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Abstract. Potatoes served in large-scale food service systems are often of poor quality. The current
recommendation is to cook the potatoes until the core has reached a temperature of 96°C, but this
recommendation is questionable. In this study, three potato varieties have been cooked by using
conventional boiling (CB) to temperatures of 94°C and 96°C and steam cooking (SC) to temperatures
of 92°C, 94°C and 96°C. The samples were thereafter analyzed by both texture and sensorial analyses.
The results were evaluated with Partial Linear Squares Regression (PLSR). The perceived Softness
and Cooking Degree from the sensorial analysis agreed with the hardness measured by the texture
analyzer. The general impression of the samples showed that an undercooked tuber was preferable to
an overcooked tuber, and that a cooking temperature of 96°C mostly resulted in overcooked tubers.
The general impression depended on several parameters. Therefore, no optimal cooking temperature
could be established.
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1 Introduction

Potato is a staple food in the Swedish diet, and the average consumption in 2015 was 56 kg of potatoes
per person. During the past half century, potato consumption in Sweden has decreased by 35.7%.
However, in the last couple of years the trend has started to change, and there has even been a slight
increase [1]. Potatoes are often served in school canteens and hospitals, but unfortunately, the quality is
often too poor, resulting in a low intake of potatoes and increased food waste. Several factors are
affecting the quality of the potatoes, such as the tuber properties, the pre-peeling process and
insufficient control during the cooking process [2, 3].

Potatoes were traditionally cooked by conventional boiling (CB) in water, but nowadays steam
cooking (SC) has become more popular, especially in large-scale food service systems. The fundamental
difference between the two cooking processes is that in CB liquid water is used as the heat transfer
medium, while saturated steam is used during the SC process. An advantage with SC compared to CB
is that it maintains the nutritional values of the product during the cooking process to a higher degree
[4]. A disadvantage though is that the cooking process of the entire batch is affected if the door is
opened during the cooking process. During CB, the cooking degree can easily be checked without
affecting the cooking process of the rest of the batch. How to determine when a potato is ready differs
between the different large-scale food service systems, but the general recommendation in Sweden is that
the potatoes are considered ready when the core has reached 96°C. However, this recommendation is
based on a small, unpublished study of only one variety, which was cooked by CB to different core
temperatures, and the recommended temperature, 96°C, was based on an interpolation between the
measured temperatures [5].

During the cooking procedure, the tuber undergoes both physical and structural changes due to heat
and enzymatic activity (Fig. 1), which determines the final texture and quality of cooked potatoes. The
main physical changes during the cooking are swelling and gelatinization of starch. Potato starch
gelatinizes in the range of 57-71°C [6, 7]. The wide temperature range reflects the broad size range of
starch granules and the method used for analysis [7]. Due to the gelatinization of the starch, the cell
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pressure increases, thus increasing the pressure on the cell walls. The increased pressure may lead to a
release of pectin from the cell walls to the intercellular matrix [7, 8]. If the potato is preheated at 60°C,
the amount of pectin in the cell wall matrix seems to increase [9]. The pectin can then react with pectin
methylesterase (PME), forming firm complexes [9]. This phenomenon has been studied during the
heating of potatoes to different temperatures. At 70°C, differences in cell wall structure could be noted.
This change did not occur at lower temperatures independent of the holding time [10].
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Figure 1. Summary of physical and enzymatic changes during cooking of potatoes.

Various enzymes are activated during the cooking process. PME is the enzyme that has the greatest
impact on the final textural quality of the product. PME removes methyl groups from the pectin chains
and enables the pectin chains to cross-link. The cross-linked pectin is very stable and the potato can be
perceived as hard when consumed [9, 11]. PME occurs in different types, with different optimal and
deactivation temperatures [12].The optimal temperature for PME is in the range 50-80°C [9, 11, 13-15],
but studies have shown PME activity already at 8-12°C [14] and at higher temperatures as well [16, 17].

Table 1. Composition of fresh weight of the potato (%) [18].

Component Content range (%)
Dry matter 13.1-36.8

Total carbohydrate 13.3-30.53

Starch 8.5-29.4

Protein 0.7-4.6

Fat 0.02-0.2

Ash 0.44-1.9

Potatoes are generally categorized as mealy or waxy, and the composition of raw potatoes (based on
fresh weight basis) can be seen in Table 1. The main component is starch, and in naturally occurring
varieties, it varies between 8.5 and 29.4%. The starch content is proportional to the dry matter content
of the potato [18]. The mealy potato varieties usually have a higher starch content [19] and also larger
cells and starch granules compared to the waxy varieties [20], but there is no difference in the
amylose/amylopectin ratio based on the type [21]. Based on the characteristics of the variety, the
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changes during cooking differ. During cooking, the cells of mealy varieties tend to separate, while the
cell walls of waxy varieties tend to break [22]. Mealy varieties are also perceived as being drier and more
crumbly after cooking as compared to waxy varieties [19].

