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Abstract

Sterilization process is aimed to inactivate po-
tentially harmful microorganisms. To that
purpose the packaged food is subject to a
time/temperature profile. In the canning industry
such profiles are chosen based on the experience
of the operator. In the presence of perturbations,
such as steam supply problems, operators must re-
act and design new profiles which, in most of the
cases, are too conservative and/or may lead to the
batch rejection, either because of quality or safety
reasons.

In order to overcome this problem, we propose
in this work a model based real time optimiza-
tion (RTO) strategy. The model, which describes
the different relevant aspects of the plant (re-
tort/can temperature, color dynamics, microor-
ganism lethality, energy consumption, etc.) is
used to predict the behavior of the system. Plant
measurements are taken periodically and, in the
event of a perturbation, an optimization proce-
dure is run to compute a new time/temperature
profile based on the past measurements.

Keywords: Mathematical Modeling; Real Time
Optimization; Sterilization of Packaged Foods;
Food Safety; Food Quality.

1 INTRODUCTION

The aim of the sterilization process is to inacti-
vate microorganisms present in the product that
might cause health problems upon consumption.
Thermal sterilization of solid foodstuff consists of
exposing the product to relatively high tempera-
tures (around 110-130 ◦C) during a given amount
of time.

Typical sterilization cycles consist of three stages:
heating stage where the temperature increases
from room temperature to a given set point; main-
tenance stage where the set point temperature is
kept during a given amount of time; and cooling
stage aiming at rapidly decreasing product tem-
perature so that cans can be handled and quality
can be kept.

Thermal sterilization process has several draw-
backs: (i) it is a particularly demanding operation
both in terms of energy consumption and process
time; (ii) it adversely affects product quality (real
or perceived) [11] since nutrients or sensory pa-
rameters (color or texture for instance) are dete-
riorated.

In practice, industry operates using some pre-
established profiles to carry out the sterilization.
However, sterilization at industry levels is subject
to unknown perturbations, such as deficiencies in
the steam supply; scheduling problems, etc., that
affect the process. Operators react to these per-
turbations following some conservative recipes to
ensure safety of the final product. However, this
may have a large impact on the final product
quality; energy consumption; or final processing
time; leading, in some cases, to the rejection of
the batch.

Model based real time optimization RTO [4, 1]
using current plant measurements allows for de-
signing strategies to correct the presence of un-
expected disturbances taking into account their
effects on quality, process time and energy con-
sumption.

The aim of this work is to design a RTO strat-
egy able to detect, using plant measurements,
when a perturbation leads to food safety issues
and, in such a case, compute a new optimal pro-
file able to minimize the effects of such pertur-
bation. The objective function considered com-
bines energy consumption, food quality (under-
stood as surface color) and process time. The rel-
ative weight of these criteria can be modified by
changing some parameters in the objective func-
tion. Decision variables in the optimization block
are heating and maintenance time as well as main-
tenance temperature.

The RTO profiles implemented in this work, con-
sist of constant sterilization profiles due to legis-
lation issues. However, larger improvement might
be acquired if temperature set point is allowed to
be modified during the sterilization (variable re-
tort temperature, VRT) [12, 5, 6, 1].

The manuscript is structured as follows: first we
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briefly describe the sterilization process carried
out in the considered canning plant and illustrate
the problems caused by service steam issues. Then
we develop the mathematical model describing the
dynamics of the plant and we briefly state the
RTO problem. Finally, we present the main re-
sults of the work.

2 THE STERILIZATION
PROCESS

In the case considered in this work, superheated
water is used to increase the temperature of the
food packaged products as shown in Figure 1.
Such water is heated using a plate heat exchanger
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Figure 1: Sterilizer unit with plate heat exchanger.

(PHE). At the beginning of the process preheated
water (≈ 60 ◦C) is introduced into the sterilizer
and recycled to the PHE. As the process evolves
water temperature in the retort increases until it
reaches the operation point (typically a tempera-
ture between 110 and 130 ◦C). Such temperature
is kept for a given amount of time after which the
steam valve in the PHE is closed and cold water
is introduced to cool down the cans.

At the end of the process microorganism lethality
at the coldest point must be above a given value
(typically 8 min).

