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Outline of the scientific report
In this report the results of the time period between January 2002 and June 2002 will be
presented. Although all partners involved are aware that work needs to be continued this time
period is the final stage of the research project CEET2005. Results up to this time period are
discussed in the Report on time period April 2001- January 2002 (OPD 01/350 April 2002,
Rapportnummer: B569). This report limits itself to the most recent results that are achieved in the
Tasks 1 and 7 on respectively "Optimisation of product quality under varying conditions" and
"Development of integrated dynamic control strategies". Together the two reports describe the
(scientific) results of the entire project.
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Task 1
Optimisation of product quality under varying
conditions

Effect of switching gas conditions on ethylene levels and firmness of apples
Transport conditions for fruit and vegetables are often based on conditions used for long-term
storage. These climate conditions are stricter than needed given the short duration of transport (<
30 days). Therefore conditioning may be less strict, when this does not lead to unacceptable
quality decay. Less strict climate conditions may lead to reduction in energy use for climate
conditioning, since the amount of energy used for cooling or maintaining gas conditions may be
reduced.
However using less strict climate conditions requires online measurement of product quality (i.e.
by measuring respiration rates or ethylene production rates). It has been shown, that there is a
correlation between product quality measured as firmness and ethylene production rates (report
January 2002). Based on this conclusion additional experiments were carried out to test whether
quality decay can be prevented by changing climate conditions (from air to optimal CA conditions).
This research will also give information about ethylene threshold values, which guarantee good
product quality.

Experimental set-up
The experiments with Elstar apples were performed in 65-L containers (table 1). The containers
were connected to a flow-through system, in which pure N2, C02 and 02 were mixed using mass
flow controllers. A 500-ml gas flow was led through a water-flask (RH > 95 %) and connected to
the 65-L container. The outlet of each container was connected to an additional flask to monitor
the ethylene production rates. Two replicate containers were used for each transfer to CA
conditions.

Table 1. Experimental conditions.
harvest(1)

temperature
(°C)

2001
2001
2001

2
5
9

(1)

(2)

CA storage time
(months)
6
6
6

changed to CA121 after days air
storage (days)
7, 11,14, 19, 21, 34
7, 11, 14, 19,21,34
7,11,14,19,21,32

Apples from both harvests were from a local grower in the province Gelderland,
The Netherlands.
Optimal CA conditions (1.2 % 02 and 2.5 % C02).

Ethylene production rates were averaged for 2 containers switched at the same time. Based on
the flow rates (ml/min) and ethylene levels (ppb) ethylene production rates were calculated
(pmolAg.s). Containers at 9 °C were opened after 32 days storage, at 2 °C and 5 °C after 34
days storage. Firmness of 20 apples was measured with an automatic firmness tester, after 0 and
7 days shelf-life at 18 °C and 90 % RH after opening of the containers.
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Ethylene production rates
The ethylene production rates during air storage (figure 1) at 9 °C reached a plateau in about 14
days (100 - 150 pmolAg.s). The effect of changing from air storage to CA storage on ethylene
levels was large, levels dropped below 5 pmolAg-s within 1-2 days (dotted lines). The ethylene
production after 6 months CA storage (day 0) was not measured, but is expected to be below 5
pmolAg-s. Ethylene production rates at 9 °C, 5 °C and 2 °C were in agreement with experiments
performed during the last two storage seasons (report januari 2002).

