
Universität Kassel 

Fachbereich Ökologische Agrarwissenschaften 

Fachgebiet Agrartechnik 

Prof. Dr. sc. agr. Oliver Hensel 
 

 

Investigation of potential drying strategies for 

quality maintenance of carrot 
 

 
Dissertation zur Erlangung des akademischen Grades Doktorin 

der 

Agrarwissenschaften (Dr. agr.)  

 

 

von 

M.Sc. Rosalizan Binti Md Saleh 

aus Selangor, Malaysia 

 

 

Witzenhausen  

27 May 2021 



Die vorliegende Arbeit wurde vom Fachbereich für Ökologische Agrarwissen-
schaften, Fachgebiet Agrartechnik der UniversitätKassel als Dissertation zur Er-
langung des akademischen Grades “Doktor der Agrarwissenschaften” ange-
nommen. 

 

 
Tag der mündlichen Prüfung: 27.05.2021. 

 

 

Erster Gutachter  :  Prof. Dr. Oliver Hensel 
Zweiter Gutachter  :  Prof. Dr. Barbara Sturm 
 

Mündliche Prüfung : Prof. Dr. Oliver Hensel 
Prof. Dr. Barbara Sturm 
Prof. Dr. Michael Wachendorf 
Dr. Christian Bruns 

 
 
 

Alle Rechte vorbehalten. Die Verwendung von Texten und Bildern, auch 
auszugsweise, ist ohne Zustimmung des Autors urheberrechtswidrig und straf-
bar. Das gilt insbesondere für Vervielfältigung, Übersetzung, Mikroverfilmung 
sowie die Einspeicherung und Verarbeitung in elektronischen Systemen. 
 
 
© 2021 

 

 
Im Selbstverlag  : Rosalizan Binti Md Saleh 
Bezugsquelle      : Universität Kassel, FB Ökologische Agrarwisseschaften 

 Fachgebiet Agrartechnik Nordbahnhofstr. 1a 
 37213, Witzenhausen 

 

 



Declaration 
“I herewith give assurance that I completed this dissertation independently without prohibited 

assistance of third parties or aids other than those identified in this dissertation. All passages 

that are drawn from published or unpublished writings, either word-for-word or in paraphrase, 

have been clearly identified as such. Third parties were not involved in the drafting of the 

content of this dissertation; most specifically, I did not employ the assistance of a dissertation 

advisor. No part of this thesis has been used in another doctoral or tenure process.” 

 

 

 

Erklärung 
“Hiermit versichere ich, dass ich die vorliegende Dissertation selbständig, ohne unerlaubte 

Hilfe Dritter angefertigt und andere als die in der Dissertation angegebenen Hilfsmittel nicht 

benutzt habe. Alle Stellen, die wörtlich oder sinngemäß aus veröffentlichten oder 

unveröffentlichten Schriften entnommen sind, habe ich als solche kenntlich gemacht. Dritte 

waren an der inhaltlichen Erstellung der Dissertation nicht beteiligt; insbesondere habe ich 

nicht die Hilfe eines kommerziellen Promotionsberaters in Anspruch genommen. Kein Teil 

dieser Arbeit ist in einem anderen Promotions oder Habilitationsverfahren durch mich 

verwendet worden.” 

 

 

 

                                                                                                 
Witzenhausen, den 27.05.2021    Rosalizan Binti Md Saleh 

 

 

 

 

 

 

 



Acknowledgements 

The work in this thesis was carried out under the supportive guidance and progressive super-

vision of Prof. Dr. Oliver Hensel and Prof. Dr. Barbara Sturm from Department of Agricul-

tural & Biosystems Engineering, Faculty of Organic Agricultural Sciences, University of Kas-

sel, Germany, who are always welcomed me and kept their door open for consultation and 

advice at all times when required. I want to thank the staff of the Department of Agricultural 

and Biosystems Engineering, University of Kassel, for their support and kind advice whenev-

er I need them during my PhD journey. I want to acknowledge Malaysian Agriculture Re-

search & Development Institute (MARDI) for the financial support and PhD scholarship and 

also my colleague in MARDI, Dr. Samsiah Jusoh for her kind advice and guidance on chemi-

cal analysis. Special thanks to Dr. Arman Arefi for his meaningful help and professional ad-

vice on developing the MATLAB script for image processing of hyperspectral imaging. I 

would like to express my gratitude to Mr. Boris Kulig for the statistical analysis, Mrs Gaby 

Mergardt for technical support and provision to access to the laboratory and equipment prior 

to chemical analysis and also to all my friends particularly Ms. Luna Shrestha, Ms. Gardis 

von Gersdoff, Ms. Sharvari Raut, Ms.Tina Nurkhoeriyati and Ms. Araba Aldoo for their con-

tinuous support and friendship. Finally, I would like to express my gratitude to my husband 

Fadzil, and children Hadhira and Firaz for their love, patience, motivation and support during 

my academic career. Glory be to The Almighty Allah SWT for the gift of life and success. 

ROSALIZAN BINTI MD SALEH 

2021 



List of publications 
 

List of Publications 

This thesis is based on manuscripts of either published, accepted or submitted for publication in peer-

reviewed journals and are referred to in the text by their chapter as shown below: 

Chapter 2 :     Md Saleh, R. (2018). Chapter 3.2. Quality changes in fruits and vegetables during dry-

ing – vegetables, In Sturm, B. et al. (2018) Processing and quality guidelines for organic 

food processing, https://pub.epsilon.slu.se/16674/11/esper_a_et_al_200420.pdf. 

Chapter 4 :   Md Saleh, R., Kulig, B., Hensel, O., & Sturm, B. (2020). Investigation of dynamic 

quality changes and optimization of drying parameters of carrots (Daucus carota var. 

laguna). Journal of Food Process Engineering, 43(2), Doi: 10.1111/jfpe.13314. 

Chapter 5 :  Md Saleh, R., Kulig, B., Emiliozzi, A., Hensel, O., & Sturm, B. (2020). Impact of criti-

cal control-point based intermittent drying on drying kinetics and quality of carrot 

(Daucus carota var. laguna). Thermal Science and Engineering Progress, 20, 

Doi:10.1016/j.tsep.2020.100682.  

Chaper 6 : Md Saleh, R., Kulig, B., Arefi, A., Hensel, O., & Sturm, B. (2020). Method compari-

sons and model prediction performance of non-invasive measurement using hyperspec-

tral imaging of total carotenoids, color and moisture content of  dried carrot (Daucus 

carota var. laguna). Submitted for Computers & Electronics in Agriculture. 

Chapter 7 :   Raut, S., Md Saleh, R., Kirchhofer, P., Kulig, B. Hensel, O & Sturm, B. (2020). Inves-

tigating the effect of different drying strategies on the quality parameters of Daucus 

carota L. using dynamic process control and measurement techniques. Food and Bio-

process Technology, 14(6), 1067-1088. 

Additional Note: 

Parts of chapters 4 and 5 have been presented in international conferences as a poster and published in the fol-
lowing proceedings (see Appendix): 

Md Saleh, R., Emiliozzi, A., Kulig, B., Hensel, O., & Sturm, B. (2019). The effect of intermittent drying on 
drying kinetics and quality change dynamics of organic carrot (Daucus carota v.Laguna). Proceeeding of 7th 
European Drying Conference, 10-12 July 2019, Torino, Italy, (pp. 526 – 532). 

Md Saleh, R., Hensel, O., & Sturm, B. (2019). Degradation kinetics of color in organic carrot (Daucus carota v. 
Laguna) during convective drying. Proceeding of 2nd International Food Research Conference, 27-29 August 
2019, Putrajaya, Malaysia, (pp. 93-97).  

Md Saleh, R., Hensel, O., & Sturm, B. (2019). Mathematical modelling of thin layer drying of organic carrot. 
International Conference on Agricultural & Food Engineering, 7 – 9 November 2018, Putrajaya, Malaysia. 

 

 

https://pub.epsilon.slu.se/16674/11/esper_a_et_al_200420.pdf


Table of contents 

 

i 
  

Table of Contents 

1 General Introduction .................................................................................... 1 

1.1 General objective ..................................................................................................................... 7 

1.2 Research hypothesis ................................................................................................................. 8 

1.3 Overall research methodology ................................................................................................. 8 

1.4 Thesis structure ...................................................................................................................... 10 

1.5 References .............................................................................................................................. 12 

2 State of the art ............................................................................................. 15 

2.1 Research background ............................................................................................................. 15 

2.2 Introduction to food drying .................................................................................................... 17 

2.3 The mechanism of the drying process.................................................................................... 20 

2.4 Mathematical modelling of drying behaviors ........................................................................ 23 

2.5 Quality changes influenced by drying process ...................................................................... 24 

2.5.1 Physical quality ......................................................................................................... 25 

2.5.2 Chemical quality ....................................................................................................... 26 

2.6 Non-invasive quality measurement using hyperspectral imaging during drying ................... 29 

2.7 Physical and chemical characteristics of carrot ..................................................................... 31 

2.8 Quality of Dried Carrot .......................................................................................................... 34 

2.9 Influence of pretreatments on the quality of carrots .............................................................. 34 

2.10 Influence of drying methods and process parameters on the quality of carrots ..................... 35 

2.10.1 Physical Quality ........................................................................................................ 35 

2.10.2 Nutrient retention ...................................................................................................... 36 

2.11 References .............................................................................................................................. 38 

3 Methods, materials and investigated factors ............................................ 47 

4 Investigation of dynamic quality changes and optimization of drying 
parameters of carrots (Daucus carota var. laguna) ................................. 48 

4.1 Abstract .................................................................................................................................. 48 

4.2 Introduction ............................................................................................................................ 49 

4.3 Materials and methods ........................................................................................................... 51 

4.3.1 Raw material ............................................................................................................. 51 

4.3.2 Drying procedure ...................................................................................................... 52 

4.3.3 Total carotenoids ....................................................................................................... 52 

4.3.4 Degradation kinetics of total carotenoids .................................................................. 53 



Table of contents 

 

ii 
  

4.3.5 Calculation of the moisture ratio ............................................................................... 54 

4.3.6 Calculation of effective moisture diffusivity and activation energy ......................... 54 

4.3.7 Measurement of color ............................................................................................... 55 

4.3.8 Rehydration ratio ....................................................................................................... 55 

4.3.9 Statistical analysis for optimization of process parameter ........................................ 55 

4.4 Results and discussion ........................................................................................................... 56 

4.4.1 The effect of drying temperature and thickness on drying time and drying rate ...... 56 

4.4.2 Effect of drying on effective diffusivity and activation energy ................................ 60 

4.4.3 Dynamic quality changes of carrot during drying ..................................................... 63 

4.4.4 Degradation kinetics of total carotenoids .................................................................. 71 

4.4.5 Rehydration ratio ....................................................................................................... 74 

4.4.6 Optimization of process parameters .......................................................................... 75 

4.5 Conclusions ............................................................................................................................ 79 

4.6 Acknowledgements ................................................................................................................ 80 

4.7 References .............................................................................................................................. 81 

5 Impact of critical control-point based intermittent drying on drying 
kinetics and quality of carrot (Daucus carota var. laguna) ..................... 88 

5.1 Abstract .................................................................................................................................. 88 

5.2 Introduction ............................................................................................................................ 89 

5.3 Material and methods ............................................................................................................. 91 

5.3.1 Raw materials ............................................................................................................ 91 

5.3.2 Drying procedure ...................................................................................................... 91 

5.3.3 Determination of total carotenoids ............................................................................ 92 

5.3.4 Calculation of the moisture ratio ............................................................................... 93 

5.3.5 Calculation of effective moisture diffusivity ............................................................ 93 

5.3.6 Calculation of specific energy consumption ............................................................. 94 

5.3.7 Measurement of color ............................................................................................... 94 

5.3.8 Rehydration ratio (RR) .............................................................................................. 95 

5.3.9 Statistical analysis for determination of the most influenced factors affecting quality 
retention .................................................................................................................... 95 

5.4 Results & Discussion ............................................................................................................. 96 

5.4.1 The effect of intermittent drying on drying kinetics ................................................. 96 

5.4.2 The effect of intermittent drying on energy consumption ....................................... 101 

5.4.3 The effect of intermittent drying on total color change of carrot ............................ 102 



Table of contents 

 

iii 
  

5.4.4 Influence of intermittent drying on total carotenoids content ................................. 106 

5.4.5 The effect of intermittent drying on rehydration ratio ............................................ 111 

5.4.6 Analysis of variance on the effect of intermittent drying on quality of carrot using 
factorial experimental design. ................................................................................. 113 

5.5 Conclusions .......................................................................................................................... 114 

5.6 Acknowledgements .............................................................................................................. 115 

5.7 References ............................................................................................................................ 116 

6 Method comparisons and model prediction performance of non- 
invasive measurement using hyperspectral imaging of total carotenoids, 
color and moisture content of  dried carrot (Daucus carota var. laguna)
 125 

6.1 Abstract ................................................................................................................................ 125 

6.2 Introduction .......................................................................................................................... 126 

6.3 Materials and Method .......................................................................................................... 130 

6.3.1 Raw materials .......................................................................................................... 130 

6.3.2 Drying procedure .................................................................................................... 131 

6.3.3 Measurement of color ............................................................................................. 131 

6.3.4 Determination of total carotenoids .......................................................................... 132 

6.3.5 Hyperspectral Imaging Systems .............................................................................. 132 

6.3.6 Image Processing and Visualization ....................................................................... 133 

6.3.7 Multivariate analysis ............................................................................................... 133 

6.3.8 Method comparisons ............................................................................................... 136 

6.4 Results and Discussion ........................................................................................................ 138 

6.4.1 Multivariate analysis of Partial Least Square Regression (PLSR) .......................... 138 

6.4.2 Analysis of spectral reflectance and wavelength selection based on VIP plot........ 144 

6.4.3 Predictive ability of PLSR model and method comparison based on Passing Bablok 
and Deming regressions .......................................................................................... 148 

6.4.4 Bland-Altman plot analysis for verifying the limit of agreement between two 
methods ................................................................................................................... 152 

6.4.5 Visualization of moisture content at different drying period .................................. 152 

6.5 Conclusions .......................................................................................................................... 156 

6.6 Acknowledgements .............................................................................................................. 157 

6.7 References ............................................................................................................................ 158 



Table of contents 

 

iv 
  

7 Investigating the effect of different drying strategies on the quality 
parameters of Daucus Carota L. using dynamic process control and 
measurement techniques .......................................................................... 167 

7.1 Abstract ................................................................................................................................ 167 

7.2 Introduction .......................................................................................................................... 168 

7.3 Materials & Methods ........................................................................................................... 172 

7.3.1 Sample preparation.................................................................................................. 172 

7.3.2 Dryer ....................................................................................................................... 174 

7.3.3 Color measurement ................................................................................................. 177 

7.3.4 Product temperature measurement .......................................................................... 179 

7.3.5 Moisture content analysis ........................................................................................ 180 

7.3.6 Total Carotenoid Retention ..................................................................................... 182 

7.3.7 Water Activity ......................................................................................................... 182 

7.3.8 Rehydration Ratio ................................................................................................... 182 

7.3.9 Data Aggregation .................................................................................................... 183 

7.3.10 Energy Calculation .................................................................................................. 184 

7.4 Results and Discussion ........................................................................................................ 186 

7.4.1 Drying Behavior ...................................................................................................... 186 

7.4.2 Modelling curve ...................................................................................................... 189 

7.4.3 Development of color .............................................................................................. 191 

7.4.4 Calibration and method validation .......................................................................... 191 

7.4.5 Effect of drying strategies on color ......................................................................... 194 

7.4.6 Total Carotenoid Retention ..................................................................................... 196 

7.4.7 Water activity and Rehydration .............................................................................. 200 

7.4.8 Energy Consumption ............................................................................................... 203 

7.5 General discussion ............................................................................................................... 204 

7.6 Conclusions .......................................................................................................................... 205 

7.7 References ............................................................................................................................ 206 

8 General discussion ..................................................................................... 212 

8.1 Drying Kinetics .................................................................................................................... 212 

8.2 Dynamic Quality Changes ................................................................................................... 215 

8.3 Optimization ........................................................................................................................ 217 

8.4 Intermittent drying ............................................................................................................... 219 

8.5 Product temperature and stepwise drying technique ............................................................ 220 



Table of contents 

 

v 
  

8.6 Non-invasive measurement using hyperspectral imaging.................................................... 222 

8.7 Reflection of own approach ................................................................................................. 224 

8.8 References ............................................................................................................................ 226 

9 Conclusions and outlook ........................................................................... 229 

10 Summary .................................................................................................... 232 

11 Zusammenfassung ..................................................................................... 233 

Appendix .......................................................................................................... 235 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



List of Tables 

vi 
  

List of Tables 

 
Table 1-1:      Major carrot producers in Europe (2015) ........................................................... 1 

Table 2-1:      Mathematical models for drying fruits and vegetables ..................................... 23 

Table 2-2:      A review of existing studies on detecting physical and chemical properties of 
food materials using hyper-spectral imaging .................................................... 30 

Table 2-3:      Physical properties of carrots ............................................................................ 32 

Table 2-4:      Chemical compositions of carrots ..................................................................... 33 

Table 3-1:      Materials, methods and investigated factors related to current study. .............. 47 

Table 4-1:      Previous work on convective drying of different varieties of carrot ................ 51 

Table 4-2:      Final moisture content and water activity of carrot at different temperature and 
thickness ........................................................................................................... 58 

Table 4-3:      Correlation between total color changes (∆E) and total carotenoids of carrots at 
different tem-perature and thickness presented by polynomial equations........ 66 

Table 4-4:      Retention of total carotenoids at the end of drying process .............................. 69 

Table 4-5:      Kinetics parameters for thermal degradation of total carotenoids at different 
temperatures ...................................................................................................... 72 

Table 4-6:      Color parameters, rehydration ratio and total carotenoids of dried carrot as 
influenced by dry-ing temperature and thickness ............................................. 76 

Table 4-7:      Conditions and outputs of the numerical optimization of the responses for 
drying of carrot ................................................................................................. 77 

Table 4-8:      Desirable solutions for the optimization of organic carrot drying .................... 78 

Table 4-9:      Fitted second order polynomial and linear equations for the quality parameters 
of dried carrot in terms of coded factor ............................................................ 78 

Table 5-1:      Moisture diffusivity and drying time during intermittent drying of organic 
carrot ………………………………………………………………………   100 

Table 5-2:      Moisture content of carrot before and after tempering period ……………..  100 

Table 5-3:      Correlation between total color change (∆E) and total carotenoids of carrots at 
different temperature, moisture level and tempering time ............................. 111 

Table 5-4:      The influence of drying temperature, moisture level and tempering time on 
color parameters, rehydration ratio and total carotenoids of carrots .............. 113 

Table 5-5:      Comparison of quality parameters between continuous drying and intermittent 
drying of carrots .............................................................................................. 114 

Table 5-6:      Fitted linear equations for the quality parameters of dried organic carrot in 
terms of coded factor ...................................................................................... 114 



List of Tables 

vii 
  

Table 6-1:      Statistical parameters of PLSR modelling and selected wavelengths for quality 
attributes in carrots ......................................................................................... 142 

Table 6-2:      Statistical parameters of PLSR modelling for interaction between qualities 
attributes ......................................................................................................... 142 

Table 6-3:      Regression parameters from Passing Bablok (PBR) and Deming regressions 
(DR) for method comparisons for total carotenoids, moisture content (%wb), L, 
a*and b* measured by hyper-spectral imaging (X) and standard laboratory 
measurement (Y) ............................................................................................ 151 

Table 6-4:      Statistical parameters of Blant Altman analysis for quality attributes in carrots
 ................................................................................................................................................ 154 

Table 7-1:      Overview of relevant studies conducted only using convective drying technique
 ................................................................................................................................................ 168 

Table 7-2:      Information on sensors and equipment implemented within the developed dryer
 ................................................................................................................................................ 174 

Table 7-3:      Process settings for experimental investigation of carrot drying .................... 176 

Table 7-4:      Sampling intervals for moisture content of the different strategies for all three 
temperatures .................................................................................................... 180 

Table 7-5:      Values and averages calculated using developed algorithms ......................... 184 

Table 7-6:      Results of the Page model on comparing the model with Henderson & Pabis 
Model where B*is the probability it is correct (%), C* is Ratio of probabilities, 
and D* is Difference in AICc ......................................................................... 190 

Table 7-7:      R2adj, RMSE and AICc values for the Page model for different drying 
strategies ......................................................................................................... 190 

Table 7-8:      Transfer function equations and R2adj for L*a*b* ........................................ 192 

Table 7-9:      Final water activity content for carrots dried under three different strategies at 
varying temperatures (A, P, S50/S40) ............................................................ 200 

Table 7-10:     Rehydration ratio for different drying strategies ............................................ 202 

 

 

 

 

 

 

 



List of Figures 

viii 
  

List of Figures 

 
Figure 1-1:     Flow chart of research methodology…………………………………………..9 

Figure 2-1:     A typical drying curve of agricultural products showing constant rate and 
falling rate periods (adapted from Carrin & Crapiste,  2008) ........................... 20 

Figure 2-2:     Moisture content (db) versus drying rate of material. Adapted from Berk 
(2018) ................................................................................................................ 22 

Figure 2-3:     Anatomy of carrot showing longitudinal feature (A) and cross-section area (B). 
Adapted from (www.carrotmuseum.co.uk) and Ahmad et al.(2019) ............... 32 

Figure 4-1:     Moisture ratio (MR) versus drying time at different temperature of carrot for 
3mm of slice thickness...................................................................................... 59 

Figure 4-2:     Moisture ratio (MR) versus drying time at different temperature of carrot for 
6mm of slice thickness...................................................................................... 59 

Figure 4-3:     Effect of drying temperature on drying rate for 3mm and 6mm of slice 
thickness ........................................................................................................... 60 

Figure 4-4:     Coefficient of effective diffusivity, Deff (m2/s) obtained for the drying of 
carrot ................................................................................................................. 62 

Figure 4-5:     The Arrhenius representation of the natural logarithmic of coefficient of 
diffusivity as a function of drying temperature of carrot .................................. 62 

Figure 4-6:     Total color difference of ∆E value of carrot at different drying temperature .. 65 

Figure 4-7:     Total color changes (∆E) of the final product for carrot at different drying 
temperature and thickness as compared with fresh carrot ................................ 65 

Figure 4-8:     Response surface of total color changes (∆E) at different temperature and  
thickness ........................................................................................................... 66 

Figure 4-9:     Retention of total carotenoids in carrot at different temperature as a function of 
moisture con-tent for 3mm thickness ............................................................... 70 

Figure 4-10:   Retention of total carotenoids in carrot at different temperature as a function of 
moisture con-tent for 6mm thickness ............................................................... 70 

Figure 4-11:   Response surface of total carotenoids at different temperature and thicknesses
 .................................................................................................................................................. 71 

Figure 4-12:   Zero order degradation kinetics of total carotenoids at different temperature 
and thickness ..................................................................................................... 73 

Figure 4-13:   First order degradation kinetics of total carotenoids at different temperature 
and thickness ..................................................................................................... 73 

Figure 4-14:   Response surface of rehydration ratio at different temperature and thickness . 75 

Figure 5-1:    Drying curves of continuous and intermittent drying of carrots at 60 °C ......... 98 

Figure 5-2:    Drying curves of continuous and intermittent drying of carrots at 70 °C ......... 98 



List of Figures 

ix 
  

Figure 5-3:     Drying rates of continuous and intermittent drying of carrots at different 
moisture  content and tempering period for 60°C ............................................ 99 

Figure 5-4:     Drying rates of continuous and intermittent drying of carrots at different 
moisture content and tempering period for 70 °C ............................................ 99 

Figure 5-5:     Energy consumption during continuous and intermittent drying of carrots ... 102 

Figure 5-6:     Total color change (∆E) of carrots during intermittent drying at 60 °C ......... 105 

Figure 5-7:     Total color change (∆E) of carrots during intermittent drying at 70 °C ......... 105 

Figure 5-8:     Total carotenoids content in carrot during intermittent drying at 60 °C ........ 109 

Figure 5-9:     Total carotenoids content in carrot during intermittent drying at 70 °C ........ 109 

Figure 5-10:   Relationship between total color change and retention of total carotenoids (%) 
for intermittent drying at 60°C ....................................................................... 110 

Figure 5-11:   Relationship between total color change and retention of total carotenoids (%) 
for intermittent drying at 70°C ....................................................................... 110 

Figure 5-12:   Rehydration ratio in carrots during intermittent drying at 60°C .................... 112 

Figure 5-13:   Rehydration ratio in carrots during intermittent drying at 70°C .................... 112 

Figure 6-1:     Similar methodology approach for each hyperspectral image and data 
processing adapted from Shrestha et al. (2019) .............................................. 137 

Figure 6-2:     Scatter plot of total carotenoids (a), Moisture content (b), L (c), a* (d) and 
b*(e) using training (red) and validation (blue) set of carrot samples as 
predicted by PLSR model and as measured in the laboratory ........................ 140 

Figure 6-3:    Predicted residual errors sum of squares (PRESS) plot for (a) total carotenoids, 
(b) moisture content (% wb), (c) L,  (d) a* and (e) b* as a function of number 
of factors in dried carrot ................................................................................. 143 

Figure 6-4:     Average spectral reflectance of carrots at different drying time .................... 144 

Figure 6-5:     Variable Importance Projection (VIP) plots for total carotenoids, moisture 
content (% wb), L, a* and b* of carrots at wavelengths between 500.55 and 
1006.58 nm ..................................................................................................... 146 

Figure 6-6:     Quality parameters of carrot predicted by PLS vs. measured values of 
laboratory methods. The dashed grey line: a line of equality, solid red line: 
result of the Deming regression, solid blue line: a line of Passing-Bablok 
regression ........................................................................................................ 150 

Figure 6-7:     Bland-Altman plots for quality parameters in carrot which show the differences 
between predicted and measured values vs the mean value of both 
measurements ................................................................................................. 152 

Figure 6-8:     Moisture content distribution in carrot at different drying period at 60 °C .... 155 

Figure 7-1:     Experimental procedure for carrot drying ...................................................... 173 

Figure 7-2:     Design of the developed dryer ........................................................................ 174 



List of Figures 

x 
  

Figure 7-3:     Sample layout for product temperature measurement using the infrared camera
 ................................................................................................................................................ 179 

Figure 7-4:     Changes in carrot sample during drying process (strategy A, 70 °C) ............ 186 

Figure 7-5:     Drying behavior of carrot samples under strategy A - air temperature-
controlled strategy for 50 °C, 60 °C, 70  ......................................................... 187 

Figure 7-6:     Drying behavior of carrot samples under strategy P – product temperature-
controlled strategy for 50 °C, 60 °C, 70 °C..................................................... 188 

Figure 7-7:     Drying behavior of carrot samples under strategy S50/S40 – stepwise 
temperature-controlled strategy for 50 °C, 60 °C, 70 °C ................................ 189 

Figure 7-8:     Modelled drying curves for different drying strategies .................................. 191 

Figure 7-9:     Linear and non-linear regression analysis performed on 24 color patches of the 
Color Checker chart for the three color parameters (a) L* (b) a* (c) b* ........ 192 

Figure 7-10:   Bland-Altmann Plot for transformed Color Checker data set for the three color 
parameters (a) L* (b) a* (c) b* ....................................................................... 193 

Figure 7-11:   Total color change as a function of moisture ratio for different drying strategies 
at 50 °C, 60 °C and 70 °C ............................................................................... 194 

Figure 7-12:   Total carotenoid Retention vs moisture ratio for three strategies at three 
different temperature (a) strategy A (b) strategy P (c) strategy S50/S40 ....... 197 

Figure 7-13:   Total carotenoid retention vs ΔE for three strategies at varying temperatures 
(A, P, S50/S40) ............................................................................................... 199 

Figure 7-14:   Water activity over changing moisture ratio for carrot samples dried under 
three different strategies (A, P, S50/S40) ....................................................... 201 

Figure 7-15:   Specific energy consumption in MJ/kg for 50 °C, 60 °C & 70 °C under three 
different strategies (A, P, S50/S40) ................................................................ 203 



Abbreviations 

xi 
  

Abbreviations & Symbols 

 
A                                       Total number of components 

ANOVA Analysis of variance 

Ac  Cross sectional area 

Abs Absorbance 

A1% Extinction coefficient 

BA Blant Altman 

b, b0 and b1 Constant, linear and quadratic coefficients 

Cp Specific heat of air (kJ/kg °C)   

Cpa  Specific isobaric heat capacity of air (J/kg.K)   

C1%       Concentration of 1% solution 

Deff Moisture diffusivity ( m2/s) 

Dm Dry matter content 

DR Deming regression 

Ea    Activation energy 

g Weight of the product (g) 

gw Gram water 

HSI Hyperspectral imaging 

I(λxy)  Irradiance spectrum  

K0, K1, K                                Empirical coefficients in degradation kinetic 

models 

L Half thickness (m) 

Ma Mass flow of air (kg/s) 

Mcarrot,i   Mass of sample (kg) 



Abbreviations 

xii 
  

Mdb Moisture content (g/g) in dry basis 

Mdm Absolute dry matter 

MDN λ Dark noise of the image 

Me Equilibrium moisture content (dry basis) (g/g) 

M0   Initial moisture content in dry basis (g/g) / 

weight of sample before drying (g) 

MR Moisture ration (MR) (dimensionless) 

MRR Weight of dehydrated carrot (g) 

Mr Weight of rehydrated carrot (g) 

MRexp Experimental moisture ratio (dimensionless) 

MRpre Predicted moisture ratio (dimensionless) 

Mt    Total mass of the sample 

N Number of observations 

NIPAL Non-linear iterative partial least square regression 

n Number of constants 

P Total number of variables 

PB Passing Bablok regression 

PLSR Partial least square regression 

 Air density (kg/m3) 

Qt   Rate of heat flow (W) 

R Universal gas constant (8.314 kJ/mol) 

R2 Correlation coefficient 

R2
T Correlation coefficient for training set 

R2
V Correlation coefficient for cross validation set 



Abbreviations 

xiii 
  

RMSE Root means square error 

RMSET Root means square error for training set 

RMSEv Root means square error for cross validation set 

SST Total variance explained by all the components 

SSa Sum of squares explained by the ath component 

T Absolute temperature (K) 

TCR Total carotenoids retention 

t Drying time (m9n) 

Ʋ  Air velocity (m3/s) 

VIP Variable Importance Projection 

Va                                       Volumetric flow rate of air (kg/m3) 

V1 Dilution factor 

ν Air velocity (m/s) 

Waj  Average illumination spectrum 

W(λxy)  Loading weight vector 

 

 



General introduction 

 

1 
  

1 General Introduction 

Carrots are known to be a highly nutritious vegetable for people around the world. They are 

widely cultivated and can be found in most parts of the world due to their importance in the 

diet, and their prominence in the local cuisine of many countries (Arscott & Tanumihardjo, 

2010). The roots are one of the most consumed vegetables globally, because they contain a 

generous amount of phytochemical constituents such as phenolics, carotenoids, 

polyacetylenes, and ascorbic acid (Ahmad et al., 2019). These nutrients provide significant 

health benefits due to their antioxidant, anti-inflammatory, and anti-tumour properties 

(Ahmad et al., 2019). The combined annual production of carrots and turnips globally was 

reported to be around 42.71 million tons, with a total growing area of about 11.5 million 

hectares (Ahmad et al., 2019; FAO, 2019). The main carrot producer in the world is China, 

which produces 26.91% of the world’s carrots in 2013, followed by Russia and Germany 

(Jared & Lopez, 2016). Carrots are also the second most cultivated crop after tomatoes in 

European countries. Germany has ranked number two in Europe with 526,900 metric ton of 

annual carrot’s production in 2015 (Table 1)(Anon,2016).   

