for both cases: equal and
different tank size distribution). But excessive washing not
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only increases the cost of water usage and wastewater
treatment, but also results in a loss of myofibrillar proteins
(Reinheimer et al. 2014).

The fresh water consumption decreases when the num-
ber of stages increases, due to the fact that more recycle
streams are available in the countercurrent arrangement,
reducing both the fresh water requirement and the liquid
waste stream (Reinheimer et al. 2013). This clearly evi-
dences a trade-off between operating costs and fixed
investment costs. This point has not been deeply discussed
in the literature. However, it is an important issue for
processors and manufacturers. A review of the state of the
art of the surimi production technology indicates a lack of
works addressing the optimization of the leaching process,
specifically the minimization of total annual cost (invest-
ment plus operating cost).

In this paper, the cost minimization problem, selecting
the optimum number of process units and their sizes, as
well as the optimum set of operating conditions (agita-
tion speed, temperature and flowrates) has been formu-
lated. Quality and technological constraints are
simultaneously considered. To do this, a superstructure
of alternative configurations for the leaching process
design is proposed resulting in a Mixed Integer Non-
Linear Programming (MINLP) model. Superstructure-
based models (NLP and/or MINLP models) have been
applied successfully in several application areas such as,
among others, energy systems (Manassaldi et al.
2014, 2016; Oliva et al. 2011; Zondervan et al. 2011);
wastewater treatment systems (Alasino et al. 2010);
multiperiod blend scheduling problems (Kolodzieja et al.
2013); biodiesel production (Rizwan et al. 2013);
desalination seawater processes (Mussati et al.
2006, 2008). In this paper, the proposed MINLP model
is used to determine the optimal process configuration,
sizes of each process unit and operating conditions that
minimize the total annualized cost for a desired
production.

The optimization model is based on previous ones
including now the cost model. This is a hard challenge to
solve due to the high nonlinearities and the large number of
variables. The model includes both, partial differential and
algebraic equations. Further difficulty encountered, is to
capture product quality and operating aspects through the
problem constraints.

Optimization model

For the superstructure of alternative configurations illus-
trated in Fig. 1, the optimization problem can be formally
defined as follows: determine the optimal number of stages
(size, operating temperature and agitation speed of each

one), protein concentrations and flow-rates; minimizing the
annualized total cost, given a minimum desired extraction
yield and satisfying operating and quality constraints.

The MINLP problem is formulated defining a super-
structure describing the space of feasible alternatives,
according to:

min f(x,y)
X,y
st h(x,y)=0
g(x,y) <0
xeXCR'

y € Y integer

where f(x,y) is the objective function (for this case the
annualized total cost). Equality constraints correspond to
the process model (mass balances, physicochemical and
equilibrium relationships, among others). Inequality con-
straints are all the technological, operating and quality
constraints such as allowed maximum temperature, maxi-
mum (total and per tank) volumes, minimum extraction
yield, water/mince ratios among others.

In the following sections, a detailed description of the
optimization model will be presented.

As shown in Fig. 1 the superstructure embeds several
stages arranged in a countercurrent pattern where the
unwashed minced fish is fed at the first stage while the
fresh water is fed at the last stage, according to previous
results of Reinheimer et al. (2013). As indicated, a
generic stage is composed by a leaching tank, a rotary
sieve and a sanitary pump. A maximum number of four
stages (¢ = 4) is introduced in the superstructure. The
existence of each stage is modeled by using binary
variables [y(c)], which are included in linear inequality
constraints, considering that:

y(e) = {(1)

In our case, the following constraint is imposed:
1< (Z y(c)) <4
c=1

Model assumptions

if the stage exists
if not

Main assumptions for this model are the same proposed
and verified in earlier works (Reinheimer et al. 2013,
Reinheimer et al. 2014) and are summarized as follows:

e Spherical particle (minced fish) is considered.

e Soluble proteins diffuse to the surface of each sphere
according to Fick’s second law.

e Model 1-D. Temporal evolution in radial direction of
total protein concentration is contemplated.

@ Springer
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Fig. 1 Superstructure for the countercurrent leaching process in the manufacturing process of surimi

e Size and shape of spherical particles and the density of
the minced fish do not change along the leaching
process.

e Continuous process and perfect stirred tanks are
considered.

e Only soluble proteins diffuse within the particles. At
the solid-liquid interface, the transference is made by
convection.

Process model

The mathematical model basically includes the kinetic
model of soluble protein extraction, as well as the global
and protein mass balances in each leaching stage and
equilibrium and physicochemical relationships, which are
described in detail in “Appendix”. Operative and techno-
logical constraints are imposed by inequality restrictions
and are also presented in the “Appendix” section. For more
details, the reader is referred to Reinheimer et al. (2014).