Figure 2 shows different sterilizer temperature
profiles (top figure), implemented on an indus-
trial canning plant for RO-80 can types and their
associated microbial lethality evolution (bottom
figure). Dash horizontal line in the lethality
plot indicates the minimum safety requirements.
Such profiles correspond to two typical steriliza-
tion temperatures: 116 and 121 ◦C. Several as-
pects can be highlighted in the figure:

• Cycles carried out at 121 ◦C are, obviously
shorter.
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Figure 2: Top figure: sterilizer temperature pro-
files in real cases carried out at the considered
canning plant. Bottom figure: lethality evolution
associated with the temperature profiles.

• Even for the same sterilization temperature a
large variability (in final time) can be appre-
ciated. This is caused by a large variability
in the heating stage time due to: (i) different
number of sterilizers connected to the PHE
what makes service pressure to drop; or (ii)
different number of can loaded in the steriliz-
ers.

• The variability in the heating stage times
forces the operator to make decisions on the
final cycle time in order to ensure safety and
avoid the rejection of the batch.

• In general, the new cycle times are conser-
vative (lethality larger than required) caus-
ing quality loses and increasing, unnecessar-
ily, process time.

• A large variability in the lethality reached at
end of the process

Model based real time optimization can be used to
minimize the effects of plant perturbations ensur-
ing safety and minimizing quality losses, energy
consumption or process time.

3 MATHEMATICAL MODEL

In this section we present the equations describing:
(i) the PHE and sterilizer temperature dynamics;
(ii) the packaged food product temperature evo-
lution and distribution; and (ii) the effect of food
temperature on safety and quality.

3.1 PLATE HEAT EXCHANGER

A PHE consists of a number of plates through
which cold and hot fluids circulate (see Figure 3).
In the canning plant under study, the hot fluid
stream enters the PHE from the top side. The

658



w,1 s,1s,2s,iw,iw,N-1s,N

s,0

w,R

Figure 3: Sterilizer unit with plate heat exchanger.

system allows the entrance of hot fluid every other
plate. Once the fluid reaches the end of the PHE
it returns through a pipe located at the bottom
of the system. The remaining plates correspond
to the cold fluid which enters through the bottom
and comes out through the top. Cold and hot
fluids correspond to water and saturated steam,
respectively.

PHE temperature dynamics are obtained through
an energy balance in each of the plates. Some
assumptions are made:

• “Cold” water inlet stream temperature is the
same for all the plates.

• Steam inlet stream temperature is the same
for all the plates.

• The plate heat exchanger is well isolated, i.e.
there are no heat loses.

• No phase change in the steam or water
streams occurs.

• Fluid flow rate in all “cold” water plates is
the same.

• Fluid flow rate in all steam plates is the same.

For the sake of clarity, only the final set of partial
differential equations are indicated here.

Equations for the plates containing cold water are
of the form

mwcp,w
∂Tw,i

∂t
= −vwmwcp,w

∂Tw,i

∂z
+ (1)

UAp (Ts,i − 2Tw,i + Tw,i+1)

with mw, vw and Tw,i being, respectively, the
mass, velocity and temperature of water in each
of the plates. cp,w is the specific heat of water
whereas U and Ap are the heat transfer coefficient
and the contact area between plates. Ts,i corre-
sponds with the temperature of steam in each of
the plates, which is computed by solving the fol-
lowing set of partial differential equations:

ms,1cp,s,1
∂Ts,1
∂t

= −vs,1ms,1cp,s,1
∂Ts,1
∂z

+ (2)

UA (Tw,1 − Ts,1)

ms,icp,s,i
∂Ts,i
∂t

= −vs,ims,icp,s,i
∂Ts,i
∂z

+ (3)

UA (Tw,i−1 − 2Ts,i + Tw,i)

ms,Ncp,s,N
∂Ts,N
∂t

= −vs,Nms,Ncp,s,N
∂Ts,N
∂z

+

(4)
UA (Tw,N−1 − Ts,N )

where ms,i, vs,i, and cp,s,i are, respectively, the
mass, velocity, and specific heat of steam in each of
the plates. In this case, model parameters as well
as fluid flow characteristic allow us to approximate
the convection term by a finite differences scheme
with two terms, i.e.:

∂Ts,i
∂z

=
Ts,i − Ts,0

Lp
;

∂Tw,i

∂z
=
Tw,i − Tw,R

Lp

with Lp being the plate height. Ts,0 corresponds
with the steam service temperature whereas Tw,R

is the recycle water temperature which is assumed
to be the same as the temperature of the water in
the sterilizer.