The global consumption of carrots is likely to increase, not only due to an increase in 

consumers’ demand for fresh vegetables; they are also becoming a crucial raw ingredient in 

food processing, especially in the instant food industry. Carrots can be consumed in a fresh 

form such as in a salad, or cooked into a variety of healthy dishes. They can also be 

incorporated into bakery products such as cakes and bread. The crop can be processed 

commercially into various industrial products such as canned, dehydrated snacks, juices, 

beverages, candies, preserves, and pickles (Aggarwal and Kaur, 2014). 

Table 1-1:  Major carrot producers in Europe (2015). 

Countries Production (metric ton) 

France 560,000 

Germany 526,900 

Spain 410,900 

Belgium 245,400 

Denmark 89,200 
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Source: EUROSTAT (2016) 

In recent years, the development of carrot-based products as a functional food for the 

nutraceutical, healthcare, and cosmetic industry has increased steadily due to nutraceutical 

properties of β-carotene. Most manufacturers prefer to dry carrots before processing them 

further because they are highly perishable, deteriorate easily, with a short storage life under 

ambient conditions. In view of this, removing water content to a safe level through drying is 

the most commonly applied commercial preservation method for extending the storage life of 

carrots. Indeed, some studies report that certain retail temperatures, storage conditions, and 

heating methods applied during processing can significantly alter the quality of carrots 

(Seljåsen et al., 2013). 

Many studies have been conducted on carrot-drying, with similar goals of maintaining 

product quality while minimizing energy consumption, reducing overall production costs, and 

keeping them affordable and accessible to wider consumers. Researchers have experimented 

with various dehydration techniques that apply different drying modes and setting parameters 

that could yield a high quality product with an attractive visual appearance. More importantly, 

they also sought to produce a product with high nutrient content by maximizing the retention 

of β-carotene in carrots. According to the literature on carrot preservation methods, the most 

applied method for drying various shapes and sizes of carrots is the hot air drying technique 

(Mulet et al, 1989: Ratti 1994: Krokida & Maroulis, 1997: Lin et al, 1998). These authors 

reported different quality attributes prior to drying. The conventional practice of carrot drying 

in developing countries such as Bangladesh is performed using solar dryer (Rahman et al, 

2010). This method was found to be able to retain up to 72% of β- carotene, with a drying 

time of 15 to 16 hours. However, this technique is unreliable due to inconsistent weather 

conditions. For this reason, mechanical dryers are employed to avoid the dependency on the 

weather; to minimize the risk of microbial contamination of the product; as well as to reduce 

the drying time while maintaining improved quality of the final product.  

Ireland 40,200 

Greece 32,500 

Czechia 23,500 

Estonia 18,100 

Bulgaria 7,900 
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Drying provides significant benefits to food producers by lowering the product mass and 

volume, leading to more efficient packaging, storing, and transportation (Jayaraman & Gupta, 

2006). In freshly harvested crops such as carrots, the presence of water hastens 

phytochemicals degradation due to enzymatic and non-enzymatic processes that occur over 

time. Thus, removing the water content through drying is imperative to preserve their edibility 

and marketability. With less water content, carrots become easier to handle and are also less 

prone to microbial degradation (Hakibu et al., 2005). However, drying could also result in the 

loss of bioactive compounds and flavor. In light of this, the drying process must be carried out 

as fast and as evenly as possible (Chong, 2002). Inadequate drying will give rise to microbial 

infection, whereas over-drying will result in drastic quality loss. Drying at low temperatures 

between 30°C and 50°C is thus recommended to preserve heat-sensitive active ingredients in 

medicinal plants or agricultural crops (Muller & Heindl, 2006).  

Currently, there is a growing trend to combine various drying strategies and techniques 

according to the product’s characteristics, with the aim of minimizing energy consumption 

and preserving the product’s quality (Ramallo et al. 2010;  Menshutina et al., 2004). The most 

promising drying strategy is the application of intermittent drying, with various mode of 

intermittency, which can be applied as an alternative to continuous convective drying. 

Intermittent drying is performed by stopping the process at certain drying points. The resting 

period or tempering between drying process varies by adjusting three main process 

parameters: heat input, chamber pressure, and air velocity (Chua, et al., 2003). According to 

previous study, intermittent drying can also be accomplished consecutively with one or more 

tempering periods by controlling the air temperature, humidity, air flow rate, and operating 

pressure, as well as by adjusting the intensity of the heat inputs (Defraeye, 2016). One of the 

intermittent modes is by supplying heat in a stepwise manner, which involves drying using 

combination of more than one temperature at certain transition points of the moisture level. 

Both drying strategies have shown positive outcomes in preserving the active ingredients in 

agricultural crops (Lekcharoenkul et al., 2014; Hii et al. 2013). According to Chua, et al. 

(2003), tempering during the drying of agricultural crops shows significant improvement on 

surface-related quality such as color and texture. The control strategy is favorable because the 

resting period during drying will prevent over-heating or over-drying on the surface layer. 

This is regulated through improving the internal water migration in the plant’s cell, and 

finally initiating uniform moisture distribution on the surface area (Chua, et al. 2003; 

Defraeye, 2016). Intermittent drying also significantly reduces the effect of case hardening 

and cracking in rice (Poomsa-ad et al., 2005; Tuyen et al, 2009).  

http://www.sciencedirect.com/science/article/pii/S026087740900291X#bib25
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Another effective drying strategy is by controlling the product temperature during drying. 

Most drying processes are concerned with controlling the air temperature, but it is typically 

hypothesized that the product temperature is constant throughout the drying period, and that it 

is equivalent to air temperature.  However, recent studies on the drying of medicinal herbs, 

fruits, and vegetables have shown that the product temperature does vary throughout the 

drying process, and it only approaches air temperature at the later stage of the process (Sturm 

et al, 2014). Therefore, applying high air temperature at the early stage of the drying process 

will not cause any heat damage to the product, particularly those with high moisture content, 

due to the difference between the dry and wet bulb temperature (Sturm et al, 2014). It is also 

observed that increasing the air temperature initially will facilitate the drying rate and greatly 

reduce the drying time, leading to significant improvements in quality attributes such as color 

in banana slices (Chua et al., 2001).  

Monitoring product quality along the drying process is crucial, since multiple phases of 

quality transformation occur throughout the drying process. Normally, the product quality and 

their modifications throughout the drying process are rarely taken into consideration during 

process optimization. The commonly applied concept of black-box optimization could 

prevent a truly efficient design and optimization of the drying process. This could risk 

yielding products of inferior quality, if dynamic changes in product characteristics are not 

taken into consideration throughout the process (Sturm, 2018; Pask et al., 2016). In view of 

this, a more thorough and robust scientific approach needs to be conducted in order to 

understand the correlation between process parameters, drying environments, and product 

characteristics throughout the entire drying process. This is because all these interactions will 

cause different levels of quality degradation, and eventually impact the quality of the final 

product. A better understanding of these interactions is thus necessary to further improve 

drying strategies for carrots, while maintaining their optimal qualities for maximal 

marketability.   

In recent years, numerous non-destructive techniques for measuring the quality of agricultural 

crops have been extensively studied and developed. Some of them have been successfully 

applied in agricultural production. One of the most researched technique mentioned in the 

literature is hyperspectral imaging, which is able to generate a spatial map of spectral 

variation. This system has been tested recently in many agricultural and food applications, 

especially in predicting the quality of agricultural crops during production and processing (Li 

et al., 2018; Elmasry et al., 2012). This new technology provides rapid screening, and more 
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effective and accurate results compared to manual inspection conducted by human inspectors 

and laboratory analysis. The working principle of this system is based on integrating both 

spectroscopic and imaging technologies that could generate both spectral and spatial 

information of samples. This new optical technique is capable of predicting physical and 

chemical qualities simultaneously such as moisture content and chemical compounds in a 

material under study at certain range of wavelengths (Elmasry et al., 2012). This non-

destructive technique is very useful for acquiring rapid assessment and real time monitoring, 

in order to establish fundamental information on the possibility of incorporating an online 

measurement system into a process control for the potential development of a smart dryer in 

the future (Su et al., 2014).  

Although many studies have been carried out on different drying techniques on a variety of 

carrots with varying results (Zielinska & Markowski, 2012; Markowski et al., 2006; Doymaz, 

2004; Prakash et al., 2004; Hatamipour et al., 2003; Reyes et al., 2002), little information can 

be obtained on an integrated approach that combines different factors into account. One such 

integrated approach could consider the drying techniques alongside with the dynamic quality 

changes by continuously monitoring quality attributes using a non-destructive method of 

hyperspectral imaging. In light of this, the current study was initiated to fill the research gaps 

with the following main objective as its contribution to scientific knowledge:  

To gain a more in-depth understanding of product characteristics and quality 

transformation throughout the drying process, in order to design a new and 

more efficient drying strategy based on the inflection point at which the 

crucial period for the quality parameters becomes susceptible to rapid 

degradation.  

This new approach will assist in decision making while designing a new process, as it 

provides insight into when might be the best moment to change the parameter settings for the 

highest quality retention. This study also looks into the possibility of applying a new concept 

of inflection point-based drying strategy that could be potentially implemented as a critical 

control point for process optimization in the future. This study also applies a new statistical 

approach for validating the compatibility and reliability between both quality measurement 

methods using non-destructive technique of hyperspectral imaging and standard laboratory 

analysis. Methods comparison between these two measurement techniques were tested in this 

study by a comparative analysis of Passing Bablok and Deming regressions with Blant 

Altman plot. 
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Problem statement 

Recently, there is a growing demand for healthier food products all over the world due to an 

increased awareness among consumers on the need to consume safe and high-quality food. 

Maintaining the quality of raw materials after drying is thus very important for quality 

assurance and evaluation of the finished product that can meet this demand. Based on this, 

there is a need to develop specific drying strategies for organically grown carrot in order to 

retain its quality. Preserving the bioactive compounds during drying is very important in order 

to ensure the maximum health benefits to the consumer. Much research has been conducted 

on applying different drying techniques of carrots, but none of these focused on manipulating 

different drying strategies, as well as monitoring dynamic quality changes of carrot during 

drying for process control improvement and optimization. Thus, this study addresses this gap 

by focusing on understanding the drying kinetics and their relation to quality changes based 

on mathematical modelling, process optimization, and laboratory analysis. All the standard 

quality measurement based on invasive laboratory analysis will be compared with a non-

invasive technique using hyperspectral imaging system, in order to explore the possibility of 

predicting the quality attributes of carrots during drying in a non-destructive manner for 

continuous process control. The inadequacy of drying information of carrots will be likely to 

generate the following problems:  

• Over-drying can cause a collapse of the structure due to mechanical damage of the 

product, leading to a loss in quality; 

• Insufficient drying, at which the final moisture content is above the safe storage level. 

This consequently leads to poor shelf life due to quality degradation such as browning, 

microbial activity, and nutrient decomposition; 

• Variation in product quality due to inadequate drying technique. This will result in 

poor quality of the end product; 

• Inconsistency of drying conditions will cause non-uniformity in moisture and 

temperature distribution due to microstructure distortion, geometrical configuration, 

and changes in thermal properties of the material, leading to nutrient degradation; 

• Ineffective energy utilization due to improper drying strategies and unsuitable 

selection of setting parameters;  
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• Prolonged drying times. This will cause quality degradation due to inappropriate 

drying conditions, leading to a decrease in production rate. 

In order to solve the problems above, this study employs a diverse research strategy in order 

to: 

• Understand the drying behavior of carrots and the influence of temperature, drying 

time, and thickness on their quality; 

• Optimize the drying parameters necessary for achieving the desired level of moisture 

content by considering the optimal quality, drying time, and energy required to avoid 

inadequate drying. 

• Develop specific drying strategies based on the inflection point at which quality 

attributes start to degrade, to obtain high retention of phytochemicals in carrot. These 

were tested in this study through various potential drying techniques such as 

intermittent drying, stepwise drying, and controlling a product temperature. 

• Explore the potential usage of non-invasive quality measurement using hyperspectral 

imaging during drying for effective and continuous quality assessment.  

1.1 General objective 

To understand drying characteristics and to develop specific drying strategies for the quality 

maintenance of carrots. The information can be used in process design and optimization of 

process parameter for processing carrot-based products. 

Specific objectives  

i. To analyze the effect of continuous drying on the drying kinetics and quality changes 

in organically grown carrot.  

ii. To optimize the drying process using response surface methodology based on optimal 

parameters of drying temperature, carrot thickness, and their response towards drying 

time and quality. 

iii. To identify the effects of different drying strategies on drying kinetics and quality 

retention of organic carrot. The results will be compared with continuous drying in 

terms of quality, drying time and energy consumption. 

iv. To investigate the potential usage of hyperspectral imaging as a means for non-

destructive quality measurements, for continuous process monitoring during drying. 
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1.2 Research hypothesis 

i. Developing a degradation profile of quality attributes in carrots is necessary in order to 

understand the behavior of time-varying changes of quality as a function of moisture 

content during drying process. 

ii. Establishing a new drying strategy based on inflection point, the period in which the 

quality attributes of carrots become susceptible to degradation is required to improve 

quality retention. 

iii. Investigating the possibility of employing a non-invasive method of quality measure-

ment throughout the drying process is a preliminary step for understanding product 

characteristics and the dynamic changes of quality attributes during drying for effective 

process control and optimization. 

1.3 Overall research methodology 

Below is a description of the strategies for achieving the objectives outlined above: 

i. Drying kinetics of organic carrot were determined using non-linear regression analysis 

by fitting the best thin-layered drying models according to statistical criteria. Fresh 

samples of organic carrot of different thickness were dried using a hot air convective 

dryer at different temperatures. Drying kinetics were obtained experimentally by 

plotting the drying curves of moisture content at different time intervals. 

ii. Quality characteristics of carrots at different drying temperatures and drying techniques 

were determined according to a specific method described in the literature. The qualities 

measured were color, rehydration ratio, and total carotenoids content.  

iii. The data on drying kinetics from an analysis of intermittent drying was obtained from 

different tempering/resting periods at different moisture levels during drying. The 

effects of tempering period and moisture content on the quality of carrots during the 

drying process were investigated. 

iv. The methods used for optimization of drying process were response surface 

methodology (RSM) and multilevel factorial design with second order polynomial 

models for drying time, color, rehydration ratio, and total carotenoids content. Drying 

temperature and thickness were considered as experimental factors.  
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v. Hyperspectral imaging system was used for real time non-destructive measurement for 

continuous monitoring of quality attributes during drying. 

 

 
 

Figure 1-1:  Flow chart of research methodology. 
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1.4 Thesis structure 
The doctoral dissertation is presented and organized into 11 chapters as follows: 

➢ Chapter 1: Introduction 

The introductory chapter addresses the general background and the issues related to 
inadequate drying that previous research have identified. It also describes the general 
objectives of this study in order to fill the research gap in the field. The overall 
approach of research methodology for achieving the specific objectives is also 
presented in this chapter. 

➢ Chapter 2: State of the art 

This chapter presents a review of the literature which is related in this study. The 
literature review focuses on relevant sub-topics including drying theory, quality 
changes during drying and non-invasive measurements of quality attributes. It also 
synthesizes data from previous research conducted on carrot-drying, and the effects on 
quality attributes. 

➢ Chapter 3: Methods, materials, and investigated factors  

This chapter presents the materials and methods applied in this study in a tabulated 
form for easy reference. 

➢ Chapter 4: Investigation of dynamic quality changes and optimization of drying 
parameters of carrots 

This chapter accomplishes Objectives (i) and (ii) described in Section 1.1. All related 
factors affecting the drying kinetics and quality degradation of carrots, such as 
temperature, thickness, and moisture content, are discussed here in detail. Degradation 
profiles for both total carotenoids and color changes of carrots during drying are 
established to identify the inflection point where rapid quality destruction begins. 
Process optimization based on response surface methodology (RSM) is performed for 
identifying the ideal drying conditions for the highest retention of quality in carrots.   

➢ Chapter 5: Impact of critical control-point based intermittent drying on drying 
kinetics and quality of carrots 

This chapter accomplishes Objectives (i) and (iii) outlined in Section 1.1. It introduces 
a novel intermittent drying strategy based on critical control point pioneered by this 
study. The effects of combining different temperatures, moisture levels and tempering 
periods on the drying kinetics and the quality retention of carrots are discussed 
extensively in this chapter. 
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➢ Chapter 6: Method comparisons for non-invasive prediction of total carotenoids, 
color and moisture content of dried carrot during convective drying using 
hyperspectral imaging 

This chapter delivers Objective (iv) aimed in Section 1.1. Two of the major outputs 
from this experiment include first, evaluating the prediction accuracy of using 
hyperspectral imaging for non-destructive quality measurement; and second, 
developing a mathematical algorithm for quality prediction in carrots by multivariate 
analysis of partial least square regression (PLSR). This chapter also presents the 
wavelength selection for specific quality attributes, and visualization of moisture 
content distribution during drying. This study furthermore introduced a new statistical 
approach for a comparative analysis that assesses the statistical agreements and 
compatibility between invasive quality measurements (laboratory methods), and non-
invasive quality measurements using hyperspectral imaging.  

➢ Chapter 7: Investigating the effects of different drying strategies on the quality 
parameters of carrot (Daucus carota) using dynamic process control and 
measurement techniques 

This chapter accomplishes Objectives (i) and (iii) described in Section 1.1. It provides 
significant findings on the influence of different drying strategies (such as stepwise 
drying technique, product-controlled temperature, and continuous drying) on drying 
characteristics and quality attributes of carrots. Different measurement techniques 
using calorimeter and RGB camera for color assessment throughout the drying periods 
were carried out in this experiment, in order to investigate the possibility of using 
RGB camera as an alternative measurement for color detection. The comparison 
between these two non-invasive methods were also presented in this chapter.  

➢ Chapter 8 : General discussion 

This chapter discusses all the key results, challenges, limitations, and related problems 
from all the described experiments in this study, as well as recommendations for 
further research. 

➢ Chapter 9 : Conclusions & Outlook 
➢ Chapter 10: Summary 
➢ Chapter 11 : Zusammenfassung 
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2 State of the art 

This chapter presents a literature review related to the current research. The current study was 

conducted to expand on the existing scientific knowledge on understanding the dynamic 

changes of quality attributes during the process of drying carrots based on experimental and 

modelling studies on drying process, with a view of developing more efficient and optimal 

drying strategies to maintain the maximum quality from carrots. This chapter also presents a 

review of the related literature on drying mechanisms and the resulting quality changes, as 

well as the results from recent research on non-destructive measurement of quality attributes 

in carrots using hyperspectral imaging. Past studies on the physical and chemical characteris-

tics of carrots and their physico-chemical changes deriving from the drying process were also 

reviewed in this chapter. 

2.1 Research background 

"Food as medicine" is a famous saying that has been popularized by nutritionists and 

healthcare practitioners, which emphasizes in particular on a holistic approach to health and 

healing (Briley & Jackson, 2016). The phrase reminds us that poor nutrition and eating habits 

are a major contribution to chronic illnesses that could significantly affect our quality of life 

in various ways. However, people are becoming more health-conscious, and their increasing 

interest in consuming high-quality functional foods are a key factor driving the development 

of food products with significant health benefits. These trends are related to current busy life-

styles which motivate consumers’ preferences towards selecting healthy, convenient, sustain-

able and authentic food products (Grunet, 2017).  

Today, we are living in a modern society focused on maintaining wellness, where it is gener-

ally understood that good health is more valuable than wealth. In response to this current shift 

in lifestyle and mind set, "healthy food" oriented businesses have already become one of the 

fastest growing sectors that meet this growing demand from consumers. The food industry 

globally is also rapidly expanding to provide more opportunities and incentives for food pro-

ducers and retailers to cater to the latest trend of consuming healthy food. Farmers, food pro-

ducers, retailers, and restaurateurs are well advised to take the challenge accordingly by plant-

ing, producing, preparing, and delivering high quality food to consumers. In the last several 

decades, food of all kinds have become more abundant, with plenty of choices available in the 

market. For example, various types of dried fruit and vegetable snacks have been commercial-

ly produced using different drying methods. The industry is rapidly expanding to accommo-
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date the growing global food processing sector, as dried vegetables gain popularity and 

recognition as a healthy food for human consumption (Huang & Zhang, 2012). It was also 

discovered that dried fruits from dates, figs, and plums are loaded with phenols antioxidant, 

nutrients, and fibre that could be beneficial for our diet (Vinson et al., 2005). Moreover, ac-

cording to Chang et al., dried fruits contain the concentrated nutrients and goodness of fresh 

fruits. Therefore, the authors suggested that daily consumption of dried fruits could be benefi-

cial for health maintenance. Regular intake of dried fruits allows consumers to gain the max-

imum benefits from their essential nutrients and health-promoting properties of phytochemi-

cals and antioxidants. Alongside these, dried fruits also retain their desirable taste and flavor 

(Chang et al., 2016). Therefore, dried fruits and vegetables are considered as an important 

snack globally, and are healthier than salty or sugary snacks. They are also easy to store and 

distribute, and can be readily available throughout the year (Chang et al., 2016). 

The World Health Organization (WHO) associated the low intake of fruits and vegetables 

with poor health conditions and increased risks of non-communicable diseases (NCDs) 

(WHO, 2020). The daily consumption of five portions of fruits and vegetables per day is rec-

ommended for healthy living. However, fresh fruits and vegetables are perishable and suscep-

tible to mechanical damage and microbial spoilage; preserving them in their fresh form is 

highly challenging, requiring high energy inputs for heating and refrigeration in cold storage 

(Hackett & Chow, 2005). In light of this, drying of food crops to reduce moisture content is 

highly recommended for extending their shelf life, as dehydrated foods contain lower level of 

water activity. This prevents from unwanted microbial growth, as well as minimizing all the 

deteriorative reactions that could cause food spoilage (Toledo et al., 2007). An increasing 

global demand for fast and convenient food is driving food manufacturers to innovate new 

products using cutting-edge technology in order to produce dried fruits and vegetables that 

can be long lasting, highly nutritious, and ready-to-consume. The report by Vegconomist (a 

renowned vegan business magazine) forecasts a growth rate of 4.8% for global demand of 

dehydrated vegetables over the next decade. The revenue from the sales of dehydrated vege-

tables is expected to increase from US$ 56 billion in 2018 to US$ 90 billion by 2028 (Anon, 

2020).  

With various rapid developments in food product research, vegetables are being dried into 

healthy snacks or used as an ingredient towards innovating multi-functional products. The 

most popular dried vegetable snacks with different tastes, textures, and flavors are made from 

potatoes, carrots, pumpkins, tomatoes, and beans (Huang & Zhang, 2012). All these vegeta-
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bles are dried using different drying and processing techniques operated under specific condi-

tions depending on the type of products, with the objective of maintaining the final product's 

quality with minimal losses. Food manufacturers are competing and racing to produce premi-

um quality dried products through technological advancements with consistent product inno-

vation in order to compete in the global market (Anon, 2020). 

The quality of the dried product is the most concerning issue for researchers, food process 

engineers, and consumers alike. However, according to Sablani (2006), dried fruits and vege-

tables also contain significant quantities of vitamins and minerals, and thus provide a good 

source of energy. The most important quality measures for dried food products are color, vis-

ual appeal, shape, flavor, microbial load, nutrient retention, porosity-bulk density, texture, 

rehydration properties, water activity, and the lack of pest, insects, and other contaminants 

and preservatives (Sablani, 2006). All these attributes might change depending on the drying 

methods used and the processing conditions. The scale of these changes depends on how the 

products are handled as they pass through the processing chains, especially before and during 

drying, since drying conditions change dynamically with time. The duration of drying time, 

temperature, and moisture content of the food will also greatly influence the rate of reactions 

leading to quality degradation (Bluestein & Labuza, 1988). Therefore, constant monitoring of 

quality transformation throughout the drying process is necessary for process control and op-

timization, because each quality attribute responds differently towards the drying process, 

depending on the nature of the material itself; microstructures; chemical compositions; po-

rosity; parameters setting; thickness; geometrical configurations; and also environmental con-

ditions (Perera, 2005; Breene, 1994). In view of this, an integrated approach of understanding 

the dynamic behavior of quality attributes in carrots by applying non-destructive quality 

measurements using hyperspectral imaging was employed for continuous monitoring during 

the drying process. The combination of different factors and techniques experimented in this 

study has resulted in a more systematic and streamlined drying procedure that allows for an 

enhanced quality maintenance in dried carrots. 