Discrete decisions are handled by binary variables
according to the existence (or not existence) of each stage,
as mentioned in previous section.

The lower and upper bounds of operating and design
constraints are closely related to the final quality aspects.
Water temperature values must be in the safety operating
range to retain functional properties. Protein concentration
and humidity content in the final products are the main
factors affecting the gel strength. Therefore, a minimum
extraction percentage (Ygp) is required in order to ensure
an adequate and acceptable gel strength (Park 2005;
Reinheimer et al. 2014).

Solvent volume fraction, residence time and number of
cycles are the variables that are strongly linked to one
another for the unit operation design and quality aspects.

@ Springer

The most typical range of volume fraction used at the
industrial scale was adopted for this work. Then, the
combination of the optimal number of stages, residence
time per cycle and solvent volume fraction must be con-
templated from the quality point of view. The arrangement
of these variables is critical for the loss of myofibrillar
proteins.

The agitation speed range must be selected in order to
obtain adequate efficiency and preventing high speed,
which can result in a temperature rise as well as difficulty
in dewatering by the screw press.

Several constraints are incorporated in the model to
consider all the aspects aforementioned.

During surimi processing, especially when marine fish
species are used as raw material, the wash water temper-
ature ranges from 5 to 10 °C (Suzuki 1981; Sonu 1986).
Also, the average soluble protein extraction of different fish
species used for surimi production is about 60% (Sonu
1986; Green and Lanier 1999). Finally, water volume
fractions from 0.7 to 0.9 are commonly used.

Here, wash water temperature, the average soluble
protein extraction and the overall water to meat ratio are
optimization variables and restricted by given operative
ranges:

e Extraction Temperature: 7,,;,, < T < T,ax
e Extraction percentage of soluble proteins: Yzp > Ygp in
e Solvent volume fraction: €, ¢ min < &we < &we max

In this model, the pH evolution and control have not
been considered. However, this variable must be controlled
in an adjusted range to assure the desired gel properties.
Reducing the pH of the washing stage near the isoelectric
point of fish proteins will facilitate dewatering and gels
with higher stress characteristics (Park 2005).
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Cost model virk(¢) > vk (c — 1), forc>1 (5)
The manufacturing cost (COM, U$S/year) is calculated as where
suggested by Turton et al. (2009): VETK min < VITK (€) < VITK max
COM = 0.28 - FI +2.37- COL +1.23 The agitator cost is computed as:
- (CRM + CWT + CUT) (1)
CAGT(c) =2.3- P25 (6)

where FI is the investment cost. An equipment depreciation
of 10% is considered for equipment investment. COL is the
operational labor cost (U$S/year); CRM is the raw material
cost (U$S/year); CWT is the waste treatment cost (U$S/
year) and CUT the utility costs (U$S/year), defined as:

CUT = CEny + CFW (2)

where CEny is the total cost of the power consumption and
CFW the fresh water cost.

As mentioned earlier, each leaching stage (c¢) is com-
posed by a leaching tank (LTK) equipped with a propeller
agitator (AGT), a sanitary pump (SP) and a rotary sieve
(RS). The equipment costs are computed using the corre-
lations published in Seider et al. (2009). Some of them are
considered as fixed cost, considering the operating condi-
tion range managed in this work, which are reported in
Table 1; while others depend on the main process vari-
ables, as listed below.

For each stage, the leaching tank cost is calculated as:

CLTK (c) = 2500 - y(c) 4 36 - (264.172 - v1x ()" (3)

where the first term of Eq. 3 corresponds to fixed tank cost
comprising foundations fixed pipelines and others struc-
tural costs, which are independent of the volume. Then, the
total stage cost (CLTKy) considering only tank costs is:
CLTKy =Y (CLTK(c)) (4)
c=1

where CLTK(c) is the cost of each leaching tank, which
depends on its volume, v; 7x(c) and y(c) is a binary variable
(1 or 0) associated with the existence or non-existence of
each stage, and c¢,,,, is the maximum number of stages (in
this problem four stages are adopted, as mentioned
previously).

The constraints for the volume tank’s distribution cor-
responding to a countercurrent configuration (in which the
fresh water stream flow enters through the last stage)
applied in this case is:

Table 1 Process parameters used for COM estimation

Daily operating time [DT, h/day] 5
Operating days per year [OD, dayl/year] 330
Mass flow rate of minced fish [M, kg/s] 1.253
Number of operators [np, adim] 1

Then, the total train cost, CAGTr, is calculated as:

CAGT; = Z (y(c) - CAGT(c)) (7)

c=1

where CAGT(c) is the cost corresponding to the propeller
agitator of each leaching tank. For the speed range con-
sidered, the propeller agitator power consumption, P47, 8
assumed constant (reported in Table 1).