The aim of the study was to investigate when a potato is ready to consume, and how variety, cooking
method, core temperature and cooking time affect the cooking degree. The properties were analyzed by
sensorial and texture analysis.

2 Materials and Methods

2.1 Sample Preparation

An overview of the experimental setup can be seen in Fig. 2.

Three varieties of Solanum tuberosum L. have been evaluated: Asterix, Bintje and Salome. Asterix
and Salome are considered waxy while Bintje is considered mealy. The Salome was grown in Denmark
and the Asterix and Bintje in the southern part of Sweden during 2016. The analyses were performed in
November 2016. The shortest cross-section of the tubers was 46+4 mm. Asterix and Bintje were more
oval-shaped compared to the more spherical Salome.

The samples were cooked either by CB until the average core temperature of five tubers were 94°C or
96°C respectively, or by SC until the average core temperature of five tubers were 92°C, 94°C or 96°C
respectively. The temperature was monitored for five tubers with thermocouples Type K (diameter of
0.5 mm) connected to Thermocouple Data Logger USB TC-08, Pico Technology LTD., UK. The
thermocouples were placed in the core of the tubers by connecting a thread and pulling them through
the tuber until the tip of the thermocouple was located in the center.
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Figure 2. Overview of experimental setup.

2.2 Sensorial Analysis

Sensorial analysis was performed by a semi-trained panel (n=18) consisting of a student group (age 22—
50 years, average 31 years) with previous experience of the product, both as consumers (75%) and
personnel in large scale food service systems (50%). A practice session was organized where it was
concluded how to judge different samples according to the selected parameters. A hedonic scale ranging
from 1 to 10 was used for the evaluation. The evaluated parameters (translated from Swedish) were
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Cooking Degree (SensCD) (raw to overcooked), Softness (SensS) (very hard to very soft) and General
Impression (SensGI) (liking a lot to disliking a lot). During the training it was emphasized that SensCD
and SensS should be judged objectively and SensGI subjectively. The data has been normalized and
standardized.

2.3 Texture Analysis

Texture analysis was performed using a TVT-300XP (Perten Instruments AB) equipped with a 7 kg
load cell. The tubers were cut in half and placed on a stand with the flat side facing upwards. A 3 mm
cylindrical probe was used to penetrate the tuber to a depth of 12 mm with a rate of 1 mm/s. The
required force was monitored.

The weight of each sample was recorded by the texture analyzer. Peak Force (PF) corresponds to the
greatest force required to penetrate the sample. Peak Time (PT) corresponds to the time that PF occurs.

2.4 Dry Matter

The Dry Matter (DM) was determined by drying slices representing the entire tuber of each variety at
102°C for 48 h. The weight of each slice was in the range of 3-6 g. The analysis was performed in
triplicate.

2.5 Statistical Analysis

For the texture analysis, 10 tubers were analyzed with two tests per tuber for each variety and
treatment. Data where PF occurs at PT<6 s is considered true and is included in the results. Outliers
were identified by Grubb’s test (p>0.05). One outlier was detected for SC Salome 96°C and one for CB,
Asterix, 96°C. For CB, Asterix, 96°C PT was also identified as an outlier.

All graphs are presented with mean values and error bars showing a 95% confidence interval.

The multivariate analysis was performed in Unscrambler X 10.2 (CAMO Software), and the average
of five tubers were used in the model for each predictor setup. Partial Least Squares Regression (PLSR)
was performed. PLSR takes into consideration how each predictor affects the variables. PLSR finds the
maximum correlation between the predictors (design parameters) and the variables (result outcome),
and creates factors explaining the correlations, with Factor 1 having the highest degree of explanation.
The results are presented in graphs with different factors represented on different axes. The further from
origin a property appears, the better it is explained by the model. Properties that are grouped together
are positively correlated while properties on opposite sides are negatively correlated. If the properties are
located orthogonally, there is no strong dependence.

3 Results and Discussion

3.1 Multivariate Analysis

Accumulated explanation degree for the first four factors for predictors and variables respectively can be
seen in Table 2.

Table 2. Accumulated explanation degree for the four first factors in the PLSR.

Predictors Variables

Factor 1 26% 22%
Factor 2 49% 43%
Factor 3 67% 63%
Factor 4 83% 70%

Fig 3 and Fig 4 show PLSR with Factor 1 and Factor 2, and Factor 1 and 3, respectively. Factor 1
mainly explains variations caused by temperature. Cooking to 92°C is negatively correlated with the
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sensorial Cooking Degree and Softness, but positively correlated with the sensorial attribute General
Impression. 96°C correlates positively with the final temperature and negatively with PF, meaning that
a potato that is boiled to a higher temperature becomes softer.