2.2 Introduction to food drying 

Food is a necessity for all living organisms, as it provides essential nutrients and energy for 

growth and development. Humans consume food for survival, and to maintain good health 

(Nordström et al., 2013). Food such as fruits and vegetables provide phytochemical constitu-

ents such as vitamins, minerals, and fibres which possess different and specific roles in main-

taining our health (Liu, 2013). Fruits and vegetables can be eaten fresh, or prepared in a varie-
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ty of ways using different recipes. They may also be put through effective food processing 

systems that produce high-quality packaged products such as ready-to-eat meals, which pro-

vide convenient, healthy, and safe food to consumers (Malik et al., 2014). One of the most 

common processes applied in the food industry is the drying of food materials. Drying still 

remains one of the oldest and most effective food preservation technique which has been 

widely practiced for centuries. Its main purpose is to extend the shelf life of fruits and vegeta-

bles. The process removes water from the food to an acceptable level that is safe for storage, 

further processing, marketing, and distribution. This is made possible by reducing water activ-

ity that could initiate food spoilage due to chemical, enzymatic or microbial reactions (Misha 

et al., 2013; Guiné, 2018).  

The removal of moisture from the food matrix during drying is driven by heat through con-

vection, conduction, microwave, or radiation (Haghi & Amanifard, 2008). During drying, the 

transfer of heat from the drying air causes the surface moisture to evaporate; at the same time, 

water is transferred from the surface of the material to the drying environment. The drying 

rate greatly depends on the nature of the material; temperature; pressure; air humidity and 

velocity; as well as surface area and thickness of the materials being dried (Guiné, 2018; 

Dincer & Rosen, 2013). Drying of food is advantageous due to its ability to preserve and pro-

long the shelf life of food; reduce volume for easy handling, storage, and space requirements; 

facilitate transportation; and minimize the need for expensive refrigeration (Guiné, 2018). 

Despite the mentioned benefits, drying may also cause permanent changes to the physico-

chemical characteristics of fruits and vegetables, as well as microstructural modifications due 

to various process conditions. All these changes will influence the marketability, of the prod-

uct, and hence directly affect consumers’ acceptance and purchasing decisions. (Devahastin & 

Niamnuy, 2010). In view of this, a novel approach in the drying process needs to be strategi-

cally explored to improve the quality preservation of agricultural crops.  Furthermore, drying 

induces a significant impact on phytochemical stability: it may result in detrimental effects on 

the antioxidant activity in fruits and vegetables, since most of the bioactive compounds are 

generally degraded during thermal process due to their sensitivity to heat, light, and oxygen 

(Labuschagne, 2018).  

Different types of dryers are used to dry fruits and vegetables depending on the capital in-

vestment, material, production capacity, the final product quality requirements, as well as the 

size of the processing plant. Conventional drying technologies such as hot air drying, vacuum 

drying, solar drying, fluidized bed drying, spouted bed drying, and freeze-drying are still 
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widely applied on a commercial scale for drying numerous types of food products. These 

methods are common due to their versatility, simplicity, and the availability of such technolo-

gies globally (Maisnam et al., 2017). All these drying technologies possess their own benefits 

and limitations that could influence the energy consumption and final product quality. The 

working principle of these dryers is based on conductive and convective heat transfer modes, 

which have been reported to cause quality loss in the end product, thus reducing its marketa-

bility and consumers’ acceptance. This led to the development of new dryers with more eco-

nomical energy requirements, but are more efficient and reliable overall. Some examples in-

clude explosion puff drying (Bi et al., 2015); combined microwave vacuum drying (Borquez 

et al., 2014); infrared drying (Sadin et al., 2014); and ultrasound freeze drying (Schossler et 

al., 2012). The main aim of these new drying techniques is to optimize the energy consump-

tion while maintaining the product quality. The process of removing water from food can be 

very energy-intensive, and drying may require a considerable amount of energy. In some de-

veloped countries, the process of drying food makes up between 20 to 25 percent of energy 

consumption in the food industry, or 10 to 25 percent of energy used in all sectors (Guiné, 

2018). Therefore, food processors in the industry have a heavy responsibility to optimize the 

relevant processing steps through efficient energy utilization. This can limit the loss of 

nutraceutical and pharmacological properties of phytochemicals in processed fruits and vege-

tables, so that high-quality dehydrated products can be marketed to consumers (Tiwari &| 

Cummins 2013).  
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2.3 The mechanism of the drying process 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-1:  A typical drying curve of agricultural products showing constant rate and falling 
rate periods (adapted from Carrin & Crapiste,  2008). 

Moisture transfer in agricultural crops is a complex process which may consist of more than 

one mechanism, due to the heterogeneity of different fruits and vegetables being processed. 

The mechanisms of heat and mass transfer during drying are influenced by the physical struc-

ture and chemical composition of the material (Rosselló et al., 1992). Generally, a particular 

type of food may be classified as a hygroscopic due to its water-binding abilities. Most foods 

are hygroscopic in nature, as they contain bound water at which the partial pressure of the 

water in the material is equal to the vapor pressure of free water (Geankoplis, 1993). The rela-

tionship between moisture content and partial pressure is commonly expressed as a sorption 

isotherm, with a function of temperature, water activity, and compositions (Rizvi, 2005; Ka-

minski & Tomczak, 2004). Therefore, knowledge of the food's sorption behavior is useful in 

designing drying processes, since it can be used to predict the optimum drying period for 

achieving the final desired moisture content (Rizvi, 2005).  

Drying can be divided into constant rate and falling rate periods, as shown in Figure 2-1. The 

constant-rate period can be defined when the rate of evaporation remains constant, and the 

removal of moisture occurs on the surface of the material through evaporation. During this 
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period, the surface of the material becomes saturated with water due to the transfer of the in-

ternal moisture towards the surface area (Srikiatden & Roberts, 2007). The rate of moisture 

removal is determined by the rate of moisture evaporation from the surface to the drying me-

dium, as well as the rate of heat transfer to the evaporating surface. Therefore, drying in the 

constant-rate period is a surface-related phenomenon which can be controlled by external 

conditions such as temperature differences between the dry air and the wet surface, area ex-

posed to the dry air, and external heat and mass transfer coefficients (Geankoplis, 1993; Chi-

rife, 1983). The falling-rate period begins when the rate of moisture movement from the inte-

rior towards the surface is less than the rate of evaporation from the surface, causing the sur-

face of the material to become unsaturated at this drying phase. Thus, drying in the falling rate 

period is determined by internally controlled mechanism, and greatly depends on the porosity 

of the material. In highly porous material, the transfer of mass occurs mainly in the vapor 

phase, in which all the evaporation occurs from the interior of the material. This results in an 

extremely slow drying rate until the vapor pressure of the material is equal to the partial vapor 

pressure of the drying air, and a system equilibrium is achieved. During this period, no further 

drying occurs and the moisture content at this point is called the equilibrium moisture content 

(Rizvi, 2005). Therefore, the moisture transfer mechanism during both constant and falling 

rate periods is influenced by material's water binding capacity and porosity.  

Other studies have reported that most drying behaviors of biological products take place dur-

ing the falling rate period (Karel & Lund, 2003). The main drying process occurs via liquid 

diffusion on the pore surface of non-porous food, and via capillary action in both granular and 

porous food (Erbay & Icier, 2010). In general, most hygroscopic products dry at constant rate 

period at the beginning of the drying process; at subsequent falling rate times when the pro-

cess approaches the end of drying period; and terminates when it finally reaches equilibrium 

(Inyang et al., 2018). During constant rate period, moisture moves through surface diffusion, 

and the interaction of the product with external factors affecting drying conditions such as 

temperature, drying air velocity, direction of air flow, and relative humidity will greatly im-

pact the surface characteristic of the product. The first falling rate period begins when the 

moisture on the surface layer of the solids or particles start to diminish through a continuous 

moisture loss until it reaches its critical moisture content. This process is controlled by liquid 

diffusion that occurs due to changes in moisture concentration, and other internal conditions 

of the product such as its moisture content, temperature, and structure. The next phase of dry-

ing is the second falling rate period, in which the process is determined by vapor diffusion. 

Most food products are dried through capillary and liquid diffusion (Saeed et al., 2008). Dry-
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ing usually terminates when the process reaches a steady state equilibrium (Erbay & Icer 

2010). 

0

2

4

6

8

10

12

0 0.5 1 1.5 2 2.5 3 3.5 4

-d
w

/d
t

X (g water/g dry matter)

 

Figure 2-2:  Moisture content (db) versus drying rate of material. Adapted from Berk 
(2018). 

The drying curve of Figure 2-2 shows three regions or phases: 

Region I—Phase of rising rate: Water is removed and the rate of drying is increasing due to 

sample’s “conditioning”, such as warming-up and pores opening. The duration of this phase is 

usually brief and very seldom observed in drying experiments. It is often ignored in the calcu-

lation of drying time.  

Region II—Phase of constant rate: Water is removed at a constant rate. However, this phase 

is always absent when drying real food due to shrinkage; the heat transferred to evaporate 

water from surface area in this phase is not only solely by convection. Conduction and radia-

tion transfer also occur to some extent. As a result, the temperature at the drying surface is 

higher than the wet bulb temperature of the air (Berk, 2018; Crapiste & Rotstein, 1997). Fur-

thermore, sensible heat effects also occur because the heat exchanged is not only used for 

evaporation. The surface of the food also does not exhibit pure water, due to the soluble com-

ponents that lead to water vapor pressure depression. All these deviations from the ideal mod-

el lead to a decrease in drying rate from the start of the process. As such, the presence of a 

constant rate period is only used for modelling purposes in convective drying (Berk, 2018).  
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Region III—Phase of falling rate: Drying rate drops sharply as water is removed. The transi-

tion point at which the drying rate begins to drop is identified as the point of critical moisture 

content.  

2.4 Mathematical modelling of drying behaviors 

Drying kinetics and the energy required for drying of food materials can be predicted through 

a mathematical modelling of the drying process. The drying conditions, the type of dryer, and 

the kind of food material to be dried will significantly influence the drying kinetics. Numer-

ous drying models presented in Table 2-1 below have been proposed and developed for iden-

tifying the ideal drying conditions necessary for process design and optimization, as well as 

for improvement of product quality (Onwude et al., 2016). Each drying model has its own 

advantages and limitations depending on the nature of the material and the drying conditions. 

These models can be further used for estimating the drying time, predicting the drying curve 

and energy consumption, as well as for evaluating heat and mass transfer during the drying 

process (Onwude et al., 2016). Air velocity, drying temperature, material size and shape, and 

relative moisture are various factors influencing the drying behavior of fruits and vegetables. 

Among these, the drying temperature and material thickness are the most dominant factors 

influencing drying characteristics of fruits and vegetables (Pandey et al., 2010). 

Table 2-1:  Mathematical models for drying fruits and vegetables. 

No Model name Model Reference 
1 Newton MR = exp (−kt) El-Beltagy et al. 

(2007) 
2 Page MR = exp (−ktn) Akoy (2014) 
3 Henderson and 

Pabis 
MR = a exp (−ktn) Hashim et al. (2014) 

4 Midili MR = a exp (−kt) + bt Ayadi et al. (2014) 
5 Logarithmic MR = a exp (−kt) + c Kaur and Singh 

(2014) 
6 Two term MR = a exp (−K1t) + b exp (−K2t) Sacilik (2007) 
7 Two-term 

exponential 
MR = a exp (−k0t) + (1 − a) exp (−k1at) Dash et al. (2013) 

8 Wang & Singh MR = 1 + at + bt2 Omolola et al. (2014) 
9 Thompson t = a ln (M R) + b [ln(MR)]2 Pardeshi (2009) 
10 Peleg MR = 1 − t/(a + bt) Da Silva et al. (2015) 
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The accuracy of these models greatly depends on several factors such as drying temperature, 

drying air velocity, material thickness, initial moisture content, and relative humidity 

(Panchariya et al., 2002; Erbay & Icer 2010). Furthermore, under these conditions, a higher 

number of constants in the model will contribute to increased difficulties in producing 

accurate calculations, leading to misinterpretation of the drying behavior due to the 

complexity of the model itself. The best fitted model is selected based on statistical indicators 

such as highest R or R2 and lowest RMSE, SSE, RRMS, EF and MPE (Kucuk et al., 2014). 

Modelling the drying kinetics and determining the optimum drying time for fruits and 

vegetables are very important aspects to consider in drying process and optimization, in order 

to avoid any unnecessary energy and quality losses. In view of this, identifying an appropriate 

drying model is crucial for predicting the optimum drying period, developing an effective 

process design, and selecting a suitable dryer so that food producers may adopt a more 

effective drying process that can improve product quality.  

2.5 Quality changes influenced by drying process 

The quality of fruits and vegetables must be preserved as they move along the processing line, 

in order to offer the maximum health benefits for consumers. However, agricultural crops are 

complex and heterogenous in nature, with diverse structural characteristics and chemical 

compositions that behave differently during the drying process. Each of them also has various 

amorphous, hygroscopic, and porous properties that react diversely under different processing 

conditions (Mahiuddin et al, 2018; Joardder et al., 2017). The loss of water that occurs during 

drying significantly changes the physical and biochemical properties of the fruit tissue. 

Moisture removal also causes microstructure alterations including cell collapse, cell 

shrinkage, detachment, of the cell membrane (plasmolysis), or breakage of the cell membrane 

(lysis). All of these side effects could impact the moisture transport properties, and 

consequently result in varying degrees of quality degradation (Prawiranto et al., 2019). 

Additionally, preserving all these quality attributes during drying may be challenging since 

each quality attribute has its own characteristics and limitations that evolve differently when 

exposed to different elements and drying conditions. Furthermore, quality changes of food 

materials may also result from drying. This is due to complex interactions between water and 

other components that cause various biochemical reactions, physical and mechanical 

transformations such as microstructural modifications and nutrient decomposition. These 

reactions are more strongly induced under the influence of excess light, oxygen, and 

temperature (Sablani, 2006; Le Meste et al., 2001; Joardder et al., 2017). Moreover, changes 
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in microstructure during drying may significantly initiate quality degradation, leading to 

undesirable results in the final product’s quality. This issue can be minimized by an adequate 

and more detailed understanding of the dynamic changes and continuous evolution of the 

material’s characteristics and quality attributes as a function of moisture content throughout 

the drying process. This may allow for an accurate prediction of drying behaviors and the 

level of quality that can be expected in the final product, which can be more achievable 

through better process control and improved drying strategies (Joardder et al., 2017).   

2.5.1 Physical quality 

Drying is a simultaneous transient process of mass and heat transfer, rendered possible 

through a complex mechanism of moisture transport by means of liquid and vapor diffusion. 

This operation typically results in physical and structural changes of the food materials being 

dried. Drying also modifies surface characteristics and structural properties of food materials, 

causing physical changes in texture, color, rehydration ability, apparent density and porosity 

due to crystallization, puffing, and shrinkage (Mahiuddin et al., 2018; Guine, 2018; 

Mujumdar, 2014, Mujumdar, 2000). During drying, all these properties are strongly affected 

by moisture content of the food, and the drying method and conditions. Deformation of 

structural properties usually start at the early stage of drying, in which the large amount of 

moisture that evaporates from the surface area causes the cellular tissue to shrink. As the 

drying proceeds, the structure of the product begins to develop a rigid physical form, and 

porosity accordingly increases with reduced moisture content (Mujumdar, 2000). However, 

less porosity of dried material has been observed when drying at low temperatures due to the 

more uniform moisture distribution in these conditions, which causes less internal stress and 

shrinkage in the product’s form (Bonazzi & Dumolin, 2011). On the contrary, drying at a 

higher temperature will increase pore formation due to the development of case hardening, 

which may eventually lead to surface cracking. Surface cracking results from uneven 

shrinkage caused by unbalanced mechanical stresses in the product. Different drying 

techniques also influence the physical changes in agricultural crops. Some studies report that 

freeze-drying and forced convective drying leads to a more porous structure and hence 

possibly more damage to the microstructure of fruits and vegetables compared to other drying 

methods. This is due to the cell deformation and severe injury of the cell’s wall that could 

disrupt the cellular structure  (Prawiranto et al., 2019; Bonazzi & Dumolin, 2011; Lewicki & 

Pawlak, 2005). Based on this, selecting a suitable dryer and the optimum drying parameters 
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are very important for ensuring minimal changes in the physical properties of fruits and 

vegetables. 

Color is one of the most important visual qualities of dried products, as it is part of their 

external appearance and the first criterion that could influence consumers’ buying decision. 

As we know, natural pigment compounds such as carotenoids, chlorophylls, anthocyanins and 

betalains are responsible for providing an attractive and colorful appearance to fruits and 

vegetables (Delgado-Vargas et al., 2000). These compounds are susceptible to degradation via 

enzymatic or non-enzymatic reactions induced by drying. The rate of such reactions are 

furthermore heavily dependent on the drying method and processing parameters applied 

(Bonazzi and Dumolin, 2011). High losses of these compounds can be observed at high 

drying temperature with longer exposure to hot air, resulting in color degradation that affects 

its visual appearance (Guine, 2018). In view of this, an in-depth study on the quantitative 

determination of pigment destruction and its correlation with color degradation must be 

carried out for optimization of process parameters during drying, to avoid unnecessary quality 

losses in the final product. 

2.5.2 Chemical quality 

Elevated temperatures during drying can induce various biochemical reactions such as the 

Maillard reaction, vitamin degradation, fat oxidation, denaturation of thermally unstable 

proteins, and enzyme reactions, among others. These reactions can cause quality changes that 

may be undesirable by, for example, initiating nutrient decomposition or generating potential 

toxic compounds. Some could also be beneficial reactions that promote pleasant sensory 

properties such as flavor development. All these biochemical responses are associated with 

simultaneous interactions between the product’s composition, temperature, moisture content, 

water activity, and chemical potential. Such factors vary from one point to another, from the 

center to the product surface, thus causing varying degrees of quality degradation (Bonazzi & 

Dumolin, 2011). Therefore, various experimental studies have been carried out to minimize 

such losses by incorporating different pretreatments, selecting appropriate drying methods, 

applying novel drying strategies, and optimizing drying conditions (Sablani, 2006). 

Several studies have reported on the denaturation of vitamins and plant pigments in fruits and 

vegetables when subjected to different drying methods and conditions, leading to quality 

losses. One of the most frequently measured qualities in dried food is their vitamin C or 

ascorbic acid content, which is frequently reported to be at lowest retention after the drying 



State of the art 

27 
  

process (Santos & Silva, 2008). However, high retention of vitamin C can be obtained in 

freeze-dried guava, potato, starfruit, mango, papaya, watermelon and muskmelon (Ali et al., 

2016; Wang et al., 2010; Shofian et al., 2011). Freeze-drying offers high preservation of 

vitamin C because the process is operated in ultra-low temperature and pressure. This could 

possibly limit and reduce the mobility of reactants, leading to the preservation of nutrients. 

The retention of vitamin C can be improved in all drying processes under an inert atmosphere 

with a reduced level of oxygen. Generally, the loss of vitamin C during drying is due to the 

oxidation and the degradation is induced by high temperatures and water activity (Bonazzi & 

Dumolin, 2011). 

Carotenoid is a lipid-soluble plant pigment which is responsible for the orange, red, or yellow 

color we see in fruits and vegetables. Carotenoids can be found in carrots, tomatoes, bell 

pepper, melon, oranges, and pumpkins, as well as in all green vegetables (Colle et al., 2016).  

The pigment compounds can be characterized into two families: carotenes and xanthophylls. 

Carotenoids in carrots exist in α- and β-carotene form, while lycopene is the major pigment in 

tomatoes, pink grapefruit, guava, and watermelon (Colle et al., 2016). Carotenoids are 

sensitive to light, oxygen, temperature, and thus become vulnerable when subjected to long 

processing times. All these combined factors will affect their stability under various 

conditions during thermal processing (Colle et al., 2016; Boon et al., 2010). Furthermore, the 

degradation of carotenoids could generate some harmful by-products such as acetone; but it 

could also potentially enhance the formation of pleasant aroma compound of norisoprenoids 

(Colle et al., 2016; Winterhalter & Rouseff, 2001).  

Moreover, degradation kinetics of carotenoids during heat treatments vary largely depending 

on the source of carotenoids, and the structural organization of the carotenes in the food 

matrices. Several studies have reported the loss of carotenoids during drying, which amount to 

as high as 63% when subjected to microwave drying (Park, 1987), but only 15.7% when 

subjected to high temperature and short time drying at 150 °C for 12.5 minutes (Mudhahar et 

al.,1989). However, low amounts of carotenoids at 119 g/100g in squash was found when 

drying using a tray dryer at 45 °C, compared to a higher amount of 132 g/100g of carotenoids 

when drying at 55 °C (Potosí-Calvache, 2017). This study suggests that, longer drying time 

also contributes to the degradation of total carotenoids due to prolonged exposure to hot air 

and oxygen. For example, freeze-dried mango paste shows high retention of β-carotene at 

5.69 g/kg – much higher compared to hot air-dried sample dried at 60 °C, which contained 

only 1.10 g/kg of β-carotene remaining (de Ancos et al., 2018). Frattiani et al., (2013) also 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/melons
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/pumpkins
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observed higher losses of up to 50% of total carotenoids in apricots when subjected to 

microwave drying at 60 °C and 70 °C compared to using other drying methods. The reported 

results from these studies demonstrate that carotenoid degradation is induced by chemical 

interactions when drying at elevated temperatures and longer drying time, which causes 

physical damage of tissues due to intense drying conditions (Bonazzi & Dumolin, 2011).   

Another type of carotenoid commonly contained in vegetables is lycopene, which can be 

found in tomatoes. Lycopene is the most effective antioxidant due to its capability towards 

scavenging free radicals. Its degradation is reported when exposed to high temperatures, light, 

and oxygen during processing (Kamiloglu et al., 2016; Capanoglu et al., 2010). Degradation 

of lycopene during drying will cause discoloration, leading to low quality of end products 

(Muratore et al., 2008). Purkayastha et al. (2013) reported a decrease in lycopene level from 

49.1 mg/100 g to 31.8 mg/100 g solid weight when the drying temperature in the tray dryer 

was increased from 60 °C to 70 °C, indicating a loss of 35.23% with this change in 

temperature. However, an increase in the amount of lycopene was found in marigold leaves 

after freeze-drying and hot air-drying at 60 °C for 4 hours, which recorded a concentration of 

lycopene of 51.2 and 48.7 mg/100 g respectively. The increment in lycopene content as a 

result of thermal processing is primarily due to the increased release of lycopene from the 

matrix, cell, skin, and insoluble fibre of the product. This leads to enhanced extractability of 

dried material, and consequently improves our ability to detect lycopene compounds 

(Kamiloglu et al., 2016; Dewanto et al., 2002; Shi et al., 1999). 

The review of the literature above present the results of previous research that demonstrate the 

influence of drying on nutrient-retention in fruits and vegetables. A decrease in nutritional 

content is found in most studies, which usually occurs as a direct consequence of oxidation 

and thermal degradation during drying. However, a noticeable increase in the content of some 

nutrients has been observed in some cases, but this hopeful finding needs to be researched 

further, since current research still show inconsistent results that vary. On the other hand, the 

freeze-drying technique has shown to provide less damage to the nutrients content compared 

to other drying methods. Varying level of nutrient degradation has been observed in the 

literature, depending on many factors such as variations in the type or maturity of the product 

and pre-treatments, as well as an unknown external factors such as time, temperature, 

availability of oxygen and/or the presence of light, and drying methods. Therefore, future 

studies need to focus on developing novel drying strategies that take into consideration the 
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simultaneous changes of these quality attributes during the drying process, so that better 

drying strategies can be developed to produce a product of high quality.  

2.6 Non-invasive quality measurement using hyperspectral imaging during 

drying 

Online scanning of the food quality attributes throughout the drying period is an essential step 

in controlling the drying process and improving the final product quality. In these past 

decades, optical sensing technologies have emerged as a scientific instrument used in non-

destructive quality assessments of fruits and vegetables. This is attributable to the rapid 

advancement of research in information science, image processing, and pattern recognition 

technology (Li et al., 2018). For this reason, emerging sensing technologies have been 

developed and investigated in order to explore the possibility of integrating innovative optical 

techniques into drying processes. Recently, a range of non-destructive techniques have been 

used for evaluating food quality, such as electronic nose, computer vision, hyperspectral 

imaging, near-infrared and nuclear magnetic resonance, all of which has its own advantages 

and limitations (Li et al., 2020). These techniques have showed promising results in the non-

destructive detection of various physico-chemical attributes of food quality, including flavors 

(Mamatha et al., 2008), volatile compounds (Yang et al., 2016), aromatic components and 

moisture content (Sturm et al., 2020), colors and dry matter content (Kavdir et al., 2007), as 

well as microbiological inspection, physical properties, and chemical contents (El-Mesery et 

al., 2019; Liu et al., 2017; Marcone et al., 2013). Therefore, numerous techniques of data 

computation and analysis have been employed to process the complex multivariate variables 

for the technologies above. With consumers demanding high quality food products, 

significant improvement in, and a more sophisticated control of drying conditions are required 

in order to achieve the desired product quality. This quality can be controlled by minimising 

oxidative and thermal damage, maximising retention of nutritional compositions, as well as 

continuous process improvement for better sensory, rehydration characteristics, and texture 

attributes (Moses et al., 2014). Additionally, energy consumption, drying period, and drying 

rate are all elements in the food drying process which need to be considered concurrently, 

since the quality of dried products is strongly dependent on the type of dryer, the drying 

conditions, and the initial composition and physical properties of the raw food material (Li et 

al., 2020; Jin et al., 2018).  

Real-time measurement of quality attributes during drying process is not a simple task 

because different food materials have their own particular characteristics which require 
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appropriate sensing techniques for maximum prediction accuracy. Specific adaptation needs 

to be adequately assembled and adjusted for different drying methods. some of which may not 

be suitable owing to various limitations. Furthermore, the sensing environments during drying 

could be exposed to various process environments such as high levels of temperature, 

pressure, and moisture, or a strong electromagnetic field. These factors make the detection 

task more complicated and challenging (Li et al., 2020). One of the most investigated sensing 

techniques in recent years is hyperspectral imaging, which is also known as spectroscopic 

imaging or imaging spectrometry. This technique combines both imaging and spectroscopic 

optical sensing in one system, which enables the simultaneous acquisition of both spatial and 

spectral information from one object. This technology has the potential to provide rapid and 

non-destructive measurement of physical and chemical properties of food material during the 

drying process. As listed in Table 2-2, many studies have applied hyperspectral imaging 

technology in food drying for predicting changes in the moisture content, distribution of 

moisture, color, texture and chemical composition of food materials. 

Table 2-2:  A review of existing studies on detecting physical and chemical properties of 
food materials using hyper-spectral imaging. 

Quality 
attributes 

Food material Spectral 
region (nm) 

Drying method Reference 

Moisture 
content 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Texture 
 
 
 
 
 
Anthocyanin 

Apple 
Tea leave 
Grass carp  
Prawn  
Beef  
Beef 
 
Maize kernel 
 
 
Mango 
 
Potato 
 
Sweet potato 
 
 
Soy bean 
 
Banana 
 
Banana 
 
Sweet potato 

400-1000 
380-1030 
400-1000 
380-1100 
380-1700 
400-1000 
 
400-1000 
 
 
400-1000 
 
400-1000 
 
371-1023 
 
 
400-1000 
 
400-1000 
 
400-1000 
 
371-1023 

Hot air 
Hot air 
Freeze drying 
Hot air 
Oven 
Hot air 
 
Microwave assisted pulsed 
bed vacuum dryer 
 
Microwave vacuum 
 
Hot air 
 
Ultrasound assisted hot air 
Microwave assisted pulsed 
bed vacuum dryer 
Hot air 
 
Hot air 
 
Hot air  
 
Ultrasound-assisted hot air 
drying 

Shrestha et al., 2019 
Xie et al.,2014 
Qu et al., 2017 
Wu et al., 2012 
Wu et al., 2013 
Von Gersdoff et 
al.,2018  
Huang et al., 2015 
 
 
Pu and Sun (2015) 
 
Amjad et al., 2018 
 
Sun et al., 2017 
 
 
Huang et al., 2014 
 
Nguyen et al., 2018 
 
Nguyen et al., 2018 
 
Liu et al., 2017 
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Multivariate analysis such as the partial least square regression (PLSR) or neural back 

propagation (BPNN) is usually required to simplify and reduce the dimensionality between 

spectral data and food quality attributes, so that a better prediction model can be developed 

for any given drying condition in the future (Li et al., 2020). One of the most important 

quality indexes which need to be monitored during the drying process is moisture content. 