Each stage is also equipped by a sanitary pump and a rotary
sieve. The costs of these units (CSP and CRS, respectively) are
reported in Table 1. Then, the total pump and rotary sieve
costs for all the train (according to the associated binary
variable related) are calculated respectively as follows:

Cmax

csPr= 3 (v(e) - CSP(e)) 0
c=1

CRS; = 3 (v(0) - CRS(c) ©)
c=1

As can be seen in Fig. 1, a screw press is located at the
exit of the last washing stage. Its cost (CSCPR) is estimated
as:

CSCPR = exp{10.9733 — 0.3580 - [In(7936.5080 - M)
+0.05853 - [In(7936.5080 - Mom)]z}
(10)

where M,,,; is the exit minced fish mass flow rate. By using
the screw press the final dewatering is produced prior to
blending the washed minced with cryoprotectants and
freezing (Park 2005).

Then, the fixed capital investment calculated as the sum
of the equipment costs involved in the process (FI, used in
Eq. 1) is:

FI = CLTKy + CAGT; + CSPr + CRSy + CSCPR ~ (11)

The power consumption costs are calculated as:
En(c) = (Pacr(c) + Psp(c) + Prs(c)) (12)

Cmax

Eny =Y (En(c)) + Pscpr (13)

c=1

where En(c) is the power consumption per stage, including
the following equipment: propeller agitator, P,gr, sanitary
pump, Pgp and the rotary sieve, Prs. Then, Eny is the total

@ Springer



4330

J Food Sci Technol (December 2016) 53(12):4325-4335

power consumption of the washing process. So, the total
power consumption cost of the washing process, Ceny, is
calculated as:

CEny = UCEn - Eny - OT (14)
OT = DT - OD (15)

where UCEn is the unitary power cost, and OT, is the
annual operating time expressed in hours, DT is the daily
operating time, and OD is the annual operating days.The
fresh water cost, CFW, is calculated as:

CFW = UCFW - FW - OT (16)

where UCFW and FW are the unitary cost and the fresh
water flow stream requirement, respectively.
The liquid waste treatment cost is computed as:

CWT = UCWT - QW - OT (17)

where UCWT is the waste treatment unitary cost and QW is
the liquid waste flow stream.The minced fish cost is esti-
mated as follows:

CRM = UCRM - My, - OT (18)

where UCRM is the raw material unitary cost and M,,; is
the inlet mass flow rate of minced fish.Finally, the labor
cost is computed as:

COL = n,, - COP - OT (19)

where COP is the operational labor cost per working hour
and n,, is the number of operators. Here, it is assumed that
one operator is needed independently of the number of
stages.

Solution strategy

MINLP problems are usually solved using decomposition
methods. Binary variables are applied in linear constraints
to avoid nonlinearities between discrete and continuous
variables. Several ways can be applied for performing such
a transformation. Widespread transformations are the so-
called ‘Big M’, ‘Multi M’ and ‘Convex Hull’ methods
(Raman and Grossmann 1991; Grossmann and Turkay
1996; Vecchietti et al. 2003), all are equally proper
methodologies. In this paper, the simplest transformation
of equations is used as indicated in Eq. (20):

xi(c) <Mi - y(c) (20)

where x(c) is the continuous variable, M refers to a large
numerical value and y(c) the binary variable: 1 if the stage
exists and O if not. These transformations are applied to the
following continuous variables: residence time per stage,
0(c) leaching tank volume, vyx(c) volume of minced fish,
v/c) volume of washing water, v,(c) inlet flow stream,
Qin(c) outlet flow stream, Q,,(c) recycle flow stream,
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0,(c) and percentage of extraction (soluble proteins), Ypp.
The objective is to decide which stages remain in the
leaching process. Here, the mentioned constraints are listed
with their suggested numerical values for the M; factor:

0(c) <9000 - y(c) (21)
vk (c) <200 - y(c) (22)
y(c) <200 - (c) (23)
na(e) <200 - 3(c) (24)
Qini(c) <100 - y(c) (25)
Qour(c) <100 - y(c) (26)
0:(c) <100 - y(c) (27)
Yep(c) <100 - y(c) (28)

The following constraint ensures that the remaining
stages are consecutives:

y(e —=1)<y(c) (29)

The optimization model is implemented in GAMS
(General Algebraic Modeling System) and involves 3709
constraints (equalities and inequalities) and 2797 variables
(6 integer variables). SBB (Standard Branch and Bound) is
used as solver for the resulting MINLP model (Brooke
et al. 1992). It is based on a combination of the Standard
Branch and Bound method known from Mixed Integer
Linear Programming and some of the standard NLP (non-
linear programming) solvers already supported by GAMS.
Intel Core i7 M480 2.67 GHz processor and 8 GB RAM
has been used to perform the optimizations.