3.2 THE STERILIZER

3.2.1 The sterilizer unit

A simple energy balance allows us obtaining the
equation describing the evolution of the sterilizer
water temperature.

mw,Rcp,w
dTw,R

dt
= qwcp,w (Tw,PHE − Tw,R)−

(5)
Qcan −Qamb

where Tw,PHE is the water temperature at the
output of the PHE. Qcan is the heat absorbed by
the cans, whose form will be presented in the fol-
lowing section. Sterilizers heat loses are computed
as:

Qamb = hcAc (Tw,R − Tamb)

where Tamb, hc and Ac are the surrounding media
temperature, heat transfer coefficient between the
sterilizer and the surrounding media and the area
of the metal cover of the retort.

In order to maintain the set point temperature
a PID controller is installed in the canning plant
considered. Such controller regulates the sterilizer
temperature by modifying the entrance of steam
in the PHE. In this regard, steam valve opening
is computed as:

us,k = us,k−1 +Kp (ek − ek−1) +Ki∆tek+ (6)

Kd

∆t
(ek − 2ek−1 + ek−2)

where ∆t is the time between two consecutive
measurements and ek = Tw,R(tk) − T sp

w,R, with

T sp
w,R being the set point temperature.
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3.2.2 Energy consumption

In order to compute the energy consumption we
assume that heat can recovered at the output of
the hot stream in the PHE. In this regard, heat
consumption is computed as the amount of heat
transmitted from the steam to the water in the
PHE. Mathematically this can be expressed as:

Ec =

∫ tf

0

qwcp,w (Tw,PHE(t)− Tw,R(t)) dt (7)

3.2.3 Packaged food product

The solid product to be sterilized is packed in
cylindrical RO-80 containers, although the proce-
dure would be the same for other type of packages.
We assume that the temperature of the retort is
the same in all the can surface. Under these con-
ditions symmetry properties can be used to trans-
form the original 3D problem into a 2D equiva-
lent one (see Figure 4). As the package product is

r

z

Figure 4: Equivalence between the 3D and 2D spa-
tial domains.

mostly solid, temperature distribution obeys the
so-called Fourier equation for heat conduction in
cylindrical coordinates, i.e.:

ρpcp,p
∂Tp
∂t

= κ

[
∂2Tp
∂z2

+
1

r

∂

∂r

(
r
∂Tp
∂r

)]
(8)

where r and z are the cylindrical coordinates rep-
resenting radius and length respectively. Tp(r, z, t)
stands for product temperature, whereas ρp, cp,p
and κ corresponded to product density, specific
heat and thermal conductivity, respectively. The
equation is completed with (Robin-type) bound-
ary conditions of the form:

κ

(
∂Tp
∂z

)
z=L

= ht
(
TR − Tp|z=L

)
(9)

κ

(
∂Tp
∂z

)
z=0

= hb
(
TR − Tp|z=0

)
(10)

κ

(
∂Tp
∂r

)
r=R

= hr
(
TR − Tp|r=R

)
(11)(

∂Tp
∂r

)
r=0

= 0 (12)

where hx, with x = t, b, r corresponds to the con-
vective heat transfer coefficient between the prod-
uct (top, bottom and right) boundaries and the
water from the showers.

We assume that all can in the sterilizer absorb the
same amount of heat which is, then, computed as
[15]:

Qcan = ncmccp,c
dTc,n

dt
where

Tc,n =

∫
V
Tp(r, z, t)dV

V
with V being the volume of the can.

3.3 SAFETY AND QUALITY
INDICATORS

Lethality at the cold point F0 is considered as the
safety indicator. Time evolution of this variable
is described by a Thermal Death Time (TDT) ki-
netic equation of the form [3]:

dF0

dt
= 10

Tc(t)−TM,ref
zM,ref (13)

Parameters TM,ref and zM,ref correspond to
Clostridium botulinum bacteria [2] since, in spore
form, it is one of the most heat resistant bacteria.