Prediction of moisture content using hyperspectral imaging during food drying has shown 

promising results with high accuracy, since the correspondence peaks can be clearly identified 

in the spectral profile. This technique can be potentially applied to quantify the moisture level 

in various food commodities (Li et al., 2020; Ma et al., 2016). Another important quality 

measured frequently in a dried product is its color and texture. Previous studies have been 

conducted to evaluate color changes in beef, soy bean, and banana (Nguyen et al., 2018; Retz 

et al., 2017; Huang et al., 2014). Others have also investigated how texture and hardness in 

grass carp and banana evolve during drying (Ma et al., 2017; Pu & Sun, 2016). The findings 

from these studies indicate lower prediction values for both parameters compared to for 

moisture content. A similar trend has also been observed in determining anthocyanin content 

during ultrasound-assisted hot air drying of purple-flesh sweet potato. This study has shown 

varying and overlapping reflectance curves, leading to complicated spectra that lowers 

prediction accuracy (Liu et al., 2017). The reviewed findings from previous research have 

shown us that the ability to rapidly determine quality attributes during drying enables a more 

effective control of the drying conditions. This is rendered possible through a more accurate 

technology that allows for dynamic changes in the quality transformation to be measured and 

visualized, leading us closer to a better understanding of the physico-chemical changes of 

food materials during drying. However, low prediction accuracy of certain quality attributes 

due to instrument limitations or material characteristics and other contributing factors also 

needs to be investigated further. It is important to find possible solutions on how to overcome 

these existing difficulties before a potential system can be incorporated in the dying process, 

so that the evolution of food quality attributes may be accurately observed.  

2.7 Physical and chemical characteristics of carrot 
Carrots belong to the Apiaceae family. The edible roots include the peel (periderm), the outer 

cortex (phloem), and the inner core of xylem, as shown in Figure 3 (Ahmad et al., 2019). An 

adequate knowledge of the physical and chemical properties of carrots is important for 

effective postharvest handling and process improvements. These may, in turn, avoid any 

wastage and unnecessary quality losses by providing useful input in equipment selection, and 
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process design and optimization. The average physical and chemical properties of most carrot 

varieties has been documented by Jahanbakhshi et al. (2018) and Sharma et al. (2012), as 

illustrated in Table 2-3 and Table 2-4. 

 

 

Figure 2-3:  Anatomy of carrot showing longitudinal feature (A) and cross-section area (B). 
Adapted from (www.carrotmuseum.co.uk) and Ahmad et al.(2019).

 

Table 2-3:  Physical properties of carrots. 

Parameter Mean Max Min SD CV % 

Length (mm) 154.55 185 121.03 17.61 11.39 

Width (mm) 28.61 33.50 23.06 2.45 8.56 

Thickness (mm) 27.60 32.50 22 2.63 9.52 

Arithmetic mean diameter (mm) 70.49 78.49 63.39 4.30 6.10 

Geometric mean diameter (mm) 49.54 58.10 40.96 4.12 8.31 

Surface area (mm2) 7,758.32 10,599.58 5,270.22 1,273.84 16.41 

Sphericity (%) 0.32 0.38 0.28 0.02 6.25 

Aspect ratio 0.18 0.24 0.15 0.02 11.11 

Mass (g) 72.74 115 44.95 16.73 22.99 
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Parameter Mean Max Min SD CV % 

Volume (cm3) 70 112 43 16.31 23.30 

True density (g/cm3) 1.04 1.17 1 0.03 2.88 

Adapted from Jahanbakhshi et al. (2018). 

Table 2-4:  Chemical compositions of carrots. 

Parameter Concentration 

Moisture content 86 – 89% 

Protein 

Fat 

Carbohydrate 

Crude fibre 

Total ash 

Total sugar 

Ca 

Fe  

P 

Na 

K 

Total carotenoids 

Thiamine 

Riboflavine 

Niacin 

Vitamin C 

Total energy 

0.7 – 0.9% 

0.2 – 0.5% 

0.6% 

1.2% 

1.1% 

5.6% 

34 – 80 mg/100g 

0.4 – 2.2 mg/100g 

25 – 53 mg/100g 

40 mg/100g 

240 mg/100g 

6000 – 54800 µg/100g 

0.04 mg/100g 

0.02 mg/100g 

0.2 mg/100g 

4  mg/100g 

126 kJ/100g 

Adapted from Sharma et al. (2012) 
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2.8 Quality of Dried Carrot 

The most common measured properties of dried carrot can be divided into two main catego-

ries: engineering properties and physico-chemical qualities. The engineering properties in-

clude effective moisture diffusivity, thermal conductivity, specific heat and equilibrium mois-

ture content, which are all important for process and equipment design, as well as process 

control and optimization. Physico-chemical properties of carrots are determined in terms of 

color, rehydration capacity, shrinkage, and the presence of bioactive compounds such as total 

carotenoids, vitamins, and minerals (Sharma et al., 2012). While all these properties do not 

necessarily need to be predicted during drying time and process modelling, their dynamic 

changes and final retention after processing are crucial for assessing the impact and effective-

ness of the drying process, thus directly impacting the dried product quality (Krokida and 

Maroulis, 2000). Therefore, a thorough understanding of these properties and their interac-

tions with process conditions and parameters is essential for the development and formulation 

of functional food from carrots. This will also enhance the taste, quality, and appeal of exist-

ing products in the market, which can be produced in a safe and controlled environment ac-

cording to the industry requirements. 

2.9 Influence of pretreatments on the quality of carrots 

Several pre-treatments prior to drying have proven capable of minimizing nutrient loss in car-

rots, as well as in improving their quality through the inactivation of certain enzymes that 

promote quality degradation such as polyphenoloxidase, peroxidase, and phenolase. The pre-

treatment techniques most commonly applied to carrots are blanching, osmotic dewatering, 

sulfiting, and immersion in diverse solutions such as calcium chloride, ascorbic acid, citric 

acid, and gelatinised starch (Guiné et al., 2014; Lewicki, 1998). Several researchers have re-

ported carotene loss of as high as 80% if the crops are dried without applying pretreatments 

(Sablani, 2006). The main purpose of pretreatments is to deactivate certain enzymes such as 

peroxidases and catalases, which could cause nutrient deterioration and discoloration of the 

product, such as browning (Shivare, et al. 2009). The heat from blanching also destroys color-

related enzymes such as oxidases, lipoxygenases, and chlolophyllase, which leads to better 

color retention in dehydrated product (Cui et al. 2004). Sra et al (2011) report that dipping 

carrot slices in 6% potassium metabisulphite solution prior to drying at a temperature of from 

50 °C to 90 °C shows improvement in rehydration ratio, color and retention of ascorbic acid, 

and carotenoids content in dried carrot slices. Hot water blanching at a low temperature of 77 

°C for 20 to 30 minutes also has a positive effect on the firmness of carrot compared to high 



State of the art 

35 
  

temperature blanching at 100°C for 4 to 5 minutes (Lee et al.,1979). Hot water blanching at a 

high temperature of 95 °C for 5 minutes shows to be the most effective pretreatment to inacti-

vate peroxidases in carrot slices, with a good retention of carotenoids at 55% (Shivare et al. 

2009). Blanching also causes a reduction in some nutrients like vitamin C in carrots, which 

was reduced to 38% after hot water blanching at 90 °C for 7 minutes (Lin et al.,1998). How-

ever, Bognar et al. (1987) have observed contradictory findings on the effects of applying 

different blanching techniques on carrot slices. The author found that microwave blanching of 

carrot slices could retain 100% of vitamin C compared to hot water blanching. Blanched car-

rots followed by freeze-drying also showed better color quality, as reported by Patras et al. 

(2011).  

2.10 Influence of drying methods and process parameters on the quality of 

carrots 

As discussed above, many researchers have documented the importance of drying as a tech-

nique for preserving carrots by removing water content to a certain level that makes them safe 

for storage. The main purpose of drying is to prolong shelf life and significantly reduce the 

volume of the product. However, the quality of dried carrots greatly depends on the drying 

methods applied and the process parameters during drying (Krokida & Maroulis, 2000). The 

most common method of dehydration is by hot air convection drying. In hot air drying, deg-

radation of product quality by thermal damage is a direct effect of the temperature and the 

lengthy exposure time to hot air  (Vadivambal & Jayas, 2007). Higher temperatures and long-

er drying times may cause quality degradation in terms of flavor, color, nutrients, and the re-

hydration capacity of the dried product (Lin, et al, 1998; Vadivambal & Jayas, 2007; Drouzas 

et al., 1999). High temperatures and longer drying times will also cause volatile compounds to 

be vaporized, resulting in an off flavor of the dried product. As reviewed in the literature pre-

sented above, different levels of quality degradation in the physical and chemical content of 

carrots during drying have also been observed in many previous studies. 

2.10.1 Physical Quality 

The physical qualities of dried carrots are typically measured in terms of shrinkage, rehydra-

tion capacity, and color. The most common parameter observed in carrots during drying is the 

color changes. According to Kudra and Strumillo (1998), the changes in color during dehy-

dration occur not only due to the evaporation of the surface water, but also due to certain reac-

tions, such as enzymatic browning, non-enzymatic browning, and caramelization reactions. 
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These reactions may be undesirable for many products; thus, preserving the color during dry-

ing is the main objective of various procedures, such as temperature deviation of specific 

ranges, intermittent drying, and the use of color protective agents such as sulphur dioxide. 

Prabhanjan et al. (1995) observed that color retention was better in microwaved dried carrots 

compared to those subjected to hot air drying. A similar observation was reported by Lin et al. 

(1998), who noted that hot air-dried carrot slices were darker in appearance, with less red and 

yellow hues than the freeze-dried and vacuum-microwave dried carrots. Freeze-dried samples 

had the highest degree of lightness, with a slightly lower yellow hue than those vacuum-

microwave dried. The darker appearance of the hot air-dried samples compared to the freeze-

dried ones may be due to the exposure to heat during drying. It is also possible that the hot air 

dried samples appear darker since the density of these slices was greater than freeze dried 

products, yielding a higher concentration of pigment per volume of tissue. This is further ex-

plained by Howard et al. (1996), who stated that the lightness of carrots as indicated by L val-

ue of chromaticity index during drying is affected by processing temperatures, with higher 

temperatures causing a darker color. This observation is further supported by Abbatemarco 

and Ramaswamy (1995), whose research yielded similar results.  In another study by Krokida 

et al. (1998), who examined degradation kinetics of color in carrots, the yellowness and red-

ness of carrots were found to be highly dependent on temperature and humidity during drying. 

Other quality attributes of dried carrots, such as shrinkage level and rehydration ratio, are sim-

ilarly significantly affected by process parameters including temperature, air velocity, and 

relative humidity, as reported by Hong et al. (2010). The authors observed a high rehydration 

ratio of dried carrots when dried at a lower drying temperature of 40°C, with 13.0 m/s air ve-

locity and 40% RH. Other studies on thin layer drying of carrot using microwave and hot air 

dryer by Prabhanjan et al. (1995) also showed that product shrinkage was minimal with high 

rehydration capacity when dried at the maximum microwave power level. 

2.10.2 Nutrient retention 

Drying cause quality changes in carrots in terms of nutrient retention. This observation has 

been reported by previous studies in the literature. Nutrient retention in carrots after drying is 

usually measured in terms of carotenoid content. Carotenoids are a very important nutrient 

indicator in dehydrated carrots; they are also highly sensitive to light, oxygen, and enzymes 

(Cui, et al., 2004). These authors explained that temperature and oxygen will cause more deg-

radation of carotenoids that will significantly affect the color retention in dried carrots. They 

also identified lipoxygenases as the major enzymes involved in carotenoid degradation in the 

https://www.sciencedirect.com/science/article/pii/S0963996998000702#BIB13
https://www.sciencedirect.com/science/article/pii/S0963996998000702#BIB1
https://www.sciencedirect.com/science/article/pii/S0963996998000702#BIB1
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drying of carrots. However, the extent of the changes in these quality attributes greatly de-

pends on pretreatments, the drying methods applied, and process parameters (Cui, et al., 

2004). For example, Park (1987) has observed a reduction in carotenoid content in carrots of 

up to 68% during microwave drying. Drying at a high temperature of 150°C with a short time 

drying of 12.5 minutes has shown a minimal loss of carotenoids in carrots, at only 15.7 % 

(Mudhahar et al.,1989). Mohamed and Hussein (1994) observed that carotenoid content was 

highest when dried at 40°C for a longer time. The authors also suggested that carotenoids are 

more sensitive to drying temperature than the length of drying time. Abonyi et al. (2002) 

mentioned that, drying using the refractance window method could retain comparable 

amounts of vitamin C and carotenoids in carrots as in freeze-drying; however, they observed a 

low retention of carotenoids in drum dried products due to the application of intense heating 

during drying. The loss of ß-carotene in carrots was also found to be lower at 58% and 62% 

when using low pressure super-heated steam dryer and vacuum dryer respectively compared 

to hot air drying (Suvarnakuta, et al., 2005). A high reduction of carotenoid content of up to 

80% in carrots has also been observed when drying at 80°C (Anthanasia & Konstantinos, 

2010). Furthermore, drying carrots using a fluidized bed dryer with different drying modes as 

reported by Pan et al., (1999) and Brod et al., (1998) has shown better retention of carote-

noids. High retention of ß-carotene in carrots has been detected when intermittent drying was 

applied compared to continuous drying (Pan et al., 1999). 
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3 Methods, materials and investigated factors  

All the experimental layout and the procedures for each quality analysis as well as statistical methods are 
described in detail within the individual articles in Chapters 4-7. Thus, this chapter gives a tabulated 
overview of the materials and methods used in this study and the investigated factors together with related 
articles they were applied in Table 3-1.   

Table 3-1: Materials, methods and investigated factors related to current study. 

Methods (i) / Materials (ii) / Investigated factors (iii) Chapters 

Activation energy (iii) 

ANOVA (i) 

Blant Altman analysis (i) 

Color (i) 

Carrot (ii) 

Convective drying (iii) 

Chromaticity (iii) 

Degradation kinetic (iii) 

Deming regression (i) 

Drying kinetics (iii) 

Drying process modelling (iii) 

Drying rate (iii) 

Drying time (iii) 

Effective drying time (iii) 

Effective moisture diffusivity (iii) 

Hyperspectral imaging (i) 

Image analysis (i) 

Method comparison (i) 

Moisture content (iii) 

Partial least square regression (i) 

Passing Bablok regression (i) 

Proses optimisation (iii) 

Rehydration ratio (iii) 

Response surface methodology (i) 

Temperature (iii) 

Thickness (iii) 

Total carotenoids (iii) 

Visualization (i) 

Wavelength selection (i) 

4,5 

4,5 

4,5 

4,5,6,7 

4,5,6,7 

4,5,6,7 

4,5,6,7 

4 

6 

4,5,7 

7 

4,5 

4,5 

5 

4,5 

6 

6 

6 
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6 
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4 Investigation of dynamic quality changes and optimization of drying 
parameters of carrots (Daucus carota var. laguna) 

 

Rosalizan Md Saleh a, Boris Kulig a, Oliver Hensel a, Barbara Sturm a 

a Department of Agricultural and Biosystems Engineering, University of Kassel, Nord-
bahnhofstrasse. 1a, 37213 Witzenhausen, Germany 

 

4.1 Abstract 

The effect of air temperature and sample thickness on the color changes and total carotenoids 

content of carrot slices was investigated. Temperature, exposure time and moisture levels sig-

nificantly affected the dynamic changes of total carotenoids and color. A slow and linear de-

crease in total carotenoids was observed at higher moisture content until reaching an inflec-

tion point at around 0.45 gwgdm for all temperatures studied. Thereafter, the retention in total 

carotenoids decreased rapidly. The highest retention for a final product was 66.2% when dry-

ing at 60 °C while retention was between 42.2% to 51.1% when drying at 50 °C and 70 °C.  

These changes occurred alongside a noticeable change in color at moisture contents below the 

infliction point of 0.45 gw / gdm for all drying temperatures. Design of Experiment based opti-

mization of the drying process resulted in an ideal temperature of 59.8 °C and 3.5 mm slice 

thickness with the predicted values for L a*b*, ∆E of 62.18 ± 5.12, 22.46 ± 1.98, 40.35 ± 

6.64, 6.31 ± 4.74 rehydration ratio of 0.48 ± 0.07, and total carotenoids of 163.83 ± 17.38 

µg/g or 67.38% respectively all at a 95% prediction interval. 

Keywords: carrot, drying kinetics, optimization, quality changes, total carotenoids 

Practical applications 

Convective drying is the most widely used drying technique for food preservation due to its 

easy application and readily available technology. However, the quality of the end product is 

currently lower than would be achievable due to a lack of direct integration of quality charac-

teristics into process design. Monitoring the quality changes as a function of moisture content 

throughout the drying process is essential to developing advanced process parameters with a 

view to increasing final product quality. This paper describes the experimentally determined 

dynamic quality changes of organic carrots throughout the drying process in order to identify 

the critical points at which the process settings should be changed to increase the retention of 
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valuable components and sensory quality attributes and, thus, to provide consumers with 

higher quality products.  

4.2 Introduction 

Carrots are globally the second most consumed vegetable and have been identified as one of 

the healthiest vegetables due to their abundance of phytochemical constituents such as beta-

carotene, vitamin C, and minerals (Anon, 2011). These nutrients provide significant health 

benefits to humans in terms of antioxidant capability, anticancer, anti-inflammatory, and 

many other properties (Da Silva Dias, 2014). Fresh carrots are used in many dishes around the 

world such as stews, soups, curries, and salads, as well as in baked goods such as cakes and 

bread. The crop can also be processed into many nutritious goods such as puree, juice, oil, 

dried products, and baby food (Nguyen & Nguyen, 2015; Saidel et al., 2015).  

In freshly harvested crops, such as carrot, the presence of water accelerates phytochemical 

degradation due to enzymatic and nonenzymatic processes. Thus, reducing the water content 

through drying is imperative. By doing so, the material becomes easier to handle and less 

prone to microbial degradation (Pittia & Antonello, 2016). Drying can also result in a loss of 

bioactive compound and flavors. Thus, the drying process must be carried out as quickly and 

evenly as possible (Chin, Siew, & Soon, 2015). Inadequate drying gives rise to microbial in-

fection, whereas overdrying or unfavorable process settings result in drastic loss of quality. 

Drying at low temperatures between 30℃ and 50℃ is recommended to preserve heat-

sensitive active ingredients in medicinal plant or herbs (Müller & Heindl, 2006). However, 

different crops require different drying temperatures depending on their desired quality attrib-

utes and nutrient content. The most commonly applied temperatures for preserving food mate-

rials using convective air drying were reported to be in the range of 50℃ to 90℃ (Krokida & 

Maroulis, 2000).  

Minimizing quality changes of carrots after drying is imperative for quality assurance and 

final evaluation of the finished product. Many studies (Table 1) have analyzed convective 

drying of different varieties of carrots with diverse processing conditions, which have resulted 

in a variation of findings because different varieties of carrot respond differently to the drying 

process (Markowski et al., 2006). Drying behavior of different cultivars of the same crop may 

also vary due to the characteristics of the different varieties (Aboltins, Rubina, Palabinskis, & 

Jotautiene, 2016; Oke & Workneh, 2014). Furthermore, the experimental setup also impacts 

on the product response in terms of product quality. Therefore, more drying trials need to be 
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undertaken for different varieties of carrots because the inadequacy of drying information 

related to the product quality of specific varieties of carrots generates quality-related problems 

for the industry, such as consumer and market acceptability. In light of this, there is a need to 

develop specific and innovative drying strategies that simultaneously minimize the quality 

degradation of carrots, while maximizing the production efficiency under optimum operating 

conditions. Furthermore, drying is a nonlinear, dynamic, unsteady, and complex process that 

needs to be monitored with care because the process leads to different levels of quality degra-

dation depending on factors such as properties of wet material, chemical composition, shapes, 

dimensions, and process parameters (Moscetti et al., 2017). Thus, monitoring the product 

quality throughout the entire drying process is crucial because it will influence the decision-

making in selecting and developing proper drying strategies for carrots, as well as the infor-

mation is needed for the development of noninvasive quality measurements for intelligent 

drying systems.  

Most of the previous research either reported on the quality of the product at the end of the 

drying period or described the quality degradation as a function of drying time rather than 

evaluating the influence of moisture content on quality changes throughout the drying pro-

cess. This leads to a poor understanding of how the quality reacts to changes in moisture con-

tent and exposure time. Therefore, an intelligent approach needs to be explored, which opti-

mizes the parameters throughout the entire drying process, in order to identify potential criti-

cal control points for parameter settings to realize the highest retention of the nutrients 

through optimized process control. Therefore, the aim of this study was to investigate the im-

pact of drying settings and the influence of moisture content on drying behaviors and dynamic 

quality changes, such as color and total carotenoids content, throughout the entire drying pro-

cess of carrots, as well as the optimization of the process parameters using response surface 

methodology (RSM). The results obtained will be fundamental in the designing of a quality-

oriented innovative drying strategy for the improvement of the whole drying process in the 

future. 
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Table 4-1:  Previous work on convective drying of different varieties of carrot. 

Variety Type of drier Quality parameters Reference 

Not mentioned 

 

Cabinet hot air 

drier 

Effective diffusivities, activation 

energy and drying kinetics 

Doymaz, 2014 

Kazan, Maxima, 

Nandor, 

Nektarina, 

Simba and Tito  

Hot air drier Drying kinetics, rehydration 

capacity, color, water absorption 

Markowski et al. 2006 

Pusa Kesar Solar cabinet 

hot air, 

Fluidized bed 

drier and 

microwave 

drier 

Drying behavior, rehydration ratio, ß-

carotene 

Prakash et al. 2004 

Nanco Hot air dryer Color, total carotenoids, non-

enzymatic browning 

Koca et al.2007 

Chantenay Hot air dryer Mathematical modelling, effective 

diffusivities, 

Mulet et al.1989 

Nantes Hot air drier Shrinkage, total carotenoids, total 

polyphenols and antioxidant activity. 

Eim et al.2013 

4.3 Materials and methods 

4.3.1 Raw material 

Organic carrots (var. laguna) at optimum maturity of 3.5 months after planting were obtained 

from the University of Kassel's farm in Frankenhausen, Kassel, Germany. The roots were 

stored in a low temperature refrigerator at the commercially practiced storage temperature for 

carrots of 1 C ± 1 (Liew & Prange, 1994). Prior to drying, the roots were washed with dis-

tilled water, peeled, and sliced to two different thicknesses (3 and 6 mm) using a food slicer 

(model E21EU, Graef, GmbH, Germany). The maximum thickness of 6 mm was chosen be-

cause severe browning occurs at greater thicknesses as a result of the longer drying time (Sra, 

Sandhu, & Ahluwalia, 2011). The outer diameter for each slice was kept constant at 2.5 ± 0.1 

cm by using a custom-made rounded stainless steel cutter. The diameter of carrots was meas-

ured manually using a vernier caliper (Model 98618, Kinzo, Netherlands). 
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4.3.2 Drying procedure 

Drying experiments were conducted in a pilot-scale cabinet hot air dryer. The dimensions of 

the dryer are 50 × 40 × 60 cm (L × W × H) and the air velocity of the dryer was kept constant 

at 0.6 m/s. For every drying trial, about 200 g of sliced carrots was placed as a single layer on 

the drying shelves of the cabinet dryer. Trials were performed at 50, 60, and 70 °C. The tem-

perature range used in this trial was selected in order to simulate the industrial drying of car-

rots (60 °C), and because drying at temperatures higher than 70 °C causes decomposition of 

flavors due to volatilization of valuable components (Correia, Loro, Zanatta, Spoto, & Vieira, 

2015; Rawson, Tiwari, Tuohy, O'Donnell, & Brunton, 2011). Before each drying run, the dry-

er was started 1 hr in advance to attain steady-state conditions. The initial moisture content of 

the carrots was determined according to the AOAC method (Association Official Analytical 

Chemists, 2019) by drying the sample in an oven at 105 °C for 24 hr (ULM 400, Mermert 

GmbH, Germany). The initial moisture content was recorded to be around 7.02 gw/gdm. The 

weight of the samples prior to moisture content determination was recorded in 30 min inter-

vals during drying by weighing the samples manually using an electronic balance (model 

E2000D, Sartorius, Göttingen, Germany, readability 0.001 g) until the samples reached a final 

moisture content of 0.14 ± 0.02 gw/gdm. It was decided to dry at this level because drying be-

low 0.11 gw/gdm (10% wet basis) accelerates the Maillard reaction causing brown discolora-

tion in carrots (Eichner, Laible, & Wolf, 1985). Moreover, final moisture contents between 

0.11 and 0.14 gw/gdm are common in the industrial drying of carrots (Kowalski, Szadzinska, & 

Łechtanska, 2013). Water activity was measured at the end of the drying process using a wa-

ter activity meter (Novasina, LabSwift model, Novasina AG, Switzerland) in order to ensure 

that the moisture content of the final product was safe for subsequent storage. For quality 

analysis, a total of four slices from four roots were withdrawn from the dryer at every meas-

urement point of 30 min in order to ensure the consistency and traceability of the total carote-

noid content throughout the drying period. A total of 12 slices from 12 roots were used for 

each setting in this experiment. All slices were vacuum packed, sealed, and kept at −30 °C for 

further chemical analysis. All the drying experiments were performed in triplicate and around 

1,000 slices of carrot were chemically analyzed for total carotenoids content to ensure the 

accuracy of the results obtained. 

4.3.3 Total carotenoids 

Total carotenoids content was determined according to the method reported by Moscetti et al. 

(2017), with minor modification, by extracting 100 mg of carrot tissue in 10 ml of solvent 
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mixture of hexane, acetone and ethanol (2:1:1). The solution mixture was homegenized for 2 

minutes at 8000 rpm using a laboratory homegenizer (Model T25, IKA, Staufen, Germany) 

and incubated inside a refrigerator for 1 hour at 4 °C, until the sample turned completely 

white, in order to ensure all the total carotenoids were fully extracted. Then, 5 ml of distilled 

water was added to the extracted sample to allow phase separation. The upper layer was sepa-

rated from the aqueous phase and consequently subjected to assessment for total carotenoids 

by measuring the absorbance at a wavelength of 450 nm using a UV/Vis spectrophotometer 

(model GenesysTM 10 series, Thermo Electron Co. USA). The total carotenoids content was 

determined using Equation (4-1). 

  (4-1)                                                    

                                                                                 

where A is the absorbance reading of the sample, V1 is the dilution factor, A1% is the extinc-

tion coefficient of the 1% solution (i.e.2500 AU) and C1% is the concentration of the 1% solu-

tion (10 mg/ml). The total carotenoids content was converted to mg/g dm based on dry matter 

content and the concentration was expressed as a percent retention in this study.  

4.3.4 Degradation kinetics of total carotenoids 

The degradation of total carotenoids during drying at 50 °C, 60 °C and 70 °C, was modelled 

by applying Equations (4-2) and (4-3) for zero and first-order reaction, respectively (Fratianni 

et al., 2013): 

C = C0−K0 t   (4-2)                                                                                                                      

ln C = ln C0 – K1 t   (4-3) 

   (4-4) 

Where C is the concentration (%) at time t; C0, the concentration (%) at time zero; K0, the 

zero order rate constant (h-1); K1, the first-order rate constant (h−1); t, the drying time (h). The 

efficiency of the fitted model was determined by the highest correlation coefficient (R2) and 

lowest root mean square error (RMSE) (Equation 4-4). The reaction rate constant (K) for both 

models can be obtained from the slope of the linear Equations (4-2) and (4-3).  

The activation energy (Ea) for total carotenoids degradation was calculated using the Arrheni-
us equation (Equation 4-5). 

https://link.springer.com/article/10.1007%2Fs11130-013-0369-6#Equ1
https://link.springer.com/article/10.1007%2Fs11130-013-0369-6#Equ2
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)     (4-5)                                                                                            

Where R is the universal gas constant (8.3142 kJ/mol), T is the absolute drying temperature in 

Kelvin and ko is the frequency factor or the Arrhenius constant (time−1). The activation ener-

gy, Ea can be obtained from the slope of ln K versus 1/T where K was obtained from Equa-

tions (2) and (3) for both zero and first order models.  