Results and discussion

A processing plant with a production capacity of 10 tons of
frozen surimi (resulting in a surimi yield of 24% from the
weight of the raw fish input) on an 8-h day basis is con-
sidered for the optimization problem. Table 1 reports the
data related with the operation mode. Cost parameters are
presented in Table 2. Finally, Table 3 lists lower and upper
bounds used for quality and technological constraints.

The first step was to verify the proposed MINLP model
comparing the output results with those obtained by the
NLP model reported in Reinheimer et al. (2013). To do
this, it was necessary to fix several binary variables in the
MINLP model in order to make an appropriate comparison.
In addition, the same objective function investigated in
Reinheimer et al. (2013) (minimization of the total water
consumption) was also used in the MINLP. Different
optimization runs were performed varying the total tank
volume (each leaching tank volume as a free variable) as in
Reinheimer et al. (2013) obtaining, as expected, the same
optimal results.
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E;l(’]";ozr §5°M“°§§§fm§if§fe‘e“ Sanitary pump cost [CSP(c), U$S] 5000
Rotary sieve cost [CRS(c), U$S] 220,000
Propeller power consumption [Pagr, kW] 0.56
Sanitary pump power consumption [Psp, kW] 2,76
Rotary sieve power consumption [Prs, kW] 0.74
Screw press power consumption [Pscpr, kW] 1.64
Unitary cost of raw material [UCRM, U$S/Kg] 0.7
Unitary cost of waste treatment [UCWT, U$S/m’] 0.33
Unitary cost of energy [UCEn, U$S/KW h] 0.06
Unitary cost of fresh water consumption [UCFW, U$S/m3] 0.9
Operational labor cost [COP, U$S/h] 16

Table 3 Lower and upper

bounds for the main Variable

Lower bound Upper bound

optimization variables

Agitation velocity, v (m/s) 0.05 0.3
Water temperature, 7 (°C) 5 10

Leaching tank volumes, Vg (m%) 1 100
Percentage of extraction from soluble proteins, Ygp (%) 60 100
Volume fraction of solvent, &, . (adim) 0.7 0.9

After that the MINLP models verification was carried
out, the model was used to determine the optimal number
of stages, sizes and the rest of optimization variables. In
addition, a sensitivity analysis regarding main equipment
and operating costs was also investigated. In contrast to the
verifications case, all the binary variables are considered as
optimization variables instead of fixed ones. Indeed, min-
imization of total annual cost is here used as objective
function instead of the water consumption minimization.

Table 4 presents the optimal values after solving the
MINLP problem (min.COM). For the proposed objective
function and for the assumed parameter values, the optimal
number of stages is two, as shown in Table 4. In contrast to
previous results presented in Reinheimer et al. (2013), the
trade-off between the total investment and total operating
costs imposes lesser number of stages (2 vs 3). Also, both
variables, water requirement and total tank volume are now
different (Table 4), compared with previous results
(Reinheimer et al. 2013).

As mentioned above, final quality is related to the
number of stages, residence time, solvent/mince fraction,
and temperature as the main variables. From the quality
point of view, optimal values of temperature, residence
time per stage and solvent volume fraction in each stage
are according to values reported in the literature to prevent
relative losses of protein functionality (Sonu 1986; Can-
polar Inc 1988; Park 2005). However, temperature, solvent
volume fraction and percentage of extraction take their
lower or upper bounds in order to reduce water consump-
tion, operating time and to minimize operating costs. In

fact, the percentage of extraction (soluble proteins) takes
its lower bound to reduce operating time and costs, but this
bound ensures the final quality.

It is interesting to remark that in the last two decades,
various authors incorporated quality and environmental
aspects in their studies for the surimi production made by
different meats (fish, chicken, duck). In the works of Ninan
et al. (2004), Department of Fisheries Malaysia (2009) and
Yongsawatdigul et al. (2013), two leaching stages were
implemented and the gel properties have been enhanced,
compared with the gel properties obtained by traditional
recipes of three stages reported in the works of Suzuki
(1981), Sonu 1986, Green and Lanier (1999). However,
these authors made experiments with fixed residence time
and solvent/mince ratio per cycle. Here, all these variables
are simultaneously considered.