TDT kinetics has been previously used to describe
surface color evolution (Cs) (quality parameter)
[2]. However, some experimental work showed
that, in this case, first order kinetics are more ac-
curate, i.e.:

dCs

dt
= −kArry; (14)

with

kArr = kref exp

[
Ea

R

(
1

Ts
− 1

Tref

)]
where kref is a reference constant at Tref . Ea and
R denote, respectively the activation energy and
universal gas constant. Ts is the temperature at
the surface of the food product.

Unknown model parameters were estimated fol-
lowing the criteria in [14].

4 STERILIZATION PROCESS
REAL TIME OPTIMIZATION

The scheme for real time optimization used in this
work is schematically presented in Figure 5. First,
a given set point for sterilizer temperature and
process time is selected. The PID controller com-
putes the steam valve openings (us) to reach and
maintain such temperature. Actual plant mea-
surements (sterilizer temperature, Tw,R) are fed
to the model which predicts the final lethality of
the products accordingly. If lethality fulfills safety
requirements, the profile is kept otherwise a new
optimal profile is computed by means of an opti-
mization step taking into account available plant
measurements.
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Figure 5: Flow chart of the RTO scheme proposed.

In practice, options for optimization are limited
by law. New profiles, as for instance those using
variable retort temperature (VRT), must be val-
idated by food control agencies before they can
be implemented. Therefore, in this work, we will
focus on constant temperature profiles.

The optimization block will search for the con-
trol profile, i.e. heating time and temperature of
the maintenance stage (th, T

sp
w,R), that minimizes a

given objective function (J). In this work, J com-
bines three variables: energy, surface color and
process time:

Jth,T sp
w,R

= w1Ec + w2(100− C(tf )) + w3tf (15)

where w1, w2 and w3 are given weights which may
change depending on the primary objective of the
operator (saving energy, final product quality or
saving process time).

The minimization of J is carried out taking into
account the following constraints on the model
variables and bounds on the decision variables:

1. F0(tf ) > 8 min.

2. Model equations (1)-(14).

3. 110 ◦C ≤ T sp
w,R ≤ 130 ◦C.

4. 0 min ≤ th ≤ 80 min

where tf and th are, respectively, final process
time and heating stage time.

In order to find the solution of this problem, a
hybrid stochastic-deterministic method based on
the scatter search approach will be employed. In
particular, the algorithm eSS (Enhanced Scatter
Search) [7] will be used. Note that the dynamics
of the sterilizer and PHE are explicitly considered
therefore, the resulting profiles will be, by con-
struction feasible.

Other type of objective functions and constraints
could be also considered in this methodology. In
this regard, nutrient retention at the end of the

process, personnel costs, etc. could be taken into
account. On the other hand, quality could be con-
sidered as a constraint instead of a variable to be
maximized.

Plant model mismatch is not considered in this
work. However, the methodology described in [10]
could be applied to such purpose.

5 RESULTS AND DISCUSSION

In order to illustrate the predictive capabilities of
the model, we have chosen a particular experiment
among those presented in Figure 2. Figure 6 shows
the comparison between the data corresponding to
such experiment (marks) and the model simula-
tion results (continuous lines). Blue colors refer to
retort temperature whereas red colors correspond
to lethality. In this regard, it should be pointed
out that lethality cannot be directly measured.
Red marks were obtained through Eqn (13) where
Tc corresponds to temperature measurements at
the center of the can. As shown in the figure, the
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Figure 6: Comparison between experimental data
(marks) obtaining at a canning industry and
model simulation results (continuous lines).

model is able to reproduce the experimental data
with a satisfactory degree of accuracy.

Once the model has been tested, it can be used
for optimization purposes. Three approaches are
followed. In the first one, sterilization tempera-
ture is assumed to be the same as the one used
in the experiment so the decision variable is the
sterilization time. In the other two, we also in-
cluded the sterilization temperature as a decision
variable. The differences between these two ap-
proaches are the weights in the objective function.
In the first one more importance is given to qual-
ity whereas in the second one more importance is
given to energy saving. The results are summa-
rized in Figure 7 and Table 1.