4.3.5 Calculation of the moisture ratio 

The following equation was used to determine the moisture ratio of the carrot slices during the 

drying process (Botelho et al.,2011).  

     (4-6)                                                                                                        

     (4-7)                                                                                                             

Where M (gw/gdm) is the moisture content at any given time t, Mo is the initial moisture con-

tent and Me is the equilibrium moisture content. The moisture ratio (MR) was simplified 

to Mt /M0 as in Equation (7) because the values of Me are relatively small when compared 

to Mt or M0 for long drying times (de Jesus Junqueira, 2017; Doymaz, 2017). 

4.3.6 Calculation of effective moisture diffusivity and activation energy 

The effective moisture diffusivity and activation energy are critical parameters for modelling 

and simulation of drying processes, and greatly depend on temperature and moisture content 

of the material (Darvishi et al., 2017). The value of effective moisture diffusivity can be ob-

tained from the Fick’s second law of diffusion equation for a slab as described by Doymaz & 

Özdemir (2014) (Equation 4-8): 

    (4-8)                                                                       

A plot of ln MR versus time gives a straight line with a slope of π2Deff / 4 L2 where L is a half 

thickness of the slab in meters. The diffusivity coefficient can be obtained from the slope of 

Equation (4-8). The activation energy (Ea) which is the function of temperature was calculated 

using the Arrhenius equation as in Equation (4-9) and the value can be obtained from the 

slope of ln Deff  versus 1/T as in Equation (10) (Doymaz & Özdemir, 2014). 

    (4-9)                                                                                            
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     (4-10)                                                                                                                  

4.3.7 Measurement of color 

Color measurements were performed using a Minolta chroma meter (model CR-400, Minolta 

Camera Co. Ltd. Osaka, Japan). The chroma meter was calibrated against a standard white 

reference tile prior to sample measurements. The color was measured on four slices from four 

roots at each measurement point for each replicate. Measurements were taken 2 times for each 

slice and the values were averaged over the slice. The color measurements were performed 

based on the three-dimensional color space of CIE L a*b* scales where L represents the 

brightness of the color, a* is the redness while b* is the yellowness (de Mendonca et al. 

2017). From the color values, the  total color change ∆E was calculated using Equation (4-11) 

which is based on changes in color parameter of L, a* and b* during the drying process.  

  (4-11)                                                           

Where, subscript “0” refers to the color reading of fresh carrot slices. Fresh carrots were used 

as a reference and a larger ΔE denotes a greater color change from the reference material 

(Akoy, 2014). 

4.3.8 Rehydration ratio 

Dried samples from the same roots which were used in the chemical analyses were soaked in 

a water bath at 95 °C for 10 minutes, removed from the water bath and drained on a metal 

sieve for 5 minutes. Then, the excess water was carefully removed by blotting on filter paper 

for 2 minutes to ensure all remaining water was fully drained before weighing. The weight of 

the drained carrots was recorded and the rehydration ratio was calculated as in Equation (4-

12), which is based on the differences of the weight of the rehydrated sample (Wr) to the 

weight of the fresh samples before drying (W0) (Lewicki, 1998). 

     (4-12)                                                                                                               

4.3.9 Statistical analysis for optimization of process parameter 

A general multilevel factorial design with two continuous independent factors and several 

dependent responses was statistically analysed using the response surface methodology 

(RSM) (Design-Expert® Software Version 9 (DX9), Stat-Ease, Inc., Minneapolis, USA). The 

drying temperature was set at three levels of 50 °C, 60 °C and 70 °C and the sample thickness 
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was set at 2 levels of thicknesses, 3mm and 6mm. The same experimental design was reported 

by Ogolla et al. (2019) for spray drying of camel milk. To obtain the regression coefficients, 

the experimental data were fitted to a second-order polynomial model indicated by Equation 

(4-13) with the general linear model approach: 

 

   (4-13)                                                                    

 

Where β0, βi, βii and βij are the regression coefficients for the intercept and the linear, quadrat-

ic and interaction terms respectively. While y is the response, xi and xj are the independent 

variables and ε is the non-explainable portion of variation (Gamboa et al., 2013; Myers et al., 

2004). The coefficient of determination (R²) was chosen to fit the polynomial equation. The 

robustness of the fitted equation was obtained by controlling the difference between adjusted 

R² and predicted R² (desirable diff < 0.2) via an iterative manual backward model selection 

with only significant terms considered for a final model. The significance of the regression 

coefficients was confirmed by multifactorial ANOVA and Fisher F-test at α = 0.05 (Bruns et 

al., 2006). The interactions between drying air temperatures, slice thickness and the responses 

were derived from the regression models and visualized using 3D response surface plots. The 

coefficient estimates are shown for coded factors. The actual factor levels are standardized in 

a range from -1 for the lowest actual level to +1 for the highest actual level of a certain factor 

(Table 4-7). As a second step, the multi response goal conflict was optimized using Derrin-

ger’s desirability function. The settings of the factors leading to the highest desirability D rep-

resent the best operation point of the drying process achieved in the experiment (Yolmeh et 

al., 2014; Sturm et al., 2012; Sturm et al. 2014). 

4.4 Results and discussion 

4.4.1 The effect of drying temperature and thickness on drying time and drying 

rate 

The results from Figures 4-1 and 4-2 indicate that the drying time to achieve the desired level 

of moisture content as in Table 4-2 is greatly dependent on slice thickness and temperature. 

These are commonly known facts that have been reported by other researchers for carrot dry-

ing, and many other products, with results depending on shape, dimension, drying methods 

and parameter settings (Zielinska & Markowski, 2012; Eim et al.,2013; Koca et al.,2007). 

However, these previous works were based on different varieties of carrots that were sourced 
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from different locations across the world. Markowski, et al., (2006) reported that different 

varieties of carrots with the same dimensions responded differently during drying treatments 

causing a variation in drying characteristics. The differences are due to divergence in the vari-

eties, food matrix, structure, tissue and chemical composition within the crop as explained 

further by Capuano et al., (2017). The author explained in detail that all the variations will 

generate different levels of chemical reactions within the food matrix when subjected to ther-

mal treatments, such as drying, which consequently may influence the drying behavior due to 

changes in thermal properties. Water activity of the final product was also measured at the 

end of drying experiments in order to ensure a safe level of water activity for subsequent stor-

age. The values of water activity were between 0.342 and 0.361 (Table 4-2) which is a rec-

ommended level for storage stability of carrots (Lavelli et al., 2007). The results obtained 

were contradictory with previously published study on sorption isotherms which show that 

moisture content of 0.14 gw/gdm results in a water activity of > 0.6 (Kaya et al., 2009). The 

present study, however, shows decidedly lower water activity at these moisture contents. This 

can be explained by the fact that water activity is a function of chemical components, physi-

cochemical state, porosity, temperature and surface tension (Rahman and Labuza, 2007). 

Therefore, the same level of moisture content at the same temperature will result in different 

levels of water activity due to differences in varieties and/or chemical composition within one 

variety caused by different growing conditions (Bajaj et al., 1980; Brunsgaard et al., 1994).  

Drying characteristics of carrots can be obtained from the drying curves as displayed in figure 

4-1 and figure 4-2. When drying at 50 °C, 60 °C and 70 °C, the time taken to reach the de-

sired moisture content for 3mm slice thickness was 420, 360 and 300 min, respectively. The 

required time is significantly increased for 6mm slice thickness with a total drying time of 

540, 480 and 420 minutes. The increment of 2 hours drying time for all temperatures studied, 

when the thickness is doubled from 3mm to 6mm, was similar to those reported by Sonmete 

et al., (2017). The authors observed that the increment in total drying time for 6mm thickness, 

as compared with 3mm thickness, was not higher than 2 hours when drying at 55 °C, 65 °C 

and 75 °C with an air flow of 2.0 m/s. The authors reported total drying times of approximate-

ly 4, 3 and 2 hours for 3mm thickness when dried at 55 °C, 65 °C and 75 °C with an airflow 

of 2.0 m/s and around 6, 4 and 2 hours when drying at the same conditions for 6mm. The in-

crease in drying time with an increase in slice thickness must be due to the lower surface area 

to volume ratio, and the longer distance for the moisture to travel from the inside of the mate-

rial to the surface (Kek et al., 2014) . In other words, the drying rate will increase as the tem-

peratures increases, and the slice thickness decreases due to shorter transport distance and an 
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increased relative heat and mass transfer (Figure 4-3). Furthermore, the thermal gradient be-

tween drying air and drying material increases with rising temperatures, causing an increase 

in heat transfer and drying rates (Sturm et al., 2012). The differences in energy consumption 

for heat and mass transfer cause thicker samples to require more energy to evaporate internal 

moisture to the surface as explained by Wang & Xi (2005). This reflects the longer drying 

time for thicker samples with lower drying rates when compared to high drying rates in thin-

ner samples. Thicker samples also have a higher level of dry solid than thinner samples lead-

ing to longer drying times because, according to Geankoplis (2018), drying time is always 

proportional to weight of the dry solid.   

The graph for both thicknesses for all drying temperatures (Figure 4-3) showed that there is 

no constant drying rate period observed in this experiment, and drying takes place in the fall-

ing rate period which indicates that the liquid diffusion is controlling the drying process as 

described by Aghbashlo et al. (2008). Similar findings were reported by previous studies 

where only the first and second falling rate periods occurred (Planinić et al., 2005; Prakash et 

al., 2004; Bobic et al., 2001; Hatamipour & Moula, 2002). Dynamic changes in moisture 

transport mechanisms, such as surface diffusion, pore diffusion, capillary flow, evaporation 

and thermo diffusion, influence the rate of moisture removal throughout the drying process as 

mentioned by Aboltins et al. (2016).  

Table 4-2:  Final moisture content and water activity of carrot at different temperature 
and thickness. 

Drying temperature (°C) Thickness (mm) Final moisture content 

(gw/gdm) 

Water activity 

50 °C 3 

6 

0.144 

0.142 

0.346 

0.351 

60 °C 3 

6 

0.138 

0.144 

0.361 

0.361 

70 °C 3 

6 

0.139 

0.141 

0.366 

0.342 
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Figure 4-1:  Moisture ratio (MR) versus drying time at different temperature of carrot for 
3mm of slice thickness. 

 

Figure 4-2:  Moisture ratio (MR) versus drying time at different temperature of carrot for 
6mm of slice thickness. 
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Figure 4-3:  Effect of drying temperature on drying rate for 3mm and 6mm of slice thickness. 

 

4.4.2 Effect of drying on effective diffusivity and activation energy 

The effect of drying temperature on the effective diffusivity and activation energy was de-

scribed by Fick’s law and the Arrhenius relationship as show in Equations (9) and (10). The 

plot of effective diffusivity in Figure 4-4, Deff versus temperature was a straight line, which 

indicates the temperature dependence for all investigated temperatures. The values of effec-

tive diffusivity as displayed in Figure 4-4 were found to be in the range of 2.705 x 10-10   to 

4.011 x 10-10 m2/s for 3mm thickness and 5.409 x10-10 to 8.813 x10-10 m2/s for 6mm thickness. 

The values were comparable with the previous findings reported by other researchers at vary-

ing temperatures, such as on apple slices at 1.79 x 10-9 to 4.45 x 10-9 (Velic et al.,2004), carrot 

cubes at 0.776 x 10-9 to 9.335 x 10-9 m2/s (Doymaz, 2005) and sliced carrots at 1.371 x 10-7 

m2/s (Markowski, 1997). According to Sacilik and Elicin (2006), the differences among the 

values could be due to the different crops and varieties, as well as different parameter settings 

and drying equipment or other uncontrollable parameters during drying.  

The values of effective diffusivity (Deff) were found to increase with increased temperature 

(Figure 4-4) for both thicknesses. Drying at 70 °C for 6mm thickness gave the highest Deff 

value of 8.813 x 10-10 m2/s as compared with drying at 50 °C and 60 °C with Deff  value of 

5.409 x 10-10 m2/s and 6.442 x 10-10 m2/s respectively. This might be due to a higher volume- 

to-surface ratio, which results in a higher moisture distribution in thicker samples and, conse-

quently, increases the rate of moisture movement as explained by Wang & Xi (2005). Similar 
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results were obtained for apples (Meisamiasl et al., 2010), garlic (Rasouli et al., 2011), papaya 

(Sairam et al.,  2017) and tomato (Akhijani et al., 2016). It was documented that the overall 

effective moisture diffusivity rate for agricultural products was in the range from 10-7 to 10-11 

m2 /s (Bablis and Belessiotis, 2004; Aghbashlo et al., 2008). 

The activation energy, which is temperature dependent, can be obtained from the slope of the 

straight line of the Arrhenius equation as displayed in Figure 4-5. The activation energy for 

carrots calculated from this study is 16.386 kJ/mol and 20.292 kJ/mol for 3mm and 6mm 

thickness, respectively. Higher activation energy was observed in thicker samples due to 

longer distance for moisture transport causing higher energy requirements for heat transfer. 

The range of activation energy for agricultural produce was reported to be from 12.7 to 110 

kJ/mol (Zogzas et al., 1996). Thus, the results obtained in this study were still within the ac-

ceptable range of documented data.  
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Figure 4-4:  Coefficient of effective diffusivity, Deff (m2/s) obtained for the drying of carrot. 

 

 

Figure 4-5:  The Arrhenius representation of the natural logarithmic of coefficient of diffusiv-
ity as a function of drying temperature of carrot. 
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4.4.3 Dynamic quality changes of carrot during drying 

4.4.3.1 Color characteristics  

Color characteristics are the most common parameter measured in dried food products as they 

are one of the first quality attributes that can be visualized by a consumer (Chua et al. 2000). 

The dynamic changes in color throughout the drying process can be observed by total color 

changes ∆E. The results from the experiment showed that minimal ∆E (Figure 4-6) was ob-

tained for 3mm sample thickness when drying at 60 °C. Changes in ∆E were related to chang-

es in L, a* and b* values during drying.  Maximum total color changes of the final product 

were observed for 6mm samples when dried at 50 °C and followed by 3 mm sample dried at 

70 °C for (Figure 4-7) with values of ∆E were 14.2 and 10.8 respectively. Drying at 50 °C led 

to greater color changes for both thicknesses than at the other temperatures. This is most like-

ly due to the longer drying time at lower temperatures leading to longer exposure time to hot 

air and, consequently, causing the increase in color degradation. 

The changes in ∆E values were more noticeable at reduced moisture content of less than 0.45 

gw / gdm for thicker sample of 6mm when dried at 50 °C and 60 °C, and also for thinner sam-

ple of 3mm when dried at 70 °C (Figure 4-6). The trends were apparent for all process set-

tings especially when drying at 50 °C and 60 °C where the changes were slow and almost 

linear at a higher moisture content until it reaches the inflection point at the lower moisture 

content of 0.45 gw / gdm. The greater changes in color are due to the increase in absolute values 

of L with a decrease in values of a* due to longer drying times or higher drying temperature. 

The results indicate that the orange color of the final product gets lighter, or decreases in 

brightness, due to longer drying times for thicker samples. The degradation of color in terms 

of L, a* and b* in carrots might correspond to the degradation of thermo-labile components of 

carotenoids which will be discussed in the next section on dynamic changes of total carote-

noids retention. The degradation is very likely due to autoxidation of total carotenoids under 

the influence of rigorous operating conditions (Zielinska & Markowski, 2012). Additionally, 

the oxidation of carotenoids causes losses in color and flavors due to formation of colorless 

lower molecular weight reaction products such as ß-ionone and ß-damascenon which leads to 

pigment degradation in carrots (Sturm and Hensel, 2017). Samples dried at 50 °C and 70 °C 

for both thicknesses showed lower color retention while drying at 60 °C resulted in minimal 

color degradation (Figure 4-8). The results confirm that drying temperature significantly 

(p<0.05) affected the color parameters L, a* and ∆E values of carrots while the b* value was 

affected by both drying temperature and thickness, as shown in Table 4-6.  
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Many studies with different results reported on the effect of drying temperature and thick-

nesses on color changes of agricultural crops. It was observed that color retention of the dried 

product greatly depends on cultivars, pre-processing treatments and process parameters as 

reported by Onwude et al. (2017) on pumpkin,  Akoy (2014) on hot air dried mango, Hafezi et 

al. (2015) on sliced potato, Kulshreshtha et al., (2009) on mushroom, Joshi et al. ( 2009)  on 

sliced tomato and Sturm et al. (2012 and 2014) on apples. The obtained results from this ex-

periment confirm that both temperature and duration of exposure time during drying greatly 

affects the color retention of sliced carrots, and can be correlated with chemical instability of 

total carotenoids as influenced by moisture content and process parameters. This will be dis-

cussed further in the next section on dynamic changes of total carotenoids retention during 

drying. The findings are similar to those of Zielinska & Markowski, (2012) who demonstrated 

that changes in color of carrots during processing are related to degradation of total carote-

noids. Sturm & Hensel (2017), and Vega-Galvez et al., (2009), also reported that pigment 

discoloration could be linked to degradation of carotenoids due to enzymatic and non-

enzymatic browning which increased with increasing temperatures. Other authors also con-

firmed that a strong correlation was found between color and total carotenoids content in 

pumpkin and squash (Itle & Kabelka, 2009), pequi (Ribeiro et al., 2014) and apricot (Ruis et 

al., 2005). Therefore, from this study, we can conclude that color changes during drying can 

be a good indicator for carotenoids retention in carrots. The correlations for color and total 

carotenoids (Table 4-3) are best described by polynomial equations with a high accuracy of 

R2 between 0.81 to 0.97 and it can be used to predict the retention of color and total carote-

noids at any given time during drying. A similar trend was reported by Saxena et al. (2012) on 

color degradation of jackfruit. The authors reported that polynomial equations were found 

adequate to model the relationship between visual color with total carotenoids content of jack-

fruit. 



Chapter 4 

65 
  

 

Figure 4-6:  Total color difference of ∆E value of carrot at different drying temperature. 

 

Figure 4-7:  Total color changes (∆E) of the final product for carrot at different drying tem-
perature and thickness as compared with fresh carrot. 
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Figure 4-8:  Response surface of total color changes (∆E) at different temperature and thick-
ness. 

 

Table 4-3:  Correlation between total color changes (∆E) and total carotenoids of carrots at 
different tem-perature and thickness presented by polynomial equations. 

Drying tem-

perature (°C) 

Thickness 

(mm) 

Polynomial equations R2 

50 °C 3 

6 

∆E = -0.0003C3 + 0.0607C2 - 3.9862C + 95.125 

∆E = -7E-07C5 + 0.0003C4 - 0.0371C3 + 2.5406C2 - 85.399C  

+ 1135 

0.9693 

0.9115 

60 °C 3 

6 

∆E = -0.0067C2 + 0.9627C - 27.506 - 0.144  

∆E = -0.0005C3 + 0.1051C2 - 8.1171C + 215.12 

0.9093 

0.9662 

70 °C 3 

6 

∆E = -0.0005C3 + 0.1061C2 - 7.4442C + 180.99 

∆E = -7E-06C4 + 0.002C3 - 0.1843C2 + 7.3064C - 92.958 

0.8088 

0.9527 

Where ∆E is a total color changes and C is a total carotenoids. 
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4.4.3.2 Dynamics of total carotenoids changes during drying  

Figures 4-9 and 4-10 show the retention of total carotenoids as a function of moisture content 

for the tests undertaken in this study. The results show that drying at 60 °C for both thickness-

es retained a higher level of total carotenoids as compared with drying at 50 °C and 70 °C. 

The retention of total carotenoids at the end of the drying period was 66.2% and 62.7% when 

dried at 60 °C for 3mm and 6mm thickness respectively (Table 4-4). The retention of total 

carotenoids for 3mm and 6mm thickness at 70 °C was 46.4% and 42.2% while drying at 50 

°C retained 47.5% of total carotenoids for 3mm thickness and 51.1% for 6mm thickness. The 

observed degradation was greater for samples dried at 70 °C and 50 °C for both thicknesses. 

The high losses of total carotenoids must be due to thermal degradation at elevated tempera-

ture at 70 °C and long exposure time at 50 °C as explained by Karabulut et al. (2007). Moreo-

ver, thermal damage of carotenoids occurs at elevated temperature due to severe cellular de-

struction that could speed up the losses via oxidation (Kaimanen, 2014; Schwartz et al., 

2008). According to Zielinska and Markowski (2012), carotenoid degradation can be caused 

by lipid peroxidation which may affect the color due to non-enzymatic browning. Non-

enzymatic browning occurs due to the reactions of food components such as amines with car-

bonyl groups of reducing sugars (aldehydes and ketones), which participate in the chain of 

Maillard reactions and lead to the formation of brown pigments or colored polymers such as 

melanoidins resulting in the loss of carotenoids. Carbonylic compounds are a chemically or-

ganic functional group of a carbon atom double bonded to an oxygen atom formed through 

oxidation which leads to degradation of total carotenoids (Boon et al., 2010). The results from 

Figures 4-9 and 4-10 also show that linear degradation of total carotenoids can be observed at 

higher moisture contents of more than 0.45 gw / gdm which demonstrates slow degradation of 

total carotenoids at the early stage of drying for samples dried at 50 °C and 60 °C. At this 

point, the membrane integrity of the tissue was still intact and consequently reduced nutrients 

degradation, such as total carotenoids, from thermal damage which has been explained further 

by Karim and Adebowale (2009) and Kaimanen (2014). It is also possible that the endoge-

nous water soluble antioxidative components, such as ascorbic acid, amino acids, bioflavo-

noids and other polyphenolic compounds, present in carrots protect the total carotenoids from 

thermal degradation at the initial stage of drying when the moisture content is still high (Ka-

rim & Adebowale, 2009; Arya et al., 1979). However, rapid losses of total carotenoids were 

observed for samples dried at 70 °C at the early stage of drying for both thicknesses. This is 

probably due to rapid heating at high temperature that could speed up the moisture losses on 
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the surface and ultimately promote total carotenoids degradation as a result of exposure to hot 

air (Pan et al., 1999). 

The results from this study have proven that total carotenoids which are fat soluble pro-

vitamin A are stable in high moisture system at optimum temperature of 60 °C because the 

presence of sufficient water on the surface of sliced carrots at the early stage of drying pro-

vides maximum resistance from oxidation as described by Ramakrishnan and Francis (1979).  

However, drying at 70 °C causes degradation of total carotenoids due to thermal damage at 

elevated temperature. It can be observed that a distinct reduction in retention occurred at low-

er moisture contents of 0.45gw /gdm and less for all temperatures studied, showing that the criti-

cal degradation lays in this area at which point, an appropriate process and parameters settings 

need to be employed. During this period, it can be assumed that the internal temperature of 

the slices increased as the drying proceeds, causing a reduction in moisture content that could 

possibly disrupt the cellular structure leading to rapid nutrients degradation (Karim & 

Adebowale, 2009). The degradation of total carotenoids at this point may be correlated with 

the phase transition from second to third phase of drying at which point, the rate of water 

evaporation inside the samples decreases due to depletion of moisture, causing a lower trans-

fer of water to the surface area and, ultimately, nutrient losses. Karim and Adebowale (2009) 

also mentioned that nutrients degradation depends on moisture content and temperature. Simi-

lar results were reported by Pan et al., (1999) who found that the degradation of ß-carotene, 

which is the major carotenoid in carrots, was observed to be higher at the final drying stage, in 

other words at a lower moisture content, due to the overheating of the surface layers when 

subjected to vibro fluidized bed drying. Similar findings were reported by Suvarnakuta et al., 

(2007) on drying of carrots under an oxygen free environment using a low pressure super-

heated steam dryer, where the retention of β-carotene was greater at higher moisture ratio and 

reduced dramatically at lower moisture ratio of roughly around 0.22. The trend was similar 

with changes in ∆E, as discussed in the previous section, which indicates the color changes 

during drying of carrots are highly correlated with degradation in total carotenoids and the 

level of degradation is highly dependent on the moisture content in question. Ramakrishnan 

and Francis (1979) found that moisture content greatly influenced the color deterioration of 

the carotenoid pigments of a model food in a cellulose system where minimal degradation rate 

of color and carotenoids was found in high moisture samples. The optimization results from 

ANOVA (Table 4-6) also showed that the thickness of the samples did not significantly affect 

the carotenoids degradation. However, drying temperature and exposure time to the hot air 

were found to have the most dominant effect on carotenoids degradation which directly af-



Chapter 4 

69 
  

fected the color retention in carrot. Previous studies by Zielinska and Markowski (2012) also 

reported on degradation of carotenoids at different drying times on carrot cubes and Goula 

and Adamopoulos (2010) on blanched carrot. Both studies found that degradation of total 

carotenoids was greatly affected by high temperatures and duration of the drying process. 

Although many researchers have reported on losses of total carotenoids during drying, the 

knowledge on dynamic changes of total carotenoids as a function of moisture content along 

the drying process, which has been described in this study, is not mentioned in other studies. 

Therefore, from the results, it can be concluded that drying at 60 °C leads to highest retention 

of carotenoids (Figure 4-11). 

Table 4-4:  Retention of total carotenoids at the end of drying process. 

Drying temperature (°C) Thickness (mm) Final moisture content 

(gw/gdm) 

Retention of total 

carotenoids (%) 

50 °C 3 

6 

0.14 

0.14 

47.5 

51.1 

60 °C 3 

6 

0.14 

0.14 

66.2 

62.7 

70 °C 3 

6 

0.14 

0.14 

46.4 

42.20 
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Figure 4-9:  Retention of total carotenoids in carrot at different temperature as a function of 
moisture content for 3mm thickness. 

 

 

Figure 4-10:  Retention of total carotenoids in carrot at different temperature as a function of 
moisture content for 6mm thickness. 
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Figure 4-11:  Response surface of total carotenoids at different temperature and thicknesses.
  

4.4.4 Degradation kinetics of total carotenoids 

In general, the degradation kinetics of nutrients in food is influenced by moisture content and 

temperature in the food system. Since food products are exposed to a wide range of tempera-

tures and different levels of moisture removal during drying, kinetic models are needed to 

predict the evolution of nutrients of interest with time (Karim & Adebowale, 2009). Degrada-

tion kinetics of total carotenoids in carrots, shown in Figures 4-12 and 4-13, were modelled 

using Equations (2) and (3) because quality degradation of food, as affected by thermal pro-

cesses, normally followed zero and first order reaction kinetics (Maiti et al., 2009). The linear 

plots showed that degradation of total carotenoids for thinner samples (3mm) followed first 

order kinetics and thicker samples (6mm) were best represented using zero order kinetics for 

all temperatures studied. The selection of the best model is based on the R2 value and RMSE 

as in Table 4-5. The activation energy for carotenoids degradation for the first order model 

were 35.61 kJ /mol for 6mm and 40.60 kJ/mol for 3mm. The higher activation energy for 

3mm thickness indicated that the degradation of total carotenoids is more temperature sensi-

tive (Dutta et al., 2006) than at the higher thickness. The results demonstrated that the activa-

tion energy for carotenoids degradation obtained from this experiment was adequate to cause 

discoloration of the product as stated by Lee and Kim (1989). The authors stated that the acti-

vation energy for carotenoids degradation between 32.2 to 114.5 kJ/mol will most likely cause 

the discoloration of the product which can be correlated with losses of color in carrots as ex-

plained in the previous section. Different levels of kinetics parameters of carotenoids degrada-

tion particularly ß-carotene were documented in the literature (Penicaüd et al., 2011). These 
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variations may be due to different processing conditions, chemical composition of different 

crops, as well as the presence of acids, iron, free radicals and metal catalysis which influence 

the degradation kinetics (Boon et al., 2013). Modelling quality degradation along the drying 

process is important in order to predict the retention of total carotenoids at any given time of 

drying, so that better process control can be developed in order to improve the process effi-

ciency and quality retention.  

Table 4-5:  Kinetics parameters for thermal degradation of total carotenoids at different tem-
peratures. 