In order to clearly visualize the existing trade-off
between investments and operating costs, a parametric
study was performed in order to investigate the influence of
the water consumption as a function of the number of
stages and the total tank volumes. For this purpose, the
MINLP model is solved by minimizing the total annual
cost fixing the number of stages from 1 to 4, and simul-
taneously fixing the total volume of the leaching tanks in a
range (60-160 m®) varying +40% of the total volume of
the previous solution (Table 4). As described above (fixed
investment costs), each point in the curves plotted in Fig. 2,
corresponds to minimum water consumption.

Fresh water consumption (Fig. 2) tends to an asymptotic
value: 3 stages and 120 m’ (total tank volume), which can
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Table 4 Optimal main process variable values

Variable Value
Number of stages, ¢ (adim) 2
Leaching tank volumes, Vrx ;> (m3) 59.46
Total volume, Vyx 7 (m®) 118.92

Percentage of extraction from soluble proteins, Yzp (%) 60

Volume fraction of solvent, €. (dimensionless) 0.7*
Water temperature, 7 (°C) 10°
Agitation speed, v, (m/s) 0.3*
Residence time per stage, 0. (s) 624
Fresh water consumption, FWy (m3/s) 0.054
Fixed capital investment, FI (US$) 8.4255
E+5
Manufacturing cost, COM (US$/year) 7.4619
E+6
4 Ower bound
b Upper bound
0.066
0.064
0.062 !
<2
E 0.06
E 0.058
'8
0.056
0.054
0.052
0 1 2 3 4 5
Number of stages
—e—60m3 80m3 —@—100 m3 —@—120m3 140 m3 160 m3

Fig. 2 Fresh water consumption for a leaching process considering
from 1 to 4 stages and different total volumes

be assumed as a “practical” approximation (referenced in
Fig. 2 with A) of the optimal values. As expected, the
previous optimal solution reported in Reinheimer et al.
(2013) involves greater number of stages because the
model does not consider any cost. When the costs are
introduced, the optimal solution moves to lesser number of
stages (2 stages) and it is practically maintained above the
mentioned asymptote of the total tank volume (118.92 m?).

The optimal solution strongly depends on the adopted
economic parameters. The sensitivity of the optimal solu-
tion is here discussed varying the costs in a +30% range.
Figure 3 shows the relative influence of the economic
parameter variations over the total annual cost. It is shown
that the fresh water cost (UCFW) is the major contribution
to the total annual cost, followed in order of importance by
rotary sieve investment (CRS), waste treatment cost
(UCWT) and finally, the leaching tank cost (CLTK). As
shown in Fig. 3, the two last mentioned cost variations
have no significant impact on the total annual cost.

@ Springer

Variation of total annual cost, COM (%)

Percentage of variation of the parameter (%)

—e— UCFW UCWT —e—CLTK ——CRS

Fig. 3 Relative influence of cost variations over the total annual cost

As explained before, each stage involves units assumed
with fixed costs, as the rotary sieve and sanitary pump. The
rotary sieve represents the highest fixed cost associated to each
stage. Hence, this cost impacts in the decision (reduction) of
the number of stages in the optimal solution, which is close to
the minimal fresh water consumption as can be observed in
Fig. 3. This is because the fresh water cost is the more sen-
sitive cost. In addition, the total tank volume corresponds to
the lesser sensitive due to its relative minor cost.

Despite the above results, at the industrial scale operation,
the leaching process in surimi manufacturing plants typically
are conformed by three stages (Sonu 1986; Green and Lanier
1999; Park 2005). The configuration process with three
instead of two stages could be justified from the point of view
of the operating flexibility and control. For example, in case of
operative or mechanical failures in an equipment unit at any
stage. However, aspects like operability and controllability
have not been taken into account in the optimization problem.

Conclusion

A mathematical optimization model for the optimal design
of the leaching process in surimi production process was
presented. A detailed Mixed Integer Nonlinear Program-
ming (MINLP) model including operational and geometric
constraints has been developed to minimize the total annual
cost for a given production level. The proposed model
includes discrete decisions associated with the number of
stages (leaching tanks and auxiliary equipment units, such as
sanitary pumps and rotary sieves), which have been modeled
by using integer variables. Continuous variables are used for
process conditions (temperatures, flow-rates, tank volumes,
speeds, extraction rate, among others). From a computa-
tional cost point of view, the model resulted to be enough
flexible to perform optimizations and sensitivity analyses.
An optimal solution considering one leaching stage less than
traditional recipes of three stages was obtained maintaining
the composition constraints associated with quality aspects.
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The optimal total tank volume and the optimal water con-
sumption required to treat a mass flow rate of minced fish of
1.253 kg/s are 118.92 m® and 0.054 m?/s, respectively.