200

150 -

c
'4O
=3

8

7 AIR + 25 CA
•11 AIR+ 21 CA
•14 AIR + 18 CA
•19 AIR + 13 CA
-21 AIR + 11 CA
- 32 AIR

100 -

E
<1)
C
<D

15

20

storage time (days)

Figure 1. Ethylene production (pmolAg-s; n=2) of apples during air storage and subsequently CA
storage at 9 °C.
Ethylene production rates at 5 °C were about 2 times lower compared to 9 °C. Ethylene producten
reached a steady state in approximately 20 days. Ethylene headspace levels were between 50 ppb
and 2000 ppb with a flow rate of 500 ml/min (± 9 kg product).

storage time (days)

Figure 2. Ethylene production (pmolAg.s; n=2) of apples during air storage and subsequently CA
storage at 5 °C.
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The lowest ethylene production rates were found at 2 °C (figure 3). Ethylene production did not
reach a steady state within 34 days air storage. Differences in ethylene production between air
and CA stored during the first 15 days were very small. This resulted in small changes in firmness
at 2 °C (next paragraph). Only after 34 days air storage + 7 days shelf-life (highest ethylene
production) the firmness was significant lower.

200
-Ù- 7 AIR+ 27 CA
-*-11 AIR + 23 CA
-O- 14 AIR + 20 CA
150 19 AIR + 15 CA
-CD-21 AIR + 13 CA
34 AIR

loo ?
Q.

S
CD

f
20
storage time (days)

Figure 3. Ethylene production (pmol/kg-s; n=2) of apples during air storage and subsequently CA
storage at 2 °C.

Product quality
The most important quality parameter for apple is firmness. The minimum required firmness for
Elstar apples on the Dutch market is 45 N (this value is variable depending on product availability
and overall quality). For each storage condition firmness of 20 apples after 0 and 7 days shelf-life
at 18 °C and 90 % RH was measured with an automatic firmness tester.
0 days shelf-life

T(°C)
11+21

14+ 18

19

,3

1
21+11

air storage (days) + CA storage (days)

9

32 + 0

Figure 4. Firmness of apples (cv. Elstar) direct after storage. •= 9 °C; •= 5 °C; • = 2 °C.
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No decline in firmness could be observed direct after storage at 2 °C (figure 4). Changing to CA
conditions did not had an effect on firmness, direct after storage. Significant differences on
firmness were found, when apples were stored for more then 11 days at ambient air at 5 °C.
However firmness values of all apples were still 5 IN above the commercial required market value.
Apples stored for 32 days air at 9 °C were only just above the required market value. Switching
from air to CA conditions had an positive effect on apple firmness at 5 °C and 9 °C.
7 days shelf-life

air storage (days) + CA storage (days)

Figure 5. Firmness of apples (cv. Elstar) 7 days after storage. •= 9 °C; •= 5 °C; • = 2 °C.
During shelf-life (7 days at 18 °C) the differences in apple firmness became more clear (figure 5).
Switching from air to CA conditions had no large effect on firmness at 2 °C (only after 32 days air
storage firmness is significantly reduced). All apples stored at 5 °C were still above the
commercial firmness value of 45 N. Switching from air to CA conditions had an effect up to 14
days air storage at 5 °C. Fruit quality of apples stored for 21 and 32 days under air at 9 °C were
unacceptable.
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Model predictions
Based on the model current model the firmness decline was predicted direct after storage (figure
6) and after 7 days shelf-life (figure 7). The prediction model was based on an indepent data set
(oktober 2000). The firmness after storage was calculated for air storage (7, 11, 14, 19, 21 and
32 days) and further substracted for the additonal time during CA storage (25, 21, 18, 13, 11, 0
days subsequently).
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Figure 6. The measured firmness of elstar apples direct after storage (•= 9 °C; •= 5 °C; • = 2
°C) vs predicted firmness (•= 9 °C; •= 5 °C; • = 2 °C).
The model seems to predict the firmness loss during storage accurate, although the at 9 °C the
predictions clearly deviate from the measured values. After 7 days shelf-life model predictions
fitted better to the measured data (figure 7).
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Figure 7. The measured firmness of elstar apples after 7 days shelf-life at 18 °C (•= 9 °C; •= 5
°C; •= 2 °C) vs predicted firmness (•= 9 °C; •= 5 °C; • = 2 °C).
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The accuracy of the model is also shown in figure 8 in which all the measured data are plotted
against the predicted values.
Measured firmness of Elstar apple vs predicted firmness
(y=0.7615-12.7, i^O.SœB)

measured value (N)

Figure 8. Measured firmness of Elstar apple (all data figures 6 and 7) vs predicted firmness.