Degradation models K (hr-1) R2 RMSE 

Zero order kinetics 

50°C – 3mm 

60°C – 3mm 

70°C – 3mm 

50°C – 6mm 

60°C –6mm 

70°C – 6mm 

 

0.060 

0.072 

0.108 

0.048 

0.054 

0.078 

 

0.98243 

0.98772 

0.97985 

0.97446 

0.97852 

0.98366 

 

0.267666 

0.000181 

0.000403 

0.001132 

0.000738 

0.000920 

First order kinetics 

50°C – 3mm 

60°C – 3mm 

70°C – 3mm 

50°C – 6mm 

60°C –6mm 

70°C – 6mm 

 

0.012 

0.072 

0.162 

0.048 

0.108 

0.120 

 

0.98594 

0.99331 

0.98597 

0.95361 

0.97686 

0.98218 

 

0.001201 

0.000181 

0.000786 

0.006222 

0.024196 

0.001325 
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Figure 4-12:  Zero order degradation kinetics of total carotenoids at different temperature and 
thickness. 

 

 

Figure 4-13:  First order degradation kinetics of total carotenoids at different temperature and 
thickness. 
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4.4.5 Rehydration ratio  

Rehydration ratio is one of the most important quality attributes in dried materials because 

most of the dehydrated products must be rehydrated for their final use (Akoy, 2014). The ratio 

indicates the capability of the material to restore to its original state by absorbing water after 

drying. The results obtained showed that drying at a high temperature of 70 °C for 6mm 

sliced thickness reduced the rehydration ratio significantly (p < 0.05), when compared to dry-

ing at 50 °C and 60 °C (Figure 4-14, Table 4-6). Drying at lower temperature of 50 °C and 60 

°C had shown better rehydration capacity for 3 mm thickness of dried samples. This must be 

due to minimal cellular destruction and dislocation which occur at lower temperatures, so the 

material is capable of absorbing more water (Nour et al., 2011). However, the rehydration 

capacity was decreased for thicker samples of 6 mm when drying at 70 °C because the struc-

tural damage and shrinkage are more severe when dehydrated at high temperatures causing 

lower rehydration ratio for thicker samples. Furthermore, drying at 70 °C causes higher dry-

ing rates at the initial stage which might lead to case hardening of the product surface which 

results in formation of dense structure (Krokida, & Maroulis, 2000).  This will limit the water 

migration from the solution into the dried samples due to decreased ability of the dried mate-

rials to absorb water. Additionally, substantial amounts of soluble solids might be leached into 

the external water during rehydration, hence affecting the nutritional quality of the products 

and, simultaneously, its ability to absorb water (Vega-Galvez et al., 2015). It may be noted 

that a higher rehydration ratio indicates a better product. The results also proved that slice 

thickness greatly affected the rehydration ratio of organic carrots (Table 4-6). Similar results 

were observed for potato (Hafezi et al., 2016), apple (Sturm, 2010) and mushrooms (Nour et 

al., 2011; Kumar et al., 2014).  
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Figure 4-14:  Response surface of rehydration ratio at different temperature and thickness. 

 

4.4.6 Optimization of process parameters 

The optimum conditions for drying of organic carrots were determined from the following 

surface response methodology (RSM) in order to obtain optimal color parameters (L a* b*) 

with minimal  ∆E, a maximum  rehydration ratio and also highest retention of total carote-

noids. These target dependent variables were categorized according to their importance (Table 

4-7). The most important was categorized as an importance of 5 while the independent varia-

bles were automatically categorized as an importance of 3. In the case of the color parameters 

L, a*,b*, the target values were set to similar values of the fresh carrot. The settings for all 

goals for the best solutions of the optimization resulted in a desirability value of 0.781, as 

presented in Table 8. Gamboa-Santos et al., (2013) and Eim et al. (2013) also reported on 

optimization of carrot drying using different setting parameters, shapes, dimensions and quali-

ty attributes. However, those authors used different designs of experiment and processing 

software resulting in different desirability values for optimization.  

The drying temperature of 59.8 °C and slice thickness of 3.5 mm were found to be the most 

desirable solutions for the optimum parameters for drying of organic carrots when all re-

sponse variables were set as important. At optimized condition (Table 4-8), the predicted val-

ues for L a*b*, ∆E, rehydration ratio and total carotenoids at 95% PI were 62.18 ± 5.12, 22.46 

± 1.98, 40.35 ± 6.64, 6.31 ± 4.74, 0.48 ± 0.07 and 163.83 ± 17.38 µg/g and 67.38% respec-

tively. All the quality parameters can be modelled mathematically using linear and polynomi-
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al functions as in Table 4-9.  The optimization results indicate that the drying temperature 

significantly influences the color parameters, color changes, rehydration ratio and retention of 

total carotenoids (Table 4-6). It is also possible that the experimental set-up during drying also 

influences the quality retention of dried materials. However, optimizing the quality of the fi-

nal product in this study, which is based on the black box concept, can only predict the quality 

of the product at the end of the process without considering the quality transformation along 

the drying process. The optimization should include information of the quality changes as a 

function of moisture content which can be advantageous for the industry because it could po-

tentially be applied to online measurement that could provide more reliable and faster results 

when performing routine analysis for quality assurance than existing conventional laboratory 

methods which are always laborious and time consuming. Therefore, this study demonstrates 

the importance of monitoring the quality changes of the organic carrots throughout the drying 

process because it has a significant impact on the quality of the end product.    

Table 4-6:  Color parameters, rehydration ratio and total carotenoids of dried carrot as influ-
enced by drying temperature and thickness. 

Regression coefficient, 

β 

L* a* b* ∆E Rehydration 

ratio 

Total carot-

enoids 

Intercept β 61.76 22.34 39.33 5.99 0.45 159.02 

Linear 

Temperature (A) 

Thickness (B) 

Quadratic 

Temperature (A2) 

Thickness (B2) 

Cross product (2F1) 

Temperature * 

Thickness (AB) 

 

-1.28 

-0.56 

 

3.04* 

- 

 

0.24 

 

-0.73* 

-0.50 

 

-2.42*** 

- 

 

-0.019 

 

1.39 

-1.57 

 

0.42 

- 

 

-0.96* 

 

-0.82 

-0.45 

 

3.57* 

- 

 

-0.72 

 

-0.023* 

-0.032** 

 

-0.011 

- 

 

-0.026** 

 

4.03 

-7.28 

 

-48.20*** 

- 

 

-2.51 

R2 0.5085 0.7663 0.435 0.5548 0.7692 0.7443 
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F value (model) 3.36* 9.29** 2.50 3.43* 10.83** 9.46** 

F value (lack of fit) 0.8568 0.2213 0.5283 0.9369 0.4595 0.2574 

Level of significance: *p < 0.05, ** p < 0.001, *** p < 0.0001 

 

Table 4-7:  Conditions and outputs of the numerical optimization of the responses for drying 
of carrot. 

Factor/parameter Goal Lower limit Upper limit Lower 

weight 

Upper 

weight 

Importance 

Temperature (°C) is in range 50 70 -1 +1 3 

Thickness (mm) is in range 3 6 -1 +1 3 

L* 58.16 56.368 67.403 -1 +1 1 

a* 23.10 18.438 24.095 -1 +1 5 

b* 40.351 34.96 46.613 -1 +1 1 

∆E mimimize 5.054 13.116 -1 +1 5 

Rehydration ratio maximize 0.3297 0.509 -1 +1 1 

Total carotenoids 

(%) 

maximize 31.138 79.622 -1 +1 5 
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Table 4-8:  Desirable solutions for the optimization of organic carrot drying. 

Factors  Optimal condition  

Temperature (°C) 59.77 

Thickness (mm) 3.48 

Parameters Predicted values 

L* 62.177 

a* 22.455 

b* 40.351 

∆E 6.310 

Rehydration ratio 0.476 

Total carotenoids (%) 67.38 

Desirability 0.781 

 

Table 4-9:  Fitted second order polynomial and linear equations for the quality parameters of 
dried carrot in terms of coded factor. 

Response Model 

L* 61.76 - 1.28 A + 3.04 A2 

a* 22.34 - 0.73 A – 2.42 A2 

b* 39.33 – 1.57 B 

∆ E 5.99 – 0.82 A + 3.57 A2 

Rehydration ratio 0.45 0.023 A – 0.032 B – 0.026 AB 

Total carotenoids 159.02 + 4.03 A – 48.2 A2 

Where A is drying temperature (°C), B is slice thickness (mm) and AB is the interaction be-
tween temperature and thickness. 
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4.5 Conclusions 

The study has shown that the drying characteristics and final quality of dried organic carrot is 

highly dependent on process parameters. The effective diffusivity increased with an increase 

in drying temperature and decreased with a reduction in slice thickness. The values of effec-

tive diffusivity were in the range of 2.705 x 10-10   to 4.011 x 10-10 m2/s for 3mm thickness and 

5.409 x10-10 to 8.813 x10-10 m2/s for 6mm thickness for all temperatures studied. The activa-

tion energy of organic carrots was found to be 16.386 kJ/mol and 20.292 for 3mm and 6mm 

thickness respectively. The outputs from RSM with regard to quality resulted in optimal oper-

ating conditions of 59.8°C with a slice thickness of 3.5mm. 

The results from this study proved that the dynamic changes of color and total carotenoids 

throughout the drying process are dependent on temperature, time and moisture levels of the 

material. Evaluating the changes in total carotenoids as a function of moisture content in this 

study provides a better understanding of stability of total carotenoids when subjected to dif-

ferent process conditions at varying exposure times and this information is valuable for pro-

cess design and optimization. This experiment showed that knowing the exact dynamics of 

moisture removal is critical for the process control and simulation of different drying strate-

gies particularly when attempting to correlate physico-chemical and thermodynamic aspects. 

The study clearly indicates that monitoring the dynamic changes of quality degradation 

throughout the drying process is essential for the future development of real-time non-

invasive quality measurements and, consequently, the development of smart drying technolo-

gies. 

Future research needs to focus on maximizing the quality retention through smart drying 

techniques and minimizing the production cost of dried organic carrots so that premium quali-

ty products at an affordable price can be produced. The data from this experiment can be used 

as a reference and baseline for further research in developing novel drying techniques, as well 

as upgrading the existing technologies, so that suitable, energy saving and cost-effective dry-

ing strategies can be developed. 
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5.1 Abstract 

The objective of this research was to investigate the effect of intermittent drying on drying 

kinetics, moisture diffusivity and quality of organic carrot. The intermittent drying was con-

ducted at 60 °C and 70 °C with a constant air velocity of 0.6 m/s. The drying process was 

paused at 30 % moisture levels at which the inflection point for degradation of total carote-

noids lies in this region and also at 40 % moisture level in order to investigate the possibility 

of increasing the retention by changing the settings at slightly higher moisture content.  Tem-

pering was performed for 1 and 3 hours under ambient condition and the results showed a 

significant effect on drying time and effective moisture diffusivity. Specific energy consump-

tion reduced by 17.0 % to 25.5 % after tempering at 1 and 3 hours for both moisture levels. 

Drying at 60 °C and tempering at a moisture level of 30% shortened the effective drying time 

by 24.5% compared to that of 18.2% when tempering at 40% moisture level. Moisture diffu-

sivity for both moisture levels and tempering periods increased when drying was conducted at 

70 °C as compared with 60 °C. The ideal drying condition was found to be at 60 °C with the 

tempering time of 3 hours at 30% moisture level (wb)  resulted in the best retention of total 

carotenoids (76.9 % ± 2.42), total color change (8.1 ± 1.67) and rehydration ratio (0.4 ± 0.01). 

Keywords: intermittent drying, total carotenoids, tempering period, moisture level 
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5.2 Introduction 

Carrots are one of the most popular vegetables globally due to high nutritional value and culi-

nary uses. The roots are rich with health-promoting bioactive compounds such as carotenoids 

(particularly ß-carotenes), phenolic compounds, dietary fibers, and minerals (Arscott & 

Tanumihardjo, 2010). These phytochemicals were reported to possess strong antioxidant ac-

tivity towards free radicals and to provide a good source of nutrients to the human diet. Con-

sequently, their consumption has significant health benefits that could protect the body’s cells 

against oxidative damage and reduce the risk of developing certain cancers and cardiovascular 

diseases (Schifferstein et al., 2019; Dawid et al., 2015; Sharma et al., 2011; Day et al., 2009).  

The roots can be eaten raw as a salad or cooked in a variety of dishes such as stews, curry, 

and soup. Carrots can be freshly marketed or processed into many functional foods and 

healthcare products such as dietary supplements, juices, natural food colorings and cosmetics 

(Igielska-Kalwat, 2012; Anunciato & Filho, 2012). Most of the commercially dehydrated car-

rots are also incorporated as an ingredient in instant foods such as instant rice and noodles or 

in a mixture of baby food (Nguyen & Nguyen, 2015; Saidel et al., 2015). The harvested roots 

are highly perishable and easily deteriorate under ambient conditions due to their high water 

content. Preserving the quality in fresh form for an extended period of time is challenging. In 

view of this, the reduction of the moisture content to a safe level through drying is very im-

portant for storage stability and convenience. Many processed carrot-based products contain 

substantial amounts of dried carrots. They can also directly be commercially marketed for the 

dried vegetable industry (Baysal et al.2003 ; Sturm, 2018).   

The most common drying technique is convective drying due to its simplicity, easy applica-

tion, and global availability. However, this technique has been reported to negatively impact 

the product quality in terms of structural damages and nutritional degradation due to the con-

tinuous heat supply that could cause surface hardening and finally leading to quality degrada-

tion (Kowalski et al., 2013). Moreover, degradation of carotenoids during drying was reported 

between 30% and 60% (Mudahar et al., 1989 ). Some of the pre-treatments such as blanching 

at different conditions was also reported to cause carotenoids degradation and texture losses in 

carrots (Roy et al., 2001).   

In view of the above, selecting suitable process parameters with specific drying strategies is 

very important since most of the quality degradation in agricultural crops during hot-air dry-

ing is due to improper temperature selection and long exposure time. Currently, there is a 

growing trend to combine different drying techniques, according to products characteristics, 
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in order to not only preserve the quality attributes but also to minimize the energy consump-

tion (Ramallo et al., 2010; Menshutina et al., 2004).   

Intermittent drying involves resting periods or tempering between pre-defined phases of the 

drying process which involves pulsating (e.g. on and off or significant changes in settings) the 

three main process parameters (heat input, chamber pressure and air velocity) (Chua, et al., 

2003). In other words, heat is applied discontinuously during intermittent drying. The tech-

nique had shown a positive response towards preserving the active ingredients in agricultural 

crops (Lekcharoenkul et al., 2014; Hii et al., 2013). According to Chua, et al. (2003) temper-

ing between drying process of agricultural crops improves the surface-related quality such as 

color and texture. This is due to the avoidance of over-heating/drying of the surface layer 

which improves the internal water migration in the plant’s cell (Chua, et al., 2003). Previous 

studies by Pan et al. (1999) reported significant advantages in operating fluidized beds in an 

intermittent manner by controlling the air flow intermittently during drying. Pan et al. (1999) 

found a positive effect of intermittent drying on β-carotene retention of carrot cubes exposed 

to vibro-fluidized bed drying. The authors stated that intermittent drying for 9.5 hours showed 

higher retention of β-carotene in cubic carrots as compared with continuous drying. Drying 

with tempering period had also been tested with promising results for brown fragrant rice as 

reported by Jaisut, et al., (2008). The authors observed that the drying temperature of 150 °C 

with 120 minutes tempering time improved the head rice yield up to approximately 41.4% and 

also lowered the glycemic index from 70.3 to 59.9. These results were confirmed by Poomsa-

ad et al. (2005) on tempering of different variety of rice. The authors noticed that the relative 

head rice yield was greater than 60% with a tempering time of 30 minutes when subjected to 

fluidized bed drying at 150 °C. Similar results were also reported by Li et al. (1999) on the 

intermittent drying of common rice variety in Beijing which led to lower rice cracking from 

10% to 2% when tempering for 2 hours after drying at 45 °C. This is due to the decreased in 

hydro stresses inside the rice kernel, directly leading to reduced percentage of broken rice 

during milling alongside with improved quality of post-dried paddy. Most of the previous 

studies have specified that the tempering period was conducted either at the critical moisture 

content (Reyes et al., 2002), at the beginning of the falling rate period at which the distribu-

tion of internal moisture starts to become non-uniform (Kowalski et al., 2013) or at the end of 

the constant rate period (Kowalski et al., 2017). However, none of the studies performed the 

tempering at critical moisture levels for nutrient degradation, i.e. critical points in the degra-

dation curve. Identification of the inflection or critical points and stopping the drying process 
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at the right moment is crucial in order to develop specific drying protocols that could improve 

the quality attributes of the end product. This argument is supported by the findings of Md 

Saleh et al. (2019)  who demonstrated that irrespective of the process settings, an inflection 

point at around 30% moisture content (MC) was identified for total carotenoids retention. 

Above the inflection point the loss in ß-carotene was linearly decreasing at a low rate and 

below the inflection point, a rapid decrease was observed. Many researchers have tried to ap-

ply and combine different drying modes and strategies during intermittent drying but none of 

the literatures mentioning the influence of moisture levels or the combined effects of tempera-

ture, moisture levels, and tempering time on the quality retention of the dried food products 

(Zhou et al., 2014; Kowalski et al., 2013; Pan et al., 1999; Duc Pham et al., 2019).  

In light of the above, the goal of this study was to investigate the potential of utilizing the in-

formation on the observed inflection point at 30 % MC in order to establish a critical-control-

point strategy for the increase of total carotenoids retention. For comparison, a significantly 

higher MC (40 %) was chosen for the interruption of the process and drying was conducted at 

two temperature levels (60 °C and 70 °C).The effect of temperature, tempering time and 

moisture levels on the drying kinetic, moisture diffusivity, and quality retention in terms of 

total carotenoids retention, color change and rehydration ratio of carrots were investigated. 

5.3 Materials and methods 

5.3.1 Raw materials 

Organic carrots (var. Laguna) were harvested from the University of Kassel’s farm in Frank-

enhausen, Kassel, Germany at an optimum maturity of 3.5 months after planting. The roots 

were washed with distilled water, peeled and sliced to 3.5mm thickness by using a food slicer 

(model E21EU, Graef, GmbH, Germany) prior to all drying experiments. The exterior diame-

ter for each slice was kept constant at 2.5 ± 0.1 cm by using a custom made rounded stainless 

steel cutter. The diameter of carrots was measured manually using a vernier caliper (model 

98618, Kinzo, Netherlands).  

5.3.2 Drying procedure 

Drying experiments were carried out using a small scale commercial dryer (HT mini, 

Innotech Ingenieursgesellschaft mbH, Altdorf, Germany) at a constant air rate of 0.6 m/s. The 

information of the dryer can be obtained from https://www.innotech-

ing.de/en/research_HTmini.html. About 50 g of sliced carrots were placed as a single layer in 
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the dryer and dried at 60 °C and 70 °C. Tempering for both temperatures was performed at 

moisture levels of 30 %, which corresponds to the identified inflection point in color and total 

carotenoids retention (Md Saleh et al., 2019), and 40 %. Furthermore, it was reported that the 

formation of thin crust or case hardening on the carrots’ surface occurred at a moisture con-

tent between 16% and 30% (wet basis) (Wu et al., 2014). The drying process was paused for 1 

and 3 hours respectively to allow tempering. The tempering period was decided not to exceed 

3 hours because earlier studies reported that this duration is sufficient to reduce the moisture 

gradient by more than 80 % with uniform moisture distribution for temperatures between 40 

°C and 60 °C (Assar et al., 2016). Additionally, according to Kowalski et al. (2013), due to 

high water content in carrots, total tempering time should not be longer than the heating time 

as extending the tempering time for too long will lengthen the total processing time which 

may also cause additional quality degradation to some product  (Kumar et al., 2014b). Fur-

thermore, rehydration of moisture from the surrounding air might occur during prolonged 

tempering periods (Kumar et al., 2014b).   

The tempering treatments were conducted by placing a tray of carrot slices under ambient 

condition outside of the dryer (Jung & Yoon, 2018; Pan et al., 1999). The average room tem-

perature and humidity during the tempering period were recorded at 28 ± 3 °C and 40 ± 3 %, 

respectively. Before each drying run, the dryer was started 1 hour in advance to reach a 

steady-state condition. The initial moisture content of carrots was determined according to the 

AOAC method by drying the sample in an oven at 105 °C for 24 hours (ULM 400, Mermert, 

GmbH, Germany). The initial moisture content of the carrots was recorded to be around 88% 

(7.54 gw /gdm ± 0.3). The moisture content throughout the drying period was determined by 

weighing the samples manually in 30 minute-intervals by using an electronic balance (model 

E2000D, Sartorius, Göttingen, Germany, readability 0.001 g) until the samples reached a final 

moisture content of 10% (0.10 ± 0.02 gw/gdm ) (Zhao et al., 2014).  

5.3.3 Determination of total carotenoids 

Measurements of total carotenoids were carried out by extracting 100 mg of carrot tissue in 10 

ml of solvent mixture of hexane, acetone and ethanol at the ratio of 2:1:1 by applying the 

technique reported by Moscetti et al. (2017). The solution mixture was homogenized for 2 

minutes at 8000 rpm by using a laboratory homogenizer (Model T25, IKA, Staufen, Germa-

ny), and incubated for 1 hour at 4 °C inside a refrigerator until the sample turned completely 

colorless in order to ensure all total carotenoids were fully extracted. Then, 5 ml of distilled 

water were added to the extracted sample to allow phase separation. The upper layer was sep-
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arated from the aqueous phase and the concentration of total carotenoids was measured at the 

wavelength of 450 nm by a UV-Vis spectrophotometer (model GenesysTM 10 series, Thermo 

Electron Co. USA). The total carotenoids content was finally calculated using Equation (5-1).  

  (5-1)  

      

Where Abs is the absorbance reading of the sample, V1 is the dilution factor, A1% is the ex-

tinction coefficient of the 1% solution (i.e.2500 AU) and C1% is the concentration of the 1% 

solution (10 mg/ml). The total carotenoids content was converted to microgram per gram  and 

the concentration was expressed as a percent retention in this study.  

5.3.4 Calculation of the moisture ratio 

The following equation was used to determine the moisture ratio of the carrot slices during the 

drying process (Botelho et al.,2011).  

    (5-2)                                                                                                                                       

Where M (%) is the moisture content at any given time t, Mo is the initial moisture content 

and Me is the equilibrium moisture content. The equation was simplified to Equation (5-3) 

due to the fact that Me is too small and approaching zero (Rayaguru & Routray, 2012 ). 

      (5-3)                                                                                                                    

5.3.5 Calculation of effective moisture diffusivity  

The effective moisture diffusivity, which is a very important parameter for modelling and 

simulation of a drying process, greatly depends on the temperature and moisture content of 

the material (Zogzas et al., 1996). The value of effective moisture diffusivity can be obtained 

from Fick’s second law of diffusion equation as described by Doymaz and Özdemir (2014) 

(Equation 5-4): 

  
   

(5-4)                                                             
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The diffusivity coefficient can be obtained from the slope of the graph of ln MR versus time 

(t) as in Equation (4). The slope of π2Deff /4 L2 will be obtained from the linear plot where L is 

the half thickness of the slab in meters and Deff is the moisture diffusivity (m2/s).  

5.3.6 Calculation of specific energy consumption 

The total energy consumed (Et) during drying was calculated according to Motevali et al. 

(2011) as in Equation (5-5):  

     (5-5) 

Where Et is the total energy in each drying phase (kJ), Ac is the cross sectional area of the 

perforated drying trays holding the slices at the dimensions of 0.42 × 0.44 m  (m2), Ʋ is the air 

velocity (m/s),   is the air density (kg/m3), Cp is the specific heat of air (kJ/kg °C) and t is 

the drying time (s). 

5.3.7 Measurement of color 

Color measurements were performed using a Minolta chroma meter (model CR-400, Minolta 

Camera Co. Ltd. Osaka, Japan). The chroma meter was calibrated against a standard white 

reference tile prior to sample measurements. The color of the carrot was determined on two 

slices from two roots at each measurement point for each replicate. For each slice, measure-

ments were taken at two points on the surface and the results were averaged over the slice. 

The color measurements were carried out based on the three dimensional color space of CIE L 

a*b* scale where L represents the brightness of the color, a* shows the hue color from red (+) 

to green (-), and b* lies between yellow (+) and blue (-) (Maskan ,2001). The total color 

change ∆E was calculated from the measured color parameters using Equation 5-6 as de-

scribed by Maskan (2001) and Krokida et al., (1998). 

  (5-6)                                                                

Where, subscript “0” refers to the color reading of fresh samples  

Fresh carrots were used as a reference and a higher ΔE denotes a greater color change from 

the reference material (Maskan, 2001; Akoy, 2014).  
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5.3.8 Rehydration ratio (RR) 

Different slices of dried samples from the same root as in the chemical analysis were soaked 

in a water bath at 95 °C for 10 minutes, removed from the water bath and drained on a metal 

sieve for 5 minutes. Then, the excessive water was carefully removed by blotting using a filter 

paper for 2 minutes to ensure all the remaining water was fully drained before weighing. The 

weight of the drained carrots was recorded, and RR was calculated using Equation 5-7 (Ndis-

ya et al., 2020). 

    (5-7)                                                                                            

Where  is the weight of rehydrated carrot and is the initial weight of fresh carrot before 

drying. 

5.3.9 Statistical analysis for determination of the most influenced factors affect-

ing quality retention 

A general multilevel factorial design with two continuous independent factors and several 

dependent responses was statistically analysed using Design-Expert® Software Version 9 

(DX9, Stat-Ease, Inc., Minneapolis, USA) and the comparison between the best treatment and 

control (continuous drying) was performed using JMP software version 14.2 ( SAS Institute, 

2018). All three investigated factors were set on two levels namely drying temperature at 60 

°C and 70 °C,  moisture content at 30% (wb) and 40% (wb), and the tempering period at 1 

hour and 3 hours. To obtain the regression coefficients, the experimental data were fitted to a 

linear model indicated by Equation (5-8) with a general linear model approach: 

   (5-8)                                                                                        

where β0, βi, βii and βij are the regression coefficients for the intercept and the linear interac-

tion terms respectively, while y is the response, xi and xj are the independent variables and ε is 

the non-explainable portion of variation (Gamboa et al., 2013; Myers et al., 2004).  

The coefficient of determination (R²) was chosen to fit the equation. The robustness of the 

fitted equation was obtained by controlling the difference between adjusted R² and predicted 

R² (desirable diff < 0.2) via an iterative manual backward model selection. The final model 

contained only significant terms considering the hierarchy of the model. The significance of 

the regression coefficients was confirmed by multifactorial ANOVA and Fisher F-test at 

α = 0.05 (Bruns et al., 2006). The given coefficient can be directly interpreted as leverage of a 

factor in the same unit as the response variable. For every quality parameter (response varia-

ble) the best possible model was applied independently. As a second step, the multi response 
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goal conflict was optimized using Derringer’s desirability function (Derringer and Suich, 

1980). The responses were optimized to the same weight (w = 1) and the desirability (d) of 

the responses ranging from 0 to 1. An optimal goal (maximize or minimize target, in range) 

was defined for each response. A simulator compiles the desirability (d) of the individual re-

sponse variables into a global desirability (D). The settings of the factors leading to the high-

est D represent the best operating conditions of the drying process achieved in this experiment 

(Ferreira et al., 2007; Cao et al., 2006; Yolmeh et al.,2014). 

5.4 Results & Discussion 

5.4.1 The effect of intermittent drying on drying kinetics  

As can be seen from Figure 5-1, Figure 5-2 and Table 5-1, tempering for 1 and 3 hours at 30% 

and 40% moisture contents for both temperatures shortened the effective drying time as com-

pared with the continuous drying. Effective drying time for 60 °C was reduced from 330 

minutes to 246 and 270 minutes when tempering at 30% and 40% moisture levels for both 

tempering periods respectively. A shorter drying time of 246 minutes was observed for tem-

pering at 30% moisture level when drying at 60 °C which indicates that the influence of mois-

ture level on reduction of effective drying time is more dominant than the effect of tempering 

time. Tempering at 40% moisture level showed a longer effective drying time. This is due to 

the fact that the sample already contained a slightly higher moisture content on the surface at 

the beginning of the tempering period leading to a low internal moisture gradient resulting in 

slower moisture movement from the inner layer to the sample surface. This will cause a long-

er drying time during subsequent drying in order to remove the excess moisture to the desired 

level. However, the effective drying time was independent of the tempering periods and mois-

ture levels when drying at higher temperature of 70 °C. The effective drying time at 70 °C 

was almost identical at 224 and 223 minutes for both moisture levels and tempering periods. 