Therefore, this paper presents two important contribu-
tions, one in the field of the synthesis and process design of
soluble protein extraction, using phenomenological models
and advanced mathematical programming tools and the
second one for surimi manufacturers considering that the
total costs can be minimized maintaining quality’s target.

As future works, aspects such as final quality parameters
(gel strength, water holding capacity, among others),
operating flexibility and control will be further included in
the MINLP model.
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Appendix

The kinetic model of soluble protein extraction from
spherical particles of minced fish is described as follows:

1 Ocpe(r,t) 62c/;_c 20cp,

1—¢,.)- = , 0 R

(1= e Dy, Ot or? +r or <r<
(30)

Cﬁ=<C/;m1>C, t=0, VO0<r<R (31)

Ocpo(r,t

Cepelnt) oy o, w0 (32)

or
Ocp e

_D[f}’ gi = kcy,c (Cyzﬂc —Cy out,c) , Fr=R, V>0

(33)

Equations (30), (32) and (33) were discretized using the
central finite difference method (CFDM) using the second-
order accurate method in both space and time. The number
of discretization nodes used for the time-domain and spa-
tial-domain were, respectively 50 and 10.

The semi-empirical equation of Polson (1950) was used
to estimate the protein diffusion coefficient, Dg,, which is
recommended for biological solutes:

9.40e —15-T
Ky - (MWV)I/?)

where Mw, is the protein’s molecular weight, T is the
system’s temperature and p,, is the fluid viscosity.

The overall mass transfer coefficient was calculated
using the correlation proposed by Geankoplis (1993) for
fixed beds and also valid for fluidized beds of spheres in the
Reynolds number range of 10—4000:

Dg, = (34)

4333
0.4548
JD — - . R670.4O69 (35)
]D Ve
ke, = S (36)
where
Dp-p, v,
Re, — % (37)
and
Se = i ; (38)
By Py

The equilibrium of soluble proteins concentration under
diluted assumption is expressed as:

Cyi = K- Cpi (39)

The average concentration of total proteins in phase f3,
after the leaching process, is computed as follows:

(Cpour),= 3A /0 ! cp / (AR) , t=0, (40)

The initial concentration of protein in the washed
minced fish is equal to the final protein concentration of the
previous cycle (Fig. 3). Then, the following constraints are
considered:

<C[f ()ut>C: <C/} inl>c+1 I ¢ = 1323 A -(Cmax - 1) (41)

The maximum percentage of extraction [Ygp] is defined
as the ratio of the amount of proteins extracted after
washing and the maximum amount of proteins that can be
extracted, according to the following constraints:

(cp inl>EP,1 —(cp 0ut>EP,c

Yep%o = % (42)
(cpint >EP,1

where:

<CIBO>EP,1: 0.25- <c/30>1 (43)

The leaching process model in the countercurrent con-
figuration is described as follows:

It is considered that the operative volume of the leaching
tanks is 70 percentage of the total volume:

Vop,c =0.7- VTK,C (44)

where the total volume (Vrx 7) is given by:

3

Vikr = Z Vrk e (45)

c=1

During the washing process in each cycle, the operative
volume of the tank is filled by minced fish and washing
water and is computed as follows:
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Vope = Ve + Vine (46)

The residence time of the minced fish during each
washing stage is calculated as:

Vieny

0,
M,

(47)

The volume fractions of minced fish and solvent are
calculated as follows:

Ve
g =1 (48)
‘ Vop.e

VW C
we = 5 49
Bre =y (49)
where:
gettwe =1 (50)

The global and protein mass balances in each leaching
stage (leaching tank and rotary sieve, as control volume) is
given by:

Or(c+1)=0mlc), c=1,2,.. (cmax — 1) (51)
FWT = Qju(c), ¢ = cmax (52)
Or(c+1)-c,(c+1) = Qiulc) - cyim (53)
where

Qout(c) = Qr(c), c¢>1 (54)
Qout(c) = QwasteT, c¢=1 (55)
Qout(c) = E(c), Ve (56)

The mass balance at each leaching tank is given by:

M(C) . <C[)’ inl>C+Qinl(c) *Cyinle = Qout (C) * Cy out,c

+M(c+1) - {cpour). ., +5(¢) - (cpou), (57)
where:
M(c+1)=098-M(c), c=1, (58)
M(c+1)=099-M(c), c¢>1 (59)
and
M(c)=M(c+1)+S(c), c<cmax (60)