Conclusions
•
•
•
•

First results indicate that quality decay can be prevented by switching gas conditions after air
storage to CA storage.
Based on ethylene levels it looks promising to use ethylene as an indicator for product quality.
With these results save threshold values for good product quality can be calculated.
Influences of harvest periods, orchards, transport period on ethylene production rates (and the
threshold values) need to be investigated.
Model predictions of firmness decay for apples which were swithed from air storage to CA
storage seem to be accurate.

This document is property of the Consortium. It is not allowed to use, copy or distribute anything without written
authorization by the Consortium.

CEET2005 Report - January2002

Page -12-

Task 7 Development of integrated dynamic control strategies
In this report recent activities on Monitoring and Control of Product Quality are discussed and
results are shown of both simulations and experiments. This report describes recent (scientific)
results in addition to the results presented in the Report on time period April 2001- January 2002
(OPD 01/350 april 2002, Rapportnummer: B569).

Introduction
In the CEET 2005 project Task 7 Supervisory Optimizing Control algorithms (SOC-system) are
developed that product dynamics directly into account in the optimization of a specific transport.
This additional layer will improve the transport of agro-material by conditions to guarantee optimal
quality against lowest possible cost.

Control structure
The current control system of the container receives setpoints not from a SOC-system but directly
from the user. In current operation the setpoints are determined only once in the beginning of the
transport and often are not even optimal for purposes of transport, but for storage of agromaterials. The additional layer that will be developed in this project will improve the transport of
agro-material by conditions to guarantee optimal quality against lowest possible cost.
Physical phenomena, especially in operations involving agro-materials, occur at different time
scales. A large multivariable controller for the whole process operation would not be an acceptable
solution for reasons of long computation time, unknown disturbances and incomplete state
feedback on the required time intervals. From a time scale analysis it is concluded that three time
scales can be identified in the processing of agro-material. The approach used in this paper is
based on partitioning the system into three levels with increasing characteristic time scale, as
discussed in earlier reports. The corresponding sub-states are defined as:
• primary sub-state (xp) with slow dynamics consisting of reactive mass concentrations cr,
• direct environment sub-state (xd) with medium dynamics consisting of product temperature Tp
(equal to temperature of the air directly surrounding the product Td) and non-reactive mass
concentrations cn, and
• indirect environment sub-state (Xj) with fast dynamics consisting of (indirect) temperature T,
and (direct) mass concentrations cd (equal to the concentrations in the air in the indirect
environment c,).
On each time scale a separate control problem is formulated. On the slow time scale an economic
optimisation problem is formulated, which is the main subject of this paper. On the intermediate
time scale a quadratic objective function is used to correct the desired settings and on the fast
time scale local controllers try to reach and maintain the calculated setpoints, in order to reject
disturbances. From the (relatively large) differences in time constants it is plausible that "loss" of
control performance due to this separation of the control problem is limited. In Figure 1 the control
structure is illustrated with the different control components.
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slow time scale

; intermediate time scale

fast time scale

instantaneous

Figure 1: Global control structure
In the control structure information is used from the other tasks:
• monitoring information about product quality and product behaviour (Task 1, 4 and 5),
• information on energy supplies (Task 3),
• information about the trajectory of the container (Task 6).
The information is used to calculate the optimal container settings. The main difference between
the existing and the new structure is the direct use of product, logistic and energy information in
determining the optimal setpoints for the hardware controllers. The existing hardware controllers
try to reach and maintain these setpoints in the container.
The control structure that is presented in this paper assumes slowly changing control inputs and
disturbances. If this assumption is not met decoupling the sub-states could be inappropriate
depending on the effect of the input on the system.
In general model-based control performance strongly depends on the quality of the models and
that is also true for the processing of agro-material. Especially choosing or determining the model
structure and the state variables of interest should be given enough attention. An inappropriate
model structure would minimise the control performance. In case there is an appropriate model
structure parameters in the model may be unknown, uncertain, or changing in time. This requires
the use of a type of estimator, either on-line or off-line. This should improve the control
performance.