The reduction in drying time from 270 minutes in continuous drying at 70 °C to 224 and 223 

minutes for 1 and 3 hours tempering for both moisture levels respectively indicates that 1 hour 

tempering is sufficient to reduce the effective drying time for 70 °C regardless of moisture 

levels. This is probably due to higher heat transfer rates at elevated temperature when drying 

at 70 °C which speeds up the moisture removal from the surface which is independent of tem-

pering periods.  

The study also shows that tempering periods contribute to a reduction in energy consumption 

(Table 5-1) due to the shorter effective drying time which will be discussed in the next sec-
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tion. A reduction of moisture content during the resting period was observed (Table 5-2) be-

cause of the migration of moisture towards the surface area during resting period. This might 

be due to the utilization of sensible heat which had been stored inside the sample during the 

previous active drying period (Duc Pham et al. 2019). The reduced values of moisture content 

at the end of the tempering period were in the range between 24.4% to 35.6% when drying at 

60 °C and between 21.2% to 37.1% when drying at 70 °C for both moisture levels and tem-

pering periods.  

The reduction of moisture content at the end of the tempering periods, for both temperatures 

and moisture levels is almost double for 3 hours tempering as compared with 1 hour temper-

ing indicating that the 3 hours tempering provide sufficient time for the internal moisture to 

diffuse and redistribute itself uniformly towards the surface area, and thus, might lead to a 

higher drying rate during the subsequent drying process. These observations are in line with 

previous work reported by Jumah et al. (2007) who stated that partial drying still occurred 

during resting period resulting in moisture levelling in the drying curves.  

The drying curves which are presented by excluding the tempering period as in Figures 5-1 

and 5-2 show that drying occurs within the falling rate period at which the rate of moisture 

movement from the interior towards the surface is lower than the rate of evaporation from the 

surface to the environment (Srikiatden & Roberts, 2007;  Chirife, 1983). The moisture ratios 

also decrease exponentially with time. The drying curves started to level off as the moisture 

content reduced after tempering periods for both temperatures and moisture levels. The non-

existence of a constant rate period indicates that the drying process was controlled by mois-

ture diffusion rather by capillary and gravity forces (Sturm, 2010; Onwude et al., 2016). Simi-

lar findings were also documented for other crops such as chard leaves (Alibas, 2006), spin-

ach leaves (Doymaz, 2009), blueberries (López et al., 2010), kiwifruit (Orikasa et al., 2008) 

and apples (Sturm et al., 2014). The study shows that the drying rates as in Figures 5-3 and 5-

4 during the subsequent drying after tempering period are almost identical with continuous 

drying but with reduced energy consumption and shorter drying periods (Table 5-1). The re-

sults are in agreement with Orsat et al. (2007) where the drying rates during microwaved con-

tinuous-intermittent drying of carrots were similar to the continuous drying but with better 

energy utilization. Similar results were also reported by Ramallo et al. (2010) on intermittent 

drying of Ilex paraguariensis (yerba maté). The authors demonstrated that, drying rates were 

not affected by increasing the tempering period from 15 to 30 minutes when drying at 60°C. 

The effective moisture diffusivity for all treatments, given in Table 5-1, increases for temper-

https://link.springer.com/article/10.1007/s11947-010-0462-x#CR2
https://link.springer.com/article/10.1007/s11947-010-0462-x#CR11
https://link.springer.com/article/10.1007/s11947-010-0462-x#CR20
https://link.springer.com/article/10.1007/s11947-010-0462-x#CR28
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ing at 70°C which is as expected and a common observation since the migration of internal 

water during drying increases at a higher temperature because of the higher rates of heat trans-

fer that could possibly speed up the water movement from the intercellular space to the sur-

face through diffusion.  

 

 

Figure 5-1:  Drying curves of continuous and intermittent drying of carrots at 60 °C 

 

 

Figure 5-2:  Drying curves of continuous and intermittent drying of carrots at 70 °C 
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Figure 5-3:  Drying rates of continuous and intermittent drying of carrots at different mois-
ture content and tempering period for 60°C. 

 

 

Figure 5-4:  Drying rates of continuous and intermittent drying of carrots at different mois-
ture content and tempering period for 70 °C. 
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Table 5-1:  Moisture diffusivity and drying time during intermittent drying of organic carrot. 

Drying treatment Effective moisture diffusivity 
(m2/s) 

Effective drying 
time (min) 

Reduction in 
specific energy 
consumption  

(%) 

60 °C, continuous drying 3.247 x 10-10 330 0 

30 % ; 60 °C ,  1 hr 3.909 x 10-10 246  

30 % ; 60 °C ,  3 hr 3.909 x 10-10 246  

40 % ; 60 °C ,  1 hr 3.516 x 10-10 270 25.5 

40 % ; 60 °C ,  3 hr 4.219 x 10-10 270 25.5 

70° C, continuous drying 5.088 x 10-10 270 0 

30 % ;70 °C ,  1 hr 5.419 x 10-10 224 17.0 

30 % ; 70 °C ,  3 hr 5.290 x 10-10 224 17.0 

40 % ; 70 °C ,  1 hr 4.839 x 10-10 223 17.4 

40 % ; 70 °C ,  3 hr 4.384 x 10-10 223 17.4 

 

Table 5-2:  Moisture content of carrot before and after tempering period. 

Drying treatment Initial moisture content  

(% wb) 

Moisture content at 
the beginning of tem-
pering period (% wb) 

Moisture content at 
the end of tempering 
period (% wb)  

60 °C, continuous drying 87.6 - - 

30 % ; 60 °C ,  1 hr  88.8 30.5 20.6 

30 % ; 60 °C ,  3 hr 88.1 30.6 24.4 

40 % ; 60 °C ,  1 hr 88.2 39.7 35.6 

40 % ; 60 °C ,  3 hr 88.4 40.5 34.5 

70° C, continuous drying 88.5 - - 

30 % ;70 °C ,  1 hr  88.0 31.2 27.0 

30 % ; 70 °C ,  3 hr 88.1 29.6 21.2 

40 % ; 70 °C ,  1 hr 88.8 41.8 37.1 

40 % ; 70 °C ,  3 hr 87.7 43.1 34.4 
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5.4.2 The effect of intermittent drying on energy consumption 

It was observed that the energy consumption proportionately reduced with a decrease in effec-

tive drying time leading to an efficient utilization of thermal energy (Table 5-1). The effective 

energy consumptions reduce by 17 % and 25.5% for both temperatures after the tempering 

treatments. The highest reduction was observed when tempering at 30% moisture level for 

both temperatures. The findings demonstrate that lower drying times result in higher energy 

savings which is in agreement with the studies reported by Filippin et al. (2018) and Kumar et 

al. (2014). These results indicate that tempering at lower moisture level will further improve 

energy efficiency due to shorter effective drying time leading to a lower level of sensible heat 

transferred from the environment to the product during drying (Gan et al., 2017). Drying at 70 

°C for all tempering treatments as in Figure 5-5 shows a higher energy consumption as com-

pared with 60 °C because extra energy is required to supply the heating units of the drying 

systems in order to raise the air temperature to the desired level above ambient (Nwakuba et 

al., 2016). 

A wide range of energy savings were documented for different crops during intermittent dry-

ing of grain, squash, Chinese cabbage, Ganoderma Tsugae, rice and onion with a reported 

values of 30%, 36%, 31%,  40%, 10% and 12.7% respectively (Jumah, 1995; Pan et al., 1998; 

Yang et al., 2013; Chin and Law, 2010; Golmohammadi, 2015; Takougnadi et al., 2018). The 

results from the previous studies showed that the energy consumption during drying greatly 

depends on the materials being processed, parameters setting, drying methods, tempering time 

and the environmental conditions. It was previously documented that thermal processes such 

as drying are the most energy intensive operations accounting for up to 20-25% energy usage 

in the food processing and agro-industrial sector (Hany & Gikuru, 2014; Chua et al., 2001a; 

Kumar et al., 2014; Ladha-Sabur, 2019). Therefore, a reduction in energy consumption could 

promote a financial viability and finally leading to economy growth (Herring, 2006). Addi-

tionally, increasing the energy efficiency in the drying process of agricultural products would 

contribute to the increase of sustainability in food processing and a significant reduction of 

greenhouse gas (GHG) emissions (Meyers et al., 2016; Ladha-Sabur, 2019), while still main-

taining a high quality of the product with reduced operational costs and minimal economic 

inputs (Kumar et al., 2014; Nwakuba et al., 2016). Hence, intermittent drying in this study 

allowed the effective utilization of thermal energy by removing the surface moisture during 

subsequent drying rather than raising the product’s temperature in the same way as in contin-
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uous drying. This in turn will reduce quality degradation which will be discussed in the next 

section. 

 

 

Figure 5-5:  Energy consumption during continuous and intermittent drying of carrots. 

 

5.4.3 The effect of intermittent drying on total color change of carrot 

The total color change (∆E) from Figures 5-6 and 5-7 demonstrates almost a linear pattern at 

the beginning of the drying process, before the tempering period, and it steeply increases at 

moisture content of 30% and lower. The results indicate that the presence of surface moisture 

at the early stage of drying resulted in the development of a protective layer on the surface 

area and consequently limiting the color degradation (Chua et al. 2002).  In this study, mini-

mal color change at 8.1 and 11.2 of the final products were observed for the samples dried at 

60 °C with a tempering period of 3 hours at a 30% moisture level and 70 °C with a tempering 

period of 3 hours at 40% moisture level, respectively. The results showed that tempering at a 

higher moisture level of 40% is required when drying was carried out at high temperature of 

70 °C due to the fact that the drying rates would speed up at an elevated temperature at the 

early stage of drying, and thus, resulting in a rapid removal of water from the surface. So, 

tempering at slightly higher moisture content without the heat supply would reduce the effect 

of rapid heating while allowing the diffusion of internal moisture and finally leading to better 

color preservation. It was also observed that the color degradation is more noticeable when 
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drying was carried out at 70 °C. However, the ΔE was improved in the intermittently dried 

samples compared to the continuous drying for both temperatures. It can be seen that, all 

treatments show similar trends of increase in ΔE as the moisture content reduced. However, 

random patterns with similar trends of color changes were observed for all treatments before 

the tempering period for samples dried at 70 °C (Figure 5-7). This might be due to the varia-

tion in color values during measurement as a result of structural deformation for each individ-

ual slice when subjected to heat treatments at elevated temperature leading to different levels 

of physical changes such as irregular shapes or shrinkage. These variations might affect the 

interaction of light from the measuring device to the carrot’s surface during color measure-

ments resulting in varying degree of light scattering of the reflected radiation from the irregu-

lar surface texture and structure which can influence the reflectance (Lu, 2020; Nowacka & 

Wedzik, 2016 ). Furthermore, Lu (2016) and Nicolai et al. (2007) mentioned that the interac-

tion of light to the materials could be scattered at varying degree depended on structural  

properties of the sample or medium they travel through, including density, particle size or 

shape and composition. Therefore, this could affect the optical properties such as color values 

during measurements since changes in light scattering could affect the color appearance in 

food (Rząca & Witrowa-Rajchert, 2007; Macdougall, 1982). Moreover, it was reported that, 

non-uniform degradation of β-carotene occurred at 70 °C leading to non-homogeneous color 

degradation of carrot during convective drying (Timoumi et al., 2019). A significant correla-

tion on the influence of total carotenoids destruction with changes in ΔE during heat treat-

ments was also confirmed by Sant'Anna et al. (2013) with high accuracy of ‘r’ between 0.88 

to 0.92. The authors testified that any changes in ΔE during drying represents decomposition 

of total carotenoids. Nevertheless, in this study, the combined effect of irregular physical dis-

figurations with the heterogeneity in color distribution cause visible differences in product 

appearance and finally impacted the variability of color changes at 70 °C regardless of tem-

pering treatments (Figure 5-7). However, consistent trends of color changes were observed for 

all drying treatments for both moisture levels and tempering periods when drying at 60 °C 

(Figure 5-6). This can be explained by the fact that less shrinkage was observed for each indi-

vidual slice of carrot leading to less physical damage and consequently resulting in minimal 

variability of color degradation. Previous findings by Chua et al. (2000) also revealed that the 

individual color components of ∆L, ∆a and ∆b for banana, guava and potato did not follow 

any particular pattern but ∆E of the final products were significantly improved after undergo-

ing intermittent drying. Similar results on color improvement were also obtained for intermit-

tent drying of Ilex pararaguariensis (Ramallo et al., 2010), Ganoderma (Chin & Law, 2010) 
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and mushrooms (Guo et al., 2014). The authors of these studies observed that the degradation 

of color was minimized when the samples were subjected to intermittent drying by using a 

crossflow and heat pump dryer. The loss of color in the present study is related to degradation 

of carotenoids due to thermal damage and oxidation, and finally leading to sensory modifica-

tion such as formation of undesirable odor. This could negatively impacted the overall ap-

pearance and result in poor quality of the final product (Schwartz et al., 2008; Kowalski, & 

Szadzińska, 2014). The results demonstrate that the rate of pigment degradation directly de-

pended on moisture content and proportionally correlated with decomposition of total carote-

noids which will be discussed in the next section.   
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Figure 5-6:  Total color change (∆E) of carrots during intermittent drying at 60 °C. 

 

Figure 5-7:  Total color change (∆E) of carrots during intermittent drying at 70 °C. 
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5.4.4 Influence of intermittent drying on total carotenoids content 

Figures 5-8 and 5-9 show the degradation of total carotenoids at 60 °C and 70 °C throughout 

the drying process. Slow degradation of total carotenoids with a linear trend was observed at 

higher moisture contents before the resting period, but it started to degrade noticeably at a 

moisture content of less than 30% for both drying temperatures. The observed results suggest 

that, total carotenoids were almost stable at higher moisture contents before tempering which 

indicates the availability of  free moisture on the surface of carrot preserving the degradation 

of total carotenoids (Md Saleh et al., 2019). Furthermore, water has a suppressing and protect-

ing effect against oxidation due to the formation of hydrogen bonds between water and hy-

droperoxide molecules which is produced during the oxidation inhibits further reactions and 

consequently minimizes the total carotenoids degradation (Potes et al., 2017; Ramakrishnan & 

Francis, 1979). Rapid degradation of total carotenoids can be seen after the inflection point at 

lower moisture content of less than 30%. Accelerated degradation of total carotenoids at low-

er moisture content might be related to the structural deformation leading to the destruction of 

the membrane structure of the cell walls as explained by Zhang et al. (2017). The authors ob-

served that the loss of membrane integrity of the cell walls in pumpkin was observed micro-

scopically when moisture content reached 55% during microwave drying resulting in reduc-

tion of total carotenoids. Similar observation was reported by Khraisheh et al. (2004) in the 

convective drying of potatoes where the degradation of vitamin C was observed to be highest 

at lower moisture contents. However, in the present study adopting the tempering process at 

the inflection point shows positive results on total carotenoids retention of carrots. The reten-

tion was observed to be highest at 77% when drying at 60 °C with a 3 hours tempering period 

at 30% moisture level as compared with continuous drying with only 70% retention. It is also 

observed that the retention of total carotenoids in carrots was not significantly different from 

the continuous drying when the tempering period was 1 hour for both moisture levels when 

drying at 60 °C (Figure 5-8). This indicates that, the shorter tempering period of 1 hour is 

only adequate for the diffusion of internal water to the surface but the time is not sufficient for 

the moisture and temperature to redistribute themselves uniformly inside the cells and on the 

surface area. This study also demonstrates that tempering at 40% moisture level when drying 

at 60 °C results in a retention similar to continuous drying. This is probably due to longer ef-

fective drying time as compared with drying time for tempering at 30% moisture level that 

could adversely affect the degradation of total carotenoids due to prolonged of heat exposure 

and consequently leading to thermal damage. Similar results were reported by Zhao et al. 

(2014) when performing two-stage intermittent microwave coupled with hot-air drying at 
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transition points at moisture contents of 1.0, 1.86 and 4.0 g/g (db). The authors observed that 

the intermittent technique resulted in the lowest degradation of ß-carotenes at 11.28% in 

sliced carrots as compared with other drying modes. However, the concentration was not sig-

nificantly different when compared with continuous hot air drying at 60 °C.  

The results obtained from this study also showed that the degradation of total carotenoids is 

more severe at 70 °C as compared with 60 °C regardless of the treatments. This is in line with 

findings from previous studies reporting that the rate of chemical degradation almost doubles 

for every 10 °C increment in temperature (Sablani, 2006; Barsa et al., 2012; Defraeye et al., 

2016). Furthermore, degradation of total carotenoids was induced at elevated temperatures 

due to heat damage (Sturm & Hensel, 2017; Duc Pham et al. 2019).  Additionally, the loss of 

nutrients has frequently been reported for products exposed to drying temperatures above 60 

°C (Mujumdar & Devahastin, 2008). In the present study the retention was higher after tem-

pering was applied when drying at 70 °C. Tempering for 1 and 3 hours at 40% moisture level 

and subsequent drying at 70 °C retained up to 58% of total carotenoids while the retention is 

only at 49% for continuous drying. Low retention of total carotenoids at 51% was observed 

for samples dried at 70 °C with 1-hour tempering period at 30% moisture level. The retention 

was almost similar to continuous drying at 70 °C at which the retention was recorded to be at 

49%. This is because the shorter resting period when tempering at lower moisture level is not 

sufficient to retain a higher level of total carotenoids in carrots. It might be due to non-

uniform moisture and temperature distribution within the sample (Kumar, 2015). It was also 

mentioned in the literatures that the non-uniformity of temperature and moisture distributions 

of food stuff during drying could modify the microstructure of food and consequently cause 

changes in quality attributes (Joardder et al., 2017; Aguilera, 2005). The non-uniformity of the 

moisture and temperature distributions of the materials during drying might also generate dif-

ferent degrees of microstructure modifications and negatively affect the quality transfor-

mations (Aguilera, 2005). Changes in food microstructure depends on initial moisture content, 

temperature, pressure, relative humidity, composition, heating rate and viscoelastic properties 

of the biomaterials (Saravacos, 1967; Krokida et al., 1997; Guiné, 2006; Joardder et al., 

2013). Similar observations were also reported by Thomkapanich et al. (2007) on intermittent 

drying of banana chips using a vacuum dryer at 80 °C. The authors reported the highest reten-

tion of ascorbic acid at 55.37 % after subjecting the samples to a tempering period of 20 

minutes, while the retention levels for continuous drying and drying with 5 minutes tempering 

period were only 40.75% and 44.63% respectively. The results from this study also showed 
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that a mild temperature of 60 °C with a longer tempering period is beneficial for maximizing 

the retention of total carotenoids. Drying with continuous heat supply in this study was proven 

to cause the higher level of nutrient degradation due to the prolonged exposure time and over-

heating of the product which could accelerate the degradative reactions such as β-carotene 

isomerization and finally reduce the total carotenoids in carrots (Pénicaud et al., 2011). This 

can be explained by the facts that a continuous heat supply will speed up the movements of 

atoms and molecules of bioactive components which in turn will increase the frequency of 

collision and finally initiates the chemical reactions (Duc Pham et al., 2019).  Moreover, an 

extended period of drying with continuous heat supply will also cause severe disruption of 

plant cell membranes resulting in nutrient decomposition (Duc Pham et al., 2019). Similar 

results on lower retention of β-carotene were also reported in continuous drying of carrots 

which had been dried using a convective hot air dryer and vibrated fluidized bed dryer (Kow-

alski et al., 2013; Pan et al., 1999). Similar trend was also observed in other vegetable such as 

vibrated fluid bed drying of squash (Pan et al., 1998). Other nutrients such as ascorbic acid 

and total polyphenols were also observed to reduce significantly in continuous hot air convec-

tive drying of pear (Mrad et al. 2012) and sweet potato (Ahmed et al., 2011). This study indi-

cates that the combined effects of stopping the heat supply at the correct moisture level and 

sufficient tempering time during the drying process could provide a positive effect on the re-

tention of total carotenoids and finally preserving the overall quality of dried carrots. 

The results from this study demonstrate the loss of total carotenoids in carrots is related to the 

degradation of color and the relationship between these two parameters can be presented in a 

polynomial equation (Table 5-3, Figures 5-10 and 5-11). However, it is not possible to devel-

op a common model for all since product quality will respond differently towards different 

intermittency treatment (Kumar et al., 2014). A similar trend was presented by Saxena et al. 

(2012) on color degradation of jackfruit. The authors found that the correlation between color 

and total carotenoids was best presented by a polynomial equation with a great accuracy. 
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Figure 5-8:  Total carotenoids content in carrot during intermittent drying at 60 °C. 

 

 

Figure 5-9:  Total carotenoids content in carrot during intermittent drying at 70 °C. 
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Figure 5-10:  Relationship between total color change and retention of total carotenoids (%) 
for intermittent drying at 60°C. 

 

.  

Figure 5-11:  Relationship between total color change and retention of total carotenoids (%) 
for intermittent drying at 70°C. 
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Table 5-3:  Correlation between total color change (∆E) and total carotenoids of carrots 
at different temperature, moisture level and tempering time. 

Drying treatment Polynomial equations R2 

60°C- Continuous drying ∆E = -0.0012C3 + 0.3086C2 - 25.669C + 719.19 0.9705 

60°C- 1 hour tempering at 30% mc ∆E = -0.0013C3 + 0.3227C2 - 26.992C + 760.84 0.9432 

60°C- 3 hour tempering at 30% mc ∆E = -0.0015C3 + 0.3827C2 - 33.263C + 973.87 0.9800 

60°C- 1 hour tempering at 40% mc ∆E = -0.0013C3 + 0.3347C2 - 27.696C+ 771.79 0.9533 

60°C- 3 hour tempering at 40% mc ∆E = -0.002C3 + 0.5159C2 - 43.571C + 1233.5 0.9859 

70°C- Continuous drying ∆E = -0.0005C3 + 0.1008C2 - 7.2472C+ 182.36 0.9855 

70°C- 1 hour tempering at 30% mc ∆E = -0.0003C3  + 0.0716C2  - 5.0474C + 129.11 0.9937 

70°C- 3 hour tempering at 30% mc ∆E = -0.0004C3  + 0.0982 C2 - 7.3772C + 198.09 0.9918 

70°C- 1 hour tempering at 40% mc ∆E = -0.0004C3  + 0.0934 C2 - 6.8323C + 176.12 0.9854 

70°C- 3 hour tempering at 40% mc ∆E = -0.0007C3  + 0.1496 C2 - 11.351C + 294.64 0.9690 

Where ∆E is a total color change and C is a total carotenoids. 

5.4.5 The effect of intermittent drying on rehydration ratio 

Figures 5-12 and 5-13 describe the rehydration ratio (RR) of the final product for all treat-

ments. It was observed that RR was not affected by the intermittent drying for all treatments. 

The result was in agreement with Pan et al. (1999) on rehydration capacity of cubic carrots 

when subjected to vibro fluidized flat-bed drying. However, the same author also reported on 

the improvement of rehydration ability of squash when subjected to tempering-intermittent 

drying (Pan et al.1998). The contradicting findings in this study indicate that the rehydration 

ability greatly depends on type of vegetables being dried as well as processing conditions 

since different vegetables possess diverse characteristics, food matrices, chemical composi-

tions, and also structural heterogeneities that could respond differently towards drying process 

due to changes in porosity (Witrowa‐Rajchert & Lewicki, 2006). Therefore, all these factors 

will generate various degrees of physico-chemical changes and structural distortion such as 

shrinkage during thermal treatments that may impact the RR of the dehydrated product 

(Mahiuddin et al., 2018; Butnariu & Butu, 2015; Bobic et al. 2002). The ability of food prod-

ucts to reconstitute after drying also greatly depends on the damage level of the internal struc-
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ture and the extent to which the water holding components such as protein and starch have 

been damaged during drying (Bremman et al. 1990; Krokida & Philippopoulos, 2005). There-

fore, it can be concluded that the effect of intermittent drying on RR varies between vegeta-

bles depending on drying method and process parameters which may affect the physical de-

formation and structural disruptions such as shrinkage (Mahiuddin et., 2018; Krokida & 

Maroulis, 2000).  

 

 

Figure 5-12:  Rehydration ratio in carrots during intermittent drying at 60°C. 

 

 

Figure 5-13:  Rehydration ratio in carrots during intermittent drying at 70°C. 
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5.4.6 Analysis of variance on the effect of intermittent drying on quality of car-

rot using factorial experimental design 

It was observed that drying temperature and tempering time demonstrate positive effects on 

retention of total carotenoids while total color change is affected by drying temperature and 

the level of moisture when the drying process was interrupted (Table 5-4). It was clearly 

shown that the interaction between temperature and moisture levels at which tempering is 

initiated influence E and total carotenoids retention. This demonstrate that degradation of 

total carotenoids content in carrot was affected more severely by continuous drying (Table 5-

4). However, the interaction between drying temperature and tempering time shows no signif-

icant effect on quality retention. The results in Table 5-5 demonstrates that drying at 60 °C 

with 3 hours tempering period at 30% moisture levels significantly contribute to better prod-

uct quality as compared with continuous drying and other settings. The linear equations pre-

sented in Table 5-6 are adequate to describe the relationship between temperature, moisture 

level and tempering period for all responses.  

Table 5-4:  The influence of drying temperature, moisture level and tempering time on color 
parameters, rehydration ratio and total carotenoids of carrots. 

Regression coefficient, β ∆E Rehydration ratio Total carotenoids 

Intercept β 12.183 0.406 63.811 

Linear 

Temperature (A) 

Moisture level (B) 

Tempering time (C) 

Cross product (2F1) 

AB 

AC 

BC 

Cross product (3F1) 

ABC 

 

1.236** 

-0.744* 

-0.350 

 

-1.096** 

-0.122 

0.482 

 

0.199 

 

0.006 

-0.003 

0.002 

 

0.004 

0.0002 

-0.0037 

 

0.0036 

 

-8.028*** 

0.419 

2.219* 

 

-2.029* 

-0.159 

-1.645* 

 

-0.562 

R2 0.6335 0.1955 0.8502 

F value (model) 3.95** 0.56 12.97*** 
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Pure error 

Cor total 

51.25 

139.85 

0.00823 

0.010 

324.39 

2165.34 

Level of significance: *p < 0.05 ** p < 0. 01, *** p < 0.0001 

Table 5-5:  Comparison of quality parameters between continuous drying and intermit-
tent drying of carrots. 

Drying treatments 
Quality parameters 

Total carotenoids ∆E Rehydration ratio 

60°C – Continuous drying 70.17 ± 1.18a 10.67 ± 0.80b 0.46 ± 0.02a 

70°C – Continuous drying 51.02 ± 3.26b 13.43 ± 1.11a 0.34 ± 0.04b 

60°C – 3 hours tempering at 

30% moisture content 

76.91 ± 2.42c 8.08 ± 1.67c 0.42 ± 0.01a 

Means with the same alphabetical number is not significantly different at p<0.05 

Table 5-6:  Fitted linear equations for the quality parameters of dried organic carrot in terms 
of coded factor. 

Response Model 

∆ E 12.18 + 1.24 A – 0.74 B – 1.10 AB 

Total carotenoids 63.81 – 8.03 A + 2.22 C + 2.03 AB -1.65 BC 

Where is A is drying temperature (°C), B is moisture level (%), C is tempering time and AB, AC and 
BC is the interaction between temperature, moisture level and tempering period. 

 

5.5 Conclusions 

The study demonstrates that intermittent drying with tempering periods results in an increase 

of both product quality, process and resource efficiency. The best drying conditions were 

identified at 60 ⁰C with 3 hours tempering period at 30% MC which contributed to highest 

retention of total carotenoids and E at 77% and 8.1 respectively in carrots. The results also 

show that, stopping the heat supply which is based on the inflection point of carotenoid reten-

tion could be advantageous to retain high quality attributes in carrots. Moreover, the length of 

the tempering period also has a significant impact on the resulting quality.   