The sensorial attributes Softness and Cooking Degree seem to be closely related to the cooking
method. The model suggests that CB results in softer tuber than SC. Softness and Cooking Degree are
positively correlated, probably since those characteristics are closely connected.

Factor 2 distinguishes between the varieties, where the mealy variety Bintje seems to need a longer
cooking time. This contradicts previous studies where mealy varieties have tended to have a shorter
cooking time. However, mealy varieties also tend to have higher DM, which can explain the location of
Bintje in the model, since it is also positively correlated to DM [23, 24]. The cooking times in this study
do not show any significant correlation to the core temperature (data not shown).
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Figure 3. PLSR (Factor 1 and Factor 2) showing relations between the predictors (marked with ) and variables
(marked with x) for different attributes.
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Figure 4. PLSR (Factor 1 and Factor 3) showing relations between the predictors (marked with e) and variables
(marked with x) different components.

In Fig. 4, PLSR with Factor 1 and Factor 3 can be seen. Factor 3 shows that Tdiff has some impact
on the model based on variety and weight of the sample. This relation in combination with the weight
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has been investigated further in paragraph 3.2. A positive relation between PF and Softness also
becomes more obvious compared to Factor 2.
3.2 Cooking Process

Fig. 5 shows how Tdiff depends on the weight of the tuber for each variety, and the trend lines show the
relation for each variety.
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Figure 5. The deviation in final temperature (Tdiff) compared to the set temperature dependent on the weight of
each sample.

Salome shows the strongest dependency between Tdiff and weight, but the relation is too weak for
significance (R,=0.54). The most likely explanation of the stronger correlation for Salome was the
difference in shapes of the raw tubers. Salome was more spherical while Asterix and Bintje were more
oval. If the weight increased for Salome, the shortest diameter also increased. A weight increase for any
of the other varieties might be caused by a more oval tuber. This also shows that it was the shortest
diameter that mainly affected the heat transfer during the cooking of potatoes.

3.3 Dry Matter

The mean dry matterdstandard deviation for Asterix, Bintje and Salome were 23.341.2%, 22.24:1.0%
and 18.14+1.0% respectively.

3.4 Sensorial Analysis

Fig. 6a-c shows the results of the sensorial analysis. The PLSR (Fig. 3) suggests that Softness and
Cooking Degree were related to the cooking method. At 94°C, Asterix and Bintje were softer for CB
compared to SC. There was no significant difference between Cooking Degree for the different cooking
methods.

Softness and Cooking Degree were negatively correlated to 92°C according to PLSR. Both Asterix and
Bintje showed significant difference for Softness and Cooking Degree at 92°C compared to 94°C for SC.
Salome also showed a significant difference between 94°C and 96°C for SC and for Cooking degree also
between 94°C and 96°C for CB.
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3.5 Texture Analysis

The peak force for each variety and cooking setup can be seen in Fig. 7.
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Figure 7. PF dependent on cooking setup.
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The general impression was not as well explained by the model as the other sensorial attributes, see
Fig. 6¢c. The only significant difference was that Asterix, SC, 92° was less popular than Asterix, SC,
94°C and 96°C, Bintje, SC, 94°C and Salome, SC, 96°C.

In general, there was a clear trend showing that higher temperature resulted in softer potatoes for
both SC and CB. Bintje showed a significant difference between SC, 92°C and SC, 94°C, and Salome
showed significant difference between SC, 94°C and SC, 96°C. Both of these agree well with the
perceived Softness and Cooking Degree.

The mealy variety Bintje seems to soften the most between 92°C and 94°C, resulting in a softer
sample compared to the waxy varieties. This can be explained by previous findings, showing that lower
temperature are required for mealy varieties to become cooked [24]. This phenomenon can also be
observed in the PLSR (Fig. 3) where PF and 94°C is negatively correlated to Bintje, showing that
Bintje becomes softer at 94°C.

4 Conclusions

The peak force agreed well when looking at the results for both Cooking Degree and Softness. PLSR
based on Factor 1 and Factor 2 showed a strong positive correlation between Cooking Degree and
Softness, and Factor 3 showed a positive correlation between PF and Softness. This means that texture
analysis can be applied in order to predict the Softness and Cooking Degree of potatoes. However, the
method might need to take into account more aspects in order to be able to predict when the potato is
optimally cooked.

The negative correlation between Cooking Degree and General Impression showed that the panelists
prefer undercooked potatoes to overcooked potatoes.

The General Impression was the sensorial parameter that best described the optimal cooking degree of
the potatoes. The results for this property differed the most (see Fig. 6¢), which might be explained by
individual preferences among the panelists. Based on the combination of Fig. 6b and the PLSR (Fig. 3),
94°C seems to be the most suitable temperature to achieve an optimal Cooking Degree. However, it
might be hard to set a general recommendation based only on temperature when factors such as cooking
method and variety seem to have a significant impact as well.
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