Reduction in energy consumption
The experiment was performed in the months November and December 2001. Between end of CAstorage and end of container experiment were 33 days. From the discussion at the last CEETmeeting on 10 January 2001 some questions arose about the energy consumption during the
experiment. In the Report on time period April 2001- January 2002 (OPD 01/350 april 2002,
Rapportnummer: B569) we discussed the experiment in more detail.
The corrected figures for energy consumption in the different phases are shown in Table 1 for the
separate phases that could be recognised:
A:
Cooling full speed
B:
Cooling half speed
CHI:
Transport period with cycling (medium frequent cycling)
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Table 1: Corrected levels of energy consumption
Phase
A

Characteristics
Cooling full speed

Average energy consumption [kW]
4.907

B

Cooling half speed

2.896

cm

Transport period with
frequent cycling

medium

1.806

This results in energy savings between phase A and CHI of 63%, of which 40% between phase A
and B, and 23% between phase B and CHI.
Product quality of apples from the container experiment was similar to quality in the control
treatment. Product quality was determined as firmness (most important quality parameter for
apples), measured at the end of the transport period in the centre and in the upper layer of 10
pallets from different positions in the container
The firmness of the apples from the container experiment was compared with firmness of apples
from a control treatment that were kept at a constant temperature of 5°C (RH > 95%). No
significant difference in firmness was found between apples from the control and apples from the
container treatment.

Monitoring and Controlling Product Quality
The results on reduction of energy usage showed possibilities for significant energy consumption
in transport. To increase acceptance of the new transport concept and thereby achieving the
desired energy reductions monitoring and control of product quality should be made possible. To
further increase market acceptance especially this task requires closely co-operating partners. To
explore possibilities for monitoring and control of product quality in transport operations first
simulation studies are performed followed by experimental studies in small-scale equipment.
Results will be shown in this report and their meaning will be discussed.

Aim
The aim of Task 7 of the project is the "Development of a model-based Product Quality Control
algorithm for container transport of agro-material".
As specified in the report of April 2000 as configuration 2, the supervisory controller uses:
• fixed setpoints for climate parameters and product activity (e.g. respiration, humidity loss,
heat production)
• on-line interactive climate control by optimizing between energy use and product activity
• no fixed tolerances (R = f(T,RH,02,C02))
• an estimation filter that estimates from C02 and/or 02 measurements the actual product
activity,
The development of integrated dynamic control strategies is performed with the objective in mind
that energy consumption is reduced with 50 % as compared to the current practice of refrigeration
at full air speed. The control unit will try to reduce energy use on climate control (eg. less
ventilation, less cooling) without increasing product activity dramatically. This is realized by on-line
measuring product activity and controlling climate conditions.

Results
Essential for Task 7 in the entire project was the co-operation with the other tasks in the project.
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First the theoretical and technical results of Task 7 will be discussed followed by the meaning
these results have and may have on container transport of agro-material.
The theoretical and technical results of Task 7, in addition to those already presented in Report on
time period April 2001- January 2002 (OPD 01/350 april 2002, Rapportnummer: B569), can be
outlined according to the following steps:
• Monitoring product response to climate changes,
• Controlling product response.
For both results from simulation and experimental studies will be shown.

Monitoring Product response to climate changes
Introduction
Respiration and fermentation rates primarily depend on product commodity, ripeness, temperature
and gas conditions. On-line monitoring of respiration/fermentation rates in CA-storage facilities can
be used for
• Monitoring the product state
• Control of respiration/fermentation rates (ripening)
• Detection of anaerobic conditions
The development of a (recursive) estimator for respiration/fermentation that does not require any
specific experimental conditions is presented. This estimator is expected to be suitable for usage
in full-scale storage/transport facilities.