References

Alasino N, Mussati MC, Scenna NJ, Aguirre P (2010) Wastewater
treatment plant synthesis and design: combined biological
nitrogen and phosphorus removal. Ind Eng Chem Res
49(18):8601-8612. doi:10.1021/ie1000482

Brooke A, Kendrick D, Meeraus A (1992) GAMS: release 2.25: a
user’s guide. Scientific Press, Singapore

@ Springer

Canpolar Inc (1988) Development of process controls for surimi
production. Canadian industry report of fisheries and aquatic
sciences, no. 192. Fisheries Development Division, Canada

Department of Fisheries Malaysia (2009) Annual fisheries statistics
2009. Malaysia: Ministry of Agriculture & Agro-Based Industry
Malaysia [online]

Fahrizal F, Arpi N, Safriani N, Setiawati D (2015) The potency of
chanthidermismaculates fish for surimi production. Int J Adv Sci
Eng Inf Technol 5(5):339-342. doi:10.18517/ijaseit.5.5.572

Fogaca FH, SantAna LS, Lara JAF, Mai ACG, Carneiro DJ (2015)
Restructured products from tilapia industry byproducts: the
effects of tapioca starch and washing cycles. Food Bioprod
Process 94:482-488

Geankoplis CJ (1993) Transport processes and unit operation, 3rd
edn. Prentince-Hall, Lebanon

Green DP, Lanier TC (1999) Comparison of conventional and
countercurrent leaching process of surimi manufacture. J Aquat
Food Prod Technol 8(1):45-58. doi:10.1300/J030v08n01_06

Grossmann IE, Turkay M (1996) Solution of algebraic systems of
disjunctive equations. Comput Chem Eng 20:339-344

Hamzah N, Sarbon NM, Amin AM (2015) Physical properties of
cobia (Rachycentron canadum) surimi: effect of washing cycle
at different salt concentrations. J Food Sci Technol
52(8):4773-4784. doi:10.1007/s13197-014-1622-1

Hemung BO, Chin KB (2013) Effects of fish sarcoplasmic proteins on
the properties of myofibrillar protein gels mediated by microbial
transglutaminase. LWT Food Sci Technol 53:184-190. doi:10.
1016/j.1wt.2013.02.008

Kolodzieja SP, Grossmann IE, Furmanb KC, Sawayac NW (2013) A
discretization-based approach for the optimization of the mul-
tiperiod blend scheduling problem. Comput Chem Eng
53:122-142. doi:10.1016/j.compchemeng.2013.01.016

Manassaldi JI, Scenna NJ, Mussati SF (2014) Optimization mathe-
matical model for the detailed design of air cooled heat
exchangers. Energy 64:734-746. doi:10.1016/j.energy.2013.09.
062

Manassaldi JI, Arias AM, Scenna NJ, Mussati MC, Mussati SF (2016)
A discrete and continuous mathematical model for the optimal
synthesis and design of dual pressure heat recovery steam
generators coupled to two steam turbines. Energy 103:807-823.
doi:10.1016/j.energy.2016.02.129

Medina JR, Garrote RL (2002) The effect of two cryoprotectant
mixtures on frozen surubi surimi. Braz J Chem Eng 19(4):419-424

Mussati SF, Aguirre PA, Scenna NJ (2006) Superstructure of
alternative configurations of the multi stage flash desalination
process. Ind Eng Chem Res 45(21):7190-7203. doi:10.1021/
ie051053y

Mussati SF, Barttfeld M, Aguirre PA, Scenna NJ (2008) A disjunctive
programming model for superstructure optimization of power
and desalting plants. Desalination 222:457-465. doi:10.1016/j.
desal.2007.01.162

Ng XY, Huda N (2011) Thermal gelation properties and quality
characteristics of duck surimi-like material (duckrimi) as affected
by the selected washing processes. Int Food Res J 18:731-740

Ninan G, Bindu J, Joseph J (2004) Properties of washed mince
(surimi) from fresh and chill stored black Tilapia, Oreochromis
mossambicus (Peters 1852). Fish Technol 41(1):37-44

Oliva DG, Francesconi JA, Mussati MC, Aguirre PA (2011)
Modeling, synthesis and optimization of heat exchanger net-
works. Application to fuel processing systems for PEM fuel
cells. Int J Hydr En, 36(15), 9098-9114. doi: 10.1016/j.ijhydene.
2011.04.097