In the process originally implemented in the can-
ning plant (blue line), steam pressure was lower
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than expected causing the heating stage to be
longer than predicted. In order to ensure safety,
the operator decided to extend the maintenance
stage with respect the original plan. The value of
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Figure 7: Comparison between a experiment car-
ried out in a canning plant and three RTO pro-
files. Top figure: retort temperature. Bottom fig-
ure: lethality evolution. Horizontal dashed line
indicates the lethality constraint.

lethality reached at the end was 11.5 min and the
duration of the cycle was 89 min. The product
was over-processed.

The RTO approach allowed detecting the steam
service problem so new profiles were computed.
As shown in the Figure 7, in all RTO profiles fi-
nal lethality was 8 min, i.e the value of the con-
straint defined in the optimization problem. The

Table 1: Comparison between the optimization
schemes. Percentages of improvement are given
with respect the profile originally implemented in
the canning plant. Negative values indicate worser
performance with respect such profile.

Percentage of improvement
Energy Color Time

RTO1 2.7 2.8 10.7
RTO2 -5.7 8.0 30.0
RTO3 1.3 5.7 21.1

first RTO profile (red line), improved the origi-
nal profile in all senses. It allows reducing process
time in around 10 min saving energy and improv-
ing surface color (see Table 1). The second RTO
profile (black line) is the most aggressive, main-
tenance temperature was 127.6 ◦C. This profile
was, evidently, the shortest one (around 27 min
shorter than the original profile). It was also able
to increase quality (color) by a 8.0 % although it is
the most energy consuming profile. Changing the
weights in the objective function -Eqn. (15)- to
give more importance to energy saving, resulted

into the third RTO profile (green line). This pro-
file, with a maintenance temperature of 120.2 ◦C,
also improves the process in all senses allowing to
reduce cycle time in around 19 min.

Disturbances during the maintenance stage are
more unusual, however in such events the RTO
scheme would also react and compute new profiles
preventing the over-processing of the product.

Finally, as mentioned above, the RTO profiles im-
plemented in this work, considered constant ster-
ilization profiles. However, larger improvement
might be acquired using VRT. In such cases, the
optimal control problem can be approached by
using the control vector parametrization (CVP)
method in which the solution is approximated by
piece-wise low order polynomials (see [9, 13, 8] for
details). This allows converting the original prob-
lem into a nonlinear programming problem (NLP)
that may be solved using a global optimizer.

6 CONCLUSION

In this work we presented a methodology for mini-
mizing the effects of unexpected disturbances dur-
ing the sterilization process of a canning industry.
We showed that in many cases product is over-
processed as a result of conservative adjustments
made to counteract such disturbances and ensure
food safety.

The methodology consisted of using plant mea-
surements and a mathematical model of the plant
to detect when a perturbation will cause food
safety problems. In such event, an optimization
stage is carried out (using plant measurements as
an input) to recompute sterilization temperature
and time. This allowed us minimizing the effects
of the disturbance on food quality, energy con-
sumption and process time.

Finally, we illustrated the benefits of such scheme
with respect the classical procedure.
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Mundi-Prensa, 2003.

[4] M. Diehl, H. G. Bock, J. P. Schloder, R. Find-
eisen, Z. Nagy, and F. Allgower. Real-time
optimization and nonlinear model predictive
control of processes governed by differential-
algebraic equations. Journal of Process Con-
trol, 12(2):577–585, 2002.

[5] T. D. Durance. Improving canned food
quality with variable retort temperature pro-
cesses. Trends in Food Science and Technol-
ogy, 8(4):113–118, 1997.

[6] T. D. Durance, J. L. Dou, and J. Mazza.
Selection of variable retort temperature pro-
cesses for canned salmon. Journal of Food
Process Engineering, 20(1):65–76, 1997.

[7] J. A. Egea, E. Vazquez, J. R. Banga, and
R. Marti. Improved scatter search for the
global optimization of computationally ex-
pensive dynamic models. Journal of Global
Optimization, 43(2–3):175–190, 2009.

[8] F. Fournier, M. Fikar, and M. A. Latifi. Con-
trol vector parametrisation in optimal control
of a batch electrochemical reactor. Chemi-
cal and Biochemical Engineering Quarterly,
12(2):81–85, 1998.

[9] C. J. Goh and K. L. Teo. Control parameteri-
zation: a unified approach to optimal control
problems with general constraints. Automat-
ica, 24:3–18, 1988.
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