Respiration and fermentation
Respiration and fermentation is the amount of sugars consumed in respectively abundance and
absence of oxygen. The reactions are given by:

C 6 H l 2 0 6 + 60 2
C6Hn06

rf'2

r ° 2/6

>6C0 2 + 6H 2 0 + E r

>2C0 2 + 2C 2 H 3 OH + E f

The amount of oxygen available gives, depending on the product, the rate at which both reactions
take place (see Figure 2). The metabolism for respiration and fermentation can be described by
Michaelis Menten kinetics.
•Ro2
R1

Figure 2: Respiration and fermentation rate in relation to the amount of oxygen concentration
(Peppelenbos, 1996)
On-line estimation of respiration and fermentation rate is possible from the gas balances. The total
amount of oxygen consumed gives the amount of respiration and from the ratio between 02 and
C02 the amount of fermentation can be calculated, given the amount of respiration. A major
problem for application in practice is the unknown amount of leakage of the store/container. Due
to this unknown leakage errors occur in the estimated respiration/fermentation rates, regardless
which estimation procedure is used.

Simulations
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A model is accomplished for the estimation of respiration and fermentation rate using a Kalman
Filter (KF), example given for fermentation rate. The knowledge about the (Michaelis Menten)
respiration and fermentation kinetics were introduced in the model, resulting in a good correlation
between calculated and model based values of the respiration and fermentation rates (see Figure
3).
KLMichaelis Menten

KF MM

Figure 3: Model based respiration and fermentation rates compared to calculated respiration and
fermentation rates

Experiments
In the experiment the applicability of product quality control and its benefits on the intermediate
time scale will be shown. Therefore, a specially built small-scale experiment is used. Manipulated
variables are 02, C02 and temperature, although temperature is kept close to its origine of 20
degrees. The small-scale facility has a volume of 70 liters with 20 kg of product. The products
used in the experiments are Elstar apples. In Figure 4 the experimental setup is shown.
slow
time scale

intermediate time scale

fast time scale

control
actions
u

• information flow
• mass (air) flow
C

>

measurement

Figure 4: Small-scale experiment
In the figure the product and its direct environment (intermediate time scale) are shown. The Model
Predictive Controller calculates the desired setpoints for the indirect environment, yfef, with an
interval of 1 hour. Inputs are the (estimated) levels of respiration and fermentation, and the
setpoints for the direct environment, yjef. The levels of respiration and fermentation are estimated
from the differences in incoming and outgoing concentrations of 02 and CO? The air conditioning
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behaves as the indirect environment (fast time scale). Local controllers act upon the valves
manipulating gas concentration with intervals of about 10 sec. The air in the direct environment of
the product is analysed and its gas concentrations are measured.

From the results it can be concluded that it is possible to estimate the levels of respiration and
fermentation meaning that the rates of respiration and fermentation estimated from the 02- and
C02-balances converge to their true values (in absence of leakage). These levels correspond to
well-known levels for these mechanisms as can be seen in results shown earlier in this project in
Task 1. Although these results on the small-scale equipment are promising work needs to be done,
e.g. preventing the oscillations at the start of the estimation procedure and the upscaling to a fullscale container which requires exact knowledge on air flows as function of product, packaging,
leakage, dimensions etc.

Controlling Product response
Introduction
The estimated levels for respiration and fermentation can be used for control purposes. The
estimated levels can be compared with the desired levels and appropriate action can be taken.
The supervisory controllers, as illustrated in Figure 1, do the calculation of this appropriate action.
The slow time-scale controller sets the desired levels for product response (respiration and
This document is property of the Consortium, it is not allowed to use, copy or distribute anything without written
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fermentation) based on product status (e.g. firmness) and information about the specific transport.
These levels are used by the controller on the intermediate time scale, which is simulated,
implemented and tested in this part of the research. Results will be shown in next sections.