Park JW (2005) Surimi and surimi sea food, 2nd edn. CRS Press,
Taylor and Francis Group, Boca Raton


http://dx.doi.org/10.1021/ie1000482
http://dx.doi.org/10.18517/ijaseit.5.5.572
http://dx.doi.org/10.1300/J030v08n01_06
http://dx.doi.org/10.1007/s13197-014-1622-1
http://dx.doi.org/10.1016/j.lwt.2013.02.008
http://dx.doi.org/10.1016/j.lwt.2013.02.008
http://dx.doi.org/10.1016/j.compchemeng.2013.01.016
http://dx.doi.org/10.1016/j.energy.2013.09.062
http://dx.doi.org/10.1016/j.energy.2013.09.062
http://dx.doi.org/10.1016/j.energy.2016.02.129
http://dx.doi.org/10.1021/ie051053y
http://dx.doi.org/10.1021/ie051053y
http://dx.doi.org/10.1016/j.desal.2007.01.162
http://dx.doi.org/10.1016/j.desal.2007.01.162
http://dx.doi.org/10.1016/j.ijhydene.2011.04.097
http://dx.doi.org/10.1016/j.ijhydene.2011.04.097

J Food Sci Technol (December 2016) 53(12):4325-4335

4335

Polson A (1950) Some aspects of diffusion in solution and a
definition of a colloidal particle. J Phys Colloid Chem
54:649-652

Ramadhan K, Huda N, Ahmad R (2014) Effect of number and
washing solutions on functional properties of surimi-like mate-
rial from duck meat. J Food Sci Technol 51(2):256-266. doi:10.
1007/s13197-011-0510-1

Raman R, Grossmann IE (1991) Relation between MILP modelling
and logical inference for chemical process synthesis. Comput
Chem Eng 15(2):73-84

Reinheimer MA, Scenna NJ, Mussati SF (2013) Optimal design of the
leaching stage in the manufacturing process of surimi gel. Ind
Eng Chem Res 52:13034-13045. doi:10.1021/ie400675t

Reinheimer MA, Medina JR, Scenna NJ, Mussati SF, Freyre M, Pérez
GA (2014) Mathematical modeling and simulation of soluble
protein extraction during leaching process in surimi elaboration.
J Food Eng 120:167-174. doi:10.1016/j.jfoodeng.2013.07.030

Rizwan M, Lee JH, Gani R (2013) Optimal processing pathway for
the production of biodiesel from microalgal biomass: a super-
structure based approach. Comput Chem Eng 58:305-314.
doi:10.1016/j.compchemeng.2013.08.002

Seider WD, Seader JD, Lewin DR, Widagdo S (2009) Product and
process design principles: synthesis, analysis and evaluation, 3rd
edn. Wiley, Hoboken

Sonu SC (1986) Surimi, NOAA technical memorandum NMFS. US
Department of Commerce, Washington, D.C

Suzuki T (1981) Fish and krill protein; processing technology.
Applied Science Publishers Ltd., Barking

Turton RC, Bailie WB, Whiting JA, Shaeiwtz JA (2009) Analysis,
synthesis, and design of chemical process, 3rd edn. Prentice Hall,
Upper Saddle River

Vecchietti A, Lee S, Grossmann IE (2003) Modeling of discrete/con-
tinuous optimization problems: characterization and formulation
of disjunctions and their relaxations. Comput Chem Eng
27(3):433-448

Yongsawatdigul J, Pivisana S, Wongngama W, Benjakulb S (2013)
Gelation characteristics of mince and washed mince from small-
scale mud carp and common carp. J Aqua Food Prod Tech
22(5):460-473. doi:10.1080/10498850.2012.664251

Zondervan E, Nawaz M, de Haan AB, Woodley JM, Gani R (2011)
Optimal design of a multi-product biorefinery system. Comput
Chem Eng 35:1752-1766. doi:10.1016/j.compchemeng.2011.01.
042

@ Springer


http://dx.doi.org/10.1007/s13197-011-0510-1
http://dx.doi.org/10.1007/s13197-011-0510-1
http://dx.doi.org/10.1021/ie400675t
http://dx.doi.org/10.1016/j.jfoodeng.2013.07.030
http://dx.doi.org/10.1016/j.compchemeng.2013.08.002
http://dx.doi.org/10.1080/10498850.2012.664251
http://dx.doi.org/10.1016/j.compchemeng.2011.01.042
http://dx.doi.org/10.1016/j.compchemeng.2011.01.042

	Optimal synthesis and design of the number of cycles in the leaching process for surimi production
	Abstract
	Introduction
	Optimization model
	Model assumptions
	Process model
	Cost model

	Solution strategy

	Results and discussion
	Conclusion
	Acknowledgements
	Appendix
	References