Simulations
The controller on the intermediate time scale is of the Model Predictive Control type. Details of this
control method are discussed in earlier reports. Essential in this method is the use of models to
predict future behaviour and to calculate (using optimisation algorithms) the necessary control
actions. The first control action is implemented and in the next time interval calculations are
repeated with the new available information.
The predictive controller is tested in a series of simulation studies involving:
estimation of product response
use of a control non-affine algorithm
use of the appropriate models (developed earlier in the research)
tuning of all control parameters (e.g. prediction and control horizons, weighing factors)
The estimation is discussed earlier in this report. Details on the other aspects will be included in
the appendix.
Next, some results of the simulation studies will be shown in Figures 7-11. Results are shown of
the (simplefied) model used in the control algorithm and of the model used as "reality".
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Figure 7: Setpoints for the intermediate time-scale controller
The results of the simulation study shown in this report show the controlled behaviour of the
process operation on a desired step in the level of respiration. In a commercial setting this
situation may arise when transport is faster and/or desired product delivery is earlier. Then, to
achieve energy savings a change to conditions can be made. This behaviour is tested in the
simulation of which results are shown in this report.
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respiration and 02 for control and plant model
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Fermentation
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Figure 10: Levels of fermentation
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Figure 11: Manipulated variables
From the figures it can be concluded that the (simplified) model describes temperature and oxygen
concentrations reasonably well as compared to the "reality" model. Levels of respiration and
fermentation show an offset after the change of setpoint in level of respiration. This is caused by
the highly non-linear mechanisms of respiration and fermentation and the use of linearised (sub
models for these two mechanisms in the control algorithms. A future improvement would be to
incorporate higher order derivatives in the control algorithm to improve the predictive calculations
of the controller.
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Experiment
The experiments with the intermediate time-scale controller on the small-scale equipment
described earlier in this report were scheduled in the months May and June. Results are shown in
Figures 12-15.
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Figure 12: Setpoint for respiration
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Figure 13: Manipulated variables
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Figure 15: Fermentation

The resulting behaviour of the manipulated variables is shown in Figure 13. The level of respiration
is shown in Figure 14. The mismatch between control and plant model is completely caused by the
nonlinear relation between respiration and oxygen concentration as described in the equations for
respiration. The experimental results resemble those of the simulation. Temperature differences in
the experiment were not measured. The level of fermentation is shown in Figure 15. It shows a
similar off-set between control and plant model as compared to the result in the simulation study
that was caused by the nonlinear behaviour of the product.
From the results one may conclude that it is possible to monitor and control product responses
respiration and fermentation and thereby the quality evolution of the product.

Conclusions
From the research performed in this project it may be concluded that, although the estimation of
product response is difficult, it is possible to get a measure for product activity and its response
on climate changes. Therefore, respiration and fermentation were modelled and an estimation filter
was developed. Both in simulations and small-scale experiments promising results were achieved
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for apples (with absence of leakage). To allow for future implementation some remaining problems
need to be solved. These include prevention of the oscillations at the start of the estimation
procedure and the upscaling to a full-scale container which requires exact knowledge on air flows
as function of product, packaging, leakage, dimensions etc.
The measure of product response by means of estimatiing the levels of respiration and
fermentation was used for control purposes on the intermediate time scale by a Model Predictive
Controller that was developed specifically for the transport operation. In future this control
component should be designed for full-scale transport and should be linked with both the slow and
fast (local) time-scale controllers. Several time-scale related problems must be overcome in further
research to realise both an energy efficient transport as well as a good product quality of the
transported products.

Future developments
From the scientific point of view the research within the existing project is almost finished. In June
final experimental tests will be performed and analysed with the intermediate time-scale controller.
With respect to the management issues future co-operation will be discussed between the exisiting
partners as well as with new partners. Already, this resulted in a proposal for joined development
of monitoring and control devices within a new project which has been submissed to the E.E.T.
office on "Quest: Quality and Energy efficiency in Storage and Transport of agro-materials".
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