Chapter 5 

115 
  

The analysis of the results allows the conclusion that the intermittent heat supply is beneficial 

in minimizing energy demand in the drying process with a great possibility to be tested com-

mercially for further investigation using an industrial dryers. The best intermittency technique 

should be selected based on the food type and characteristics as well as the desired quality 

attributes so that better process control can be developed with regards to product quality. All 

possible interactions between factors need to be considered in the process design so that an 

efficient process control can be established in the future.  

The above study is a proof of concept of changing the process setting at a critical control point 

at which the quality parameters such as total carotenoids started to decline more rapidly with a 

view to improve product quality. This technique could be implemented in the development of 

intelligent drying systems in which inflection points can be used for the realization of critical-

control point drying to enhance both product quality and process efficiency. The information 

obtained from this study can serve as a basis and guidelines for the development of intelligent 

drying systems. Furthermore, in combination with in-process non-invasive and real-time qual-

ity measurement dynamic process control strategies could be implemented in order to produce 

products of high quality in an efficient way. 
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6.1 Abstract 

The objective of this paper was to evaluate the model performance of Partial Least Square 

Regression (PLSR) analysis and to assess the statistical agreement between two different 

measurement techniques i.e. Vis-NIR hyperspectral imaging (HSI) and standard laboratory 

methods for quality evaluation of dried carrots throughout the hot-air drying process. Carrots 

at commercial maturity of 3.5 months after planting were harvested in two seasons (2017 and 

2018) and dried in a convective hot air dryer at 50 °C, 60 °C and 70 °C. Quality 

measurements were examined at intervals of 30 minutes. PLSR was performed as a regression 

model to predict quality attributes in carrots while Passing Bablok and Deming regressions 

alongside with Blant Altman analysis were applied as method comparisons. Excellent 

prediction performance for moisture content was observed with high R2
T and R2v at 0.92 and 

0.90 with values of RMSET and RMSEV at 8.15 and 8.16. A satisfactory prediction accuracy 

of R2
T and R2

V  were observed for total carotenoids, L, a* and b* at 0,74, 0.78, 0.77 and 0.67 

for the training set and 0.64, 0.68, 0.69 and 0.60 for the validation set, respectively. Selected 

wavelengths for total carotenoids, moisture content, L, a* and b *  based on the highest score 

of VIP loadings were 534.08 nm, 970.54 nm, 531.03 nm,  534.08 nm and 500.55 nm, 

respectively.  An adequate agreement of Blant Altman analysis between the two methods 

within the upper and lower limits of 95% confidence interval (CI) were obtained for total 

carotenoids from 95.68 µg/g to 82.34 µg/g,  moisture content (25.18 % to 22.93 %), L (2.88 
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to -3.30), a* (4.15 to 3.43) and b* (4.53 to  -3.11) with mean differences at 6.67,1.12, -0.21, 

0.36 and 0.71 respectively.  Good correlation coefficients ( r ) were also observed at 0.89, 

0.91, 0.78 and 0.83 for moisture content, L, a* and b* with moderate correlation of total 

carotenoids at 0.69. The results indicating potential feasibility of using non-invasive 

measurement of quality attributes using hyperspectral imaging during drying of carrots.    

 

Keywords : dried carrot, hyperspectral imaging, method comparisons, PLSR, VIP plots 

6.2 Introduction  

Fruits and vegetables provide essential nutrients and minerals with significant health benefits 

to humans. Adequate intake of fruits and vegetables for daily consumption are recommended 

for health maintenance and disease prevention (Slavin & Llyod, 2012). One of the most popu-

lar and nutritious vegetable crops with an appreciable amount of phytochemical constituents 

is carrot (Ahmad et al., 2019). Carrots are considered as a primary vegetable in many coun-

tries and the crop is widely cultivated and consumed globally due to its nutraceutical proper-

ties and culinary attributes with pleasant taste and flavors (Surbhi et al., 2018; Liu et al., 2016; 

Arscott et al., 2010). The roots are rich with phytonutrients such as carotenoids (particularly 

ß-carotenes), phenolic compounds, dietary fibers, and minerals. All these bioactive compo-

nents possess specific health-promoting properties with a great potential for providing a pro-

tection mechanisms against coronary heart disease and certain cancers (Surbhi et al., 2018; Da 

Silva Dias, 2014). Carrots can be eaten fresh and cooked into a variety of dishes or it can be 

processed into puree, juices or dehydrated products (Nguyen & Nguyen, 2015; Arscott et al., 

2010). The global consumption of carrots and its derived products consistently increases due 

to its recognition as an important source of powerful antioxidants having anticancer activity 

(Sharma et al., 2012). A progressive demand for highly nutritious dried products was ob-

served over the past decades due to increase in awareness towards healthy and ready-to-eat 

foods among consumers (Chang et al., 2016). One of the healthiest vegetable snacks is carrots 

(Huang & Zhang, 2012). Fresh carrots can be converted into dehydrated form by drying and 

the dried carrots can be commercially used as a natural ingredient for formulation and devel-

opment of functional products such as dietary supplements, nutraceuticals and cosmetics 

(Nguyen & Nguyen, 2015; Igielska-Kalwat, 2012; Anunciato, 2012). The demand of dried 

carrots also rises in the instant food industry since the dried roots can be mixed with other 

ingredients for the development of instant soups and meals (Koca et al., 2007 ).   
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To this end, food producers are competing to produce high quality of dried products with the 

needs to have a reliable, accurate and rapid assessment device for efficient quality assurance 

that could be advantageous for the food industry with an objective to minimize the overall 

operational time as well as to meet the consumer’s demand. Monitoring product quality along 

the production chain is very important in food processing in order to ensure the safety and 

quality of the end product (Pu et al., 2015a). In  recent years, various non-destructive methods 

have been researched extensively and tested to evaluate the quality of fruits and vegetables 

starting from farm to retail market and some of them have commercially been applied for food 

grading and sorting in the packing houses and food processing lines (Nicolaï, et al., 2014). 

One of the most recent investigated non-destructive technique is a hyperspectral imaging 

(HSI) which is capable to generate both spectral information and a spatial map simultaneously 

at a certain range of wavelengths and the acquired spectra are qualitatively related to physical 

and chemical properties of the product. The key principle of HSI is by integrating both imag-

ing technology coupled with spectrophotometry and this new hybrid technology has been 

comprehensively studied for evaluating physical properties and internal qualities of fruits and 

vegetables during drying such as color and moisture content in hops (Sturm et al., 2020), po-

tatoes (Amjad et al.,2019),  apples (Crichton et al., 2017) and meat (von Gersdoff et al., 

2017), shrinkage in carrot (Yu et al., 2020), aromatic compounds in hops (Sturm et al., 2020), 

hardness and texture in banana  (Pu et al., 2018; Nguyen et al.,2018), and also anthocyanin in 

purple fleshed sweet potato (Liu et al., 2017) 

The applicability of this new generation of sensing technology for non-invasive measurement 

technique has intensively been studied over the past ten years in order to develop a quick, 

simple, chemical-free procedure and convenient application for quality evaluation of food 

materials during processing (Zhang et al., 2018b). The use of existing standard laboratory 

analyses can be time-consuming, labor intensive, and require expert and skillful laboratory 

personnel with complex sample preparations and hazardous solvents. Moreover, the utiliza-

tion of expensive instruments could contribute to the additional operating and maintenance 

cost. Therefore, it is necessary to explore and establish a new technology for rapid and effec-

tive quantification method that could potentially be applied for on-line and real-time quality 

assessment during drying since this technique enables an automatic prediction of the quality 

attributes of fruits and vegetables in a non-destructive manner.  

The most notable benefit of  HSI is the ability to identify various components simultaneously 

and this method provides scientific tools for non-destructive quality inspection with minimal 
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sample preparation and rapid acquisition times with simultaneous visualization of spatial dis-

tribution of numerous chemical components (Elmasry & Sun, 2010; Wu & Sun, 2013). The 

spectral data includes two-dimensional spatial vector array reflecting the spectrum at each 

pixel of the 3D image with a three-dimensional dataset which is known as the data cube or 

hypercube. The hypercube contains two spatial dimensions and one spectral dimension 

(Elmasry & Sun, 2010). Spatial distribution maps for regions of interest (ROI) can be gener-

ated by computing the spectral information for each pixel and determining the predicted value 

for each quality parameter. The measured spectrum indicates the sample's capability to absorb 

or disperse exciting light which represents the sample's inherent chemical properties (Amodio 

et al., 2017). Then, the resulting spectra from HSI  must be extracted, processed and interpret 

by means of chemometric methods, so that the large data set can be transformed into useful 

information, and finally a relationship between the target attributes and their corresponding 

hyperspectral data of the tested samples can be established (Bro et al., 2002). The most com-

mon chemometric algorithms are regression algorithms which can be classified into linear and 

non-linear analysis such as partial least square regression (PLSR) (Pan et al. 2016). PLSR 

technique is widely used in modelling of hyperspectral data due to its versatility in multivari-

ate approaches and this model will be performed for data computation in this study .The goal 

of developing a predictive Vis-NIR model is to relate the spectral information obtained from 

the hyperspectral imaging of the tested sample to their quality attributes as measured by refer-

ence method (laboratory analysis). After that, the model can be further improved, developed 

and appropriately verified for future prediction of unknown samples (Amodio et al., 2017). 

All the quality attributes can be measured simultaneously at any given time during processing 

without destructing the samples.  

The ability of HSI to generate large amount of spectral data over a wide range of wavelengths 

causing sizable amounts of redundant information due to multicollinearity with high covari-

ance which require high storage capacity and lengthy processing time (Baek et al., 2019; He 

& Sun, 2015). Therefore, optimal variable selection method based on the Variable Importance 

in Projection (VIP) scores need to be carried out in order to extract the most influential wave-

lengths in the multivariate models for specific quality attributes. The main goal of selecting 

the feature wavelengths is to improve the validation performance while eliminating unin-

formative data and thus, reducing the computation time (Baek et al., 2019; Chen et al., 2014). 

Higher VIP score indicates greater importance of the respond variable as a predictor (Rahman 

et al., 2018). Normally, a threshold value of VIP scores between 0.83 and 1.21 is highly sig-

nificant and recommended (Chong & Jun, 2005). 
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For many years, regression analysis which is in accordance with correlation coefficient has 

been used to evaluate and describe the strength of a relationship between two variables with-

out providing their agreement (Doğan, 2018; Bilic-Zulle, 2011). The range of the correlation 

coefficient (r) from −1.0 to +1.0 indicates the strength level of the linear relationship between 

variables. The higher the correlation coefficient, the greater the strength of the relationship. 

However, according to Doğan (2018), strong correlation does not necessarily suggest that the 

two methods can be performed interchangeably with a good agreement. In addition, data that 

appear to be in a weak agreement may generate very strong correlations or vice versa (Doğan, 

2018). The comparative methods are necessary to confirm the reliability, stability and accura-

cy of the new method whether it can be used interchangeably and replacing the conventional 

laboratory method for estimating the quality parameters of carrots during drying. This statisti-

cal approach is very common in medical science and clinical research but very limited studies 

have been published on its application in the food science. There have been only a few report-

ed literatures on assessing the compatibility between two methods or instruments in food 

analysis. Only four documented studies were found on comparative analysis between two 

methods such as on comparing hyperspectral measurement with laboratory analysis for quali-

ty evaluation during apples drying (Shrestha et al., 2019), evaluating a rapid method to deter-

mine a contamination compound in sea food (Varzakas et al., 2016), comparison study be-

tween spectrophotometric method and high performance liquid chromatography analysis for 

the determination of capsaicinoids in Chiltepin hot Pepper (González-Zamora et al., 2015) 

and to evaluate changes in microbial numbers in food by using two different protocols (Jarvis, 

2014). This approach is very useful if a new measurement technique which has some ad-

vantages needs to be introduced over an existing measurement method (Gold standard). The 

new potential method must be validated in order to demonstrate its equal reliability, precision 

and repeatability for the intended usage. The most common statistical analysis for method 

comparisons are Passing-Bablok and Deming regressions (Haeckel et al., 2013) as well as 

Blant-Altman analysis (Hanneman, 2008)  

The Blant-Altman plot shows the mean difference between the measurements by two methods 

(vertical axis) and their mean (horizontal axis) with the addition of agreement limits (Hofman 

et al., 2015). Blant-Altman plots are commonly used to evaluate the agreement between two 

different instruments or two techniques of measurement such as comparing a new technique 

of non-destructive quality measurement using HSI with a gold standard of laboratory analysis 

in this study. The main concept of this method is to quantify the mean difference and the 

standard deviation (s) of the differences between two measurements by constructing the limits 
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of agreement at 95%. The Blant-Altman plot only specifies the agreements intervals. It does 

not, however, state whether or not such limits are acceptable (Giavarina, 2015). Blant-Altman 

plots also allow any systematic discrepancy between measurements (i.e. fixed bias) or poten-

tial outliers to be possibly detected (Hannemen, 2008) while Passing Bablok assumes both 

methods are highly correlated having a linear relationship (Passing & Bablok, 1983). Deming 

regression can be helpful and favorable for comparing analytical methods due to its robust-

ness against outliers. This method also considers measurement errors between the test and 

reference methods (Giavarina et al., 2015; Cornbleet and Gochman, 1979). In light of this, a 

new approach of method comparison using both regression techniques of Passing Bablok and 

Deming regressions combined with Blant-Altman analysis will be tested in this study for as-

sessing and comparing the performance of this new method of non-destructive measurement 

using HSI with a standard laboratory method.  

The main objectives of the current study were to: 1) To evaluate the performance of PLSR 

modelling for predicting the quality attributes in carrots during drying, 2) To determine the 

important wavelengths which correspond to specific quality attributes based on the highest 

score of Variable Importance Projection  plots (VIP) and 3) To evaluate the statistical agree-

ment between conventional laboratory methods with non-destructive measurements of HSI 

using Passing Bablok and Deming regressions alongside with Blant-Altman analysis for 

method comparisons. 

6.3 Materials and Methods 

6.3.1 Raw materials 

Organic carrots (var. Laguna) at an optimum maturity of 3.5 months after planting were har-

vested at different seasons during autumn (2017) and summer (2018) from the University of 

Kassel’s farm in Frankenhausen, Kassel, Germany. The average daily temperatures for both 

seasons were 16 ⁰C and 28 ⁰C respectively. Therefore, the harvested roots were observed to 

have different characteristics with large variations of total carotenoids content and color in-

tensity. The observations were confirmed by a study conducted by Brunsgaard et al. (1994). 

The authors reported significant variations of chemical compositions in different varieties of 

carrots harvested from two consequent years of 1990 and 1991. After that, the roots were 

washed with distilled water, peeled and sliced by using a food slicer (model E21EU, Graef, 

GmbH, Germany) prior to all drying experiments. The exterior diameter for each slice was 

kept constant at 2.5 ± 0.1 cm by using a custom made rounded stainless steel cutter. The di-
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ameter of carrots was measured manually using a vernier caliper (model 98618, Kinzo, Neth-

erlands). 

6.3.2 Drying procedure 

Drying experiments from both years were carried out using a small scale commercial dryer 

(HT mini, Innotech Ingenieursgesellschaft mbH, Altdorf, Germany) at a constant air rate of 

0.6 m/s. The first drying experiment which was conducted in 2017 investigated the effect of 

different drying temperatures and thickness on quality changes in carrots (Md Saleh et al., 

2019). In this experiment, about 200 g of sliced carrots of different thicknesses of 3 mm and 6 

mm were placed as a single layer in the dryer and dried at 50 °C, 60 °C and 70 °C. The sec-

ond experiment on critical control point based intermittent drying was carried out in 2018 

(Md Saleh et al., 2020). During the trial, 50 g of sliced carrots of the thickness of 3.5 mm 

were used in the study. The sliced carrots were subjected to different combinations of drying 

strategies based on intermittency at the critical point of quality degradations. The samples 

were dried at 60 ⁰C and 70 ⁰C, and tempering was conducted for 1 and 3 hours at 30% and 

40% moisture levels. All experiments from both drying strategies were performed in three 

replicates.  Before each drying run, the dryer was started 1 hour in advance to reach a steady-

state conditions. The initial moisture content of carrots was determined according to the 

AOAC method (2012) by drying the sample in an oven at 105 °C for 24 hours (ULM 400, 

Mermert, GmbH, Germany). The initial moisture content of the fresh carrots was recorded to 

be around 88% (7.54 gw / gdm ± 0.3). Samples withdrawal prior to hyperspectral imaging and 

laboratory analysis for moisture content, color and total carotenoids throughout the drying 

period were carried out for every 30 minutes for both experiments. For every drying point, 4 

slices from 4 roots for each replicate were evaluated and total of 12 slices per drying point 

were used in this study.  The same slices were used for both non-destructive analysis of hy-

perspectral imaging and laboratory analysis in order to ensure consistency. Moisture content 

was determined by weighing the samples manually using an electronic balance (model 

E2000D, Sartorius, Göttingen, Germany, readability 0.001 g) until the samples reached a final 

moisture content of 10% (0.10 ± 0.02 gw/gdm ) (Zhao et al., 2014). 

6.3.3 Measurement of color 

Color measurements were performed using a Minolta chroma meter (model CR-400, Minolta 

Camera Co. Ltd. Osaka, Japan). The chroma meter was calibrated against a standard white 

reference tile prior to sample measurements. The color was determined on four slices from 
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four roots at each measurement point for each replicate. For each slice, measurements were 

taken at two points on the surface and the results were averaged over the slice. The color 

measurements were carried out based on the three dimensional color space of CIE L a*b* 

scale where L represents the brightness of the color, a* shows the hue color from red (+) to 

green (-), and b* lies between yellow (+) and blue (-) (Joshi et al., 2009).  

6.3.4 Determination of total carotenoids 

Total carotenoids were determined by extracting 100 mg of carrot tissue in a mixture of 10 ml 

solvent of hexane, acetone and ethanol at a ratio of 2:1:1 by adopting the method reported by 

Moscetti et al. (2017). The solution mixture was homogenized for 2 minutes at 8000 rpm by 

using a laboratory homogenizer (Model T25, IKA, Staufen, Germany), and incubated for 1 

hour at 4 °C inside a refrigerator until the sample turned completely colorless in order to en-

sure all total carotenoids were fully extracted. Then, 5 ml of distilled water were added to the 

extracted sample to allow phase separation. The upper layer was separated from the aqueous 

phase and the concentration of total carotenoids was measured at the wavelength of 450 nm 

by a UV-Vis spectrophotometer (model GenesysTM 10 series, Thermo Electron Co. USA). 

The total carotenoids content was finally calculated using Equation (6-1).  

    (6-1) 

Where Abs is the absorbance reading of the sample, V1 is the dilution factor, A1% is the ex-

tinction coefficient of the 1% solution (i.e.2500 AU) and C1% is the concentration of the 1% 

solution (10 mg/ml). The total carotenoids content was converted to mg/gdm based on dry mat-

ter content.  

6.3.5 Hyperspectral Imaging Systems 

The image of the samples was captured by employing a Hyperspectral Imaging Systems using 

a Specim V10E PFD camera (Specim Spectral Imaging Ltd., Finland), with a Schneider 35 

mm lens (Xenoplan 1.9/35, Schneider Optische Werke GmbH, Germany) and operated at a 

linear translation stage (Specim Spectral Imaging Ltd., Finland) with a three 60 W halogen 

GU10 bulbs). The white tile with a dimensions of 200mm *24mm (H*W), with a spatial 

resolution of 1700 * 1392 pixels (H*W) was used as a reference. The camera was place 

perpendicularly towards the translation horizontal platform allowing sequential acquisition of 

single scan from carrot slices by the camera. A set of four slices of carrots were captured for 

each drying point and the spectral reflectance was obtained from a wavelengths of 400 to1010 



Chapter 6 

133 
  

nm, in 1.5 nm increments. A total of 1368 carrot slices from two growing seasons were used 

in this study. The average spectrum from three replicates for every drying point was used for 

further computations.  

6.3.6 Image Processing and Visualization  

All image processing was performed systematically using an in-house written software in 

Matlab (Matlab R2015a). Firstly, the samples and white reference was segmented from the 

image background by averaging the NIR irradiance range (800-1010 nm) for each pixel and 

applying a threshold value to these average NIR pixel values. The NIR region was used for 

segmentation due to the lower background irradiance. Then, the captured image was denoise 

and the spatial mean signal at each wavelength within the dark noise file (MDNλ) was 

eliminated from each image by adopting the same method as reported by Shrestha et al. 

(2019), Amjad et al (2018) and von Gersdoff et al. (2017). The relative reflectance spectrum 

(R(λxy)) was calculated using the following Equation (6-2) for each pixel in the image:  

               (6-2) 

Where, W(λxy) is an average illumination spectrum, I(λxy) is the irradiance spectrum and 

(MDN λ) is the dark noise of the image. Then, the average reflectance spectra for each carrot 

slices for all quality parameters such as L, a*, b*, moisture content (% wb) and total 

carotenoids was calculated and analyzed using PLSR in the spectral range of 500.55 nm to 

1010 nm since lower emission of the halogen bulbs were observed at the range between 400 

to 500 nm which led to an unfavorable noise-signal ratio. Visualization of selected quality 

attributes was computed by inserting the corresponding spectrum for each pixel into the 

developed model in order to generate a 2-D visualized mapping according to the location of 

all the corresponding pixels of the carrot slice based on the method described by Amjad et al., 

(2018). All the computation for mapping and chemometric analyses were performed using 

MATLAB 2015a (The Mathworks Inc., Natick, MR, USA).   

6.3.7 Multivariate analysis  

PLSR was employed for the multivariate analysis by imported all the data sets into JMP soft-

ware (SAS Institute Inc., Cary, NC, USA). PLSR was used in this study due to its ability to 

analyze data with numerous noises, collinear and even incomplete variables in both sample 

spectrum and reference values (Wold et al., 2001). Carrots from the same variety of Laguna 

which had grown and harvested in 2 seasons (2017 & 2018) were combined into one dataset 

regardless of drying treatments, temperature and thickness in order to develop a robust and 
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independent model. Then, the spectral reflectance for each drying point was averaged from 

three replicates in order to improve the modelling performance with better accuracy. The 

methodological approach in this study is simplified as depicted in the flow chart in Figure 1. 

All variables were pre-processed using mean centering and autoscaling methods before fur-

ther modelling. Mean centering is the first stage in preprocessing of multivariate methods 

especially for spectral data in food (Sena et al. 2017). This technique eliminates the mean 

spectra and shifts the natural data origin to the multivariate mean. Mean centering also en-

sures that the results are excellent in terms of variation around the mean (Nicolai et al., 2007). 

Then, the average of each column is computed and then subtracted from each variable (Li et 

al., 2018). Thus, each mean-centered column has an average of zero. Meanwhile, autoscaling 

is another primary preprocessing method which includes mean centering and each value is 

divided by its respective column standard deviation after the subtraction of the column aver-

age.  Thus, the mean and unit variance in all columns is zero (Sena et al. 2017). Later on, a 

predictive PLSR model was computed and developed through the non-linear iterative partial 

least squares (NIPALS) algorithm with a testing number of factors equal to 15. The same 

spectral dataset with all the quality attributes (total carotenoids, moisture content, L, a*and b* 

) was applied to the protocols so that all quality parameters can be estimated in the future 

from the measured spectra. The frequency distribution of variables was displayed in the histo-

gram and the data was compressed over the intensities in the bin in order to define the ade-

quate experimental space. The bins were selected based on a fixed width or with an increasing 

width with an almost equal distribution of data set. The binning process deviates the linear 

order between the original quantitative values and permits any form of correlation between 

responses (X) and Y that needs to be modeled (Smolinska et al., 2012). A binning with 10 

data splits was optimized for each model and the regression models were computed by apply-

ing the two-way cross-validation method in order to resolve the dependency between the pre-

dicted error for new individuals and the optimization of the model parameter. The datasets 

were chosen randomly and divided into two categories at which 60% were used for training 

and 40% for the validation test. Additional independent data was reserved for testing the 

model performance. Fully cross validated PLSR with an optimum number of latent factors 

was applied to construct a robust models in order to obtain the best prediction results for each 

quality parameter i.e. total carotenoids, moisture content (% wb) and color attributes of L, a* 

and b*. After that, single cross validation was carried out on both validation and training sets. 

The optimal number of PLSR components and the minimum predicted residual error sum of 

square (PRESS) of the validation set were selected for the optimal number of latent variables 
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(LV) or factors for the PLSR model (Sawatsky et al., 2016). PRESS is calculated based on the 

sum of squares of deviation between predicted and reference values of quality parameters and 

was calculated using Equation (6-3) (Shrestha et al. 2019). This model contains the predicted 

formula which was performed on both training and validation datasets including the inde-

pendent test set. The calibration model was applied to predict the independent test datasets. 

The performance of the model and its accuracy were selected based on the minimum coeffi-

cient of determination (R2) and root mean square error (RMSE) for the training set (R2
T and 

RMSET) and cross validation set (R2
V and RMSEV). The R2 and RMSE were defined in Equa-

tions (6-4), (6-5) and (6-6), respectively (Chai et al., 2014).   

  

PRESS =∑(ycal-yact)2     (6-3)                                   

 

    (6-4) 

                                      

               (6-5) 

                                   

      (6-6)                                

   

Where n is the number of spectra (samples), yact is the actual value, ymean is mean value, ycal is 

the estimated value from calibration model, ypred is the predicted value of the quality attributes 

(total carotenoids, moisture content, L*, a* and b*) in carrots evaluated by the validation 

method. The statistical parameters such as R2 and RMSE which were obtained from the train-

ing, validation and testing datasets were used to assess the quality of the model and to evalu-

ate the influences of the predictors. The most accurate model was selected based on high R2 

and low RMSE values. The most important wavelengths from the spectral data corresponding 

to each quality parameters were selected manually based upon loading weights of the Variable 

Importance Projection (VIP) plot from the PLSR models which calculated as the weighted 

sum of squares of PLS weights.  Then, the most significant wavebands that are highly relevant 

to the quality attributes were identified based on highest score of the VIP plot (Meacham-

Hensold et al., 2020 ; Shrestha et al. 2019; Amjad et al., 2018; Pu and Sun, 2016). The VIP 

scores generated from the PLSR can be used to select the most significant variables or predic-

tors. The VIP score for jth X-variable can be calculated from Equation (6-7) 
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     (6-7) 

 

Where P is the total number of variables, A is the total number of components, SSa is the sum 

of squares explained by the ath component, SST is the total variance explained by all the com-

ponents, which is computed using loading weight vectors Waj for each component and 

(Waj/Wa)2 indicates the importance of the variable j for component a. The VIP score for the 

predictor variable which is greater than 0.8 is considered as an important variable in this study 

considering the average of squared VIP score (Shrestha et al. 2019; Jun et al., 2009).  

6.3.8 Method comparisons 

The Bland Altman (BA) analysis, Passing Bablock (PBR) and Deming regression (DR) were 

used as a method comparison in this study for assessing the agreement between the destruc-

tive laboratory method and non-destructive HSI technique for all quality parameters. The BA 

method is expressed as 95% agreement limits that is determined by mean difference ± 1.96 

standard deviations and these values describe the range within which most differences will 

exist between the two methods. Therefore, the smaller the range between these two limits the 

better is the agreement between two methods (Carkeet & Goh, 2018). The aim of BA analysis 

was to identify and assess significant trends in the graph which can be either a constant bias or 

a non-constant bias as well as variance heterogeneities (Bland & Altman, 1999; Carkeet & 

Goh, 2018).  A graphical plot with scattered data points around the regression line with an 

ideal values of slope equals to 1 and an intercept equals to zero (0) will be displayed after 

computation in PBR. However, the experimental results can divert from the ideal values in 

various ways (Shrestha et al., 2019). So the test method's bias can be measured by the differ-

ence between the regression line (fitting line) and the equality line (y = x). The linear regres-

sion analysis technique of PBR was also used to estimate the agreement of the analytical 

methods and to detect possible systematic bias between both measuring methods which is a 

statistical and non-parametric test procedure (Arendse et al., 2018). The basic principle of the 

DR (Orthagonal) technique is fitting a straight line to two-dimensional data where both varia-

bles, X and Y, are measured with error which are proportional to the overall average value of 

the test and comparative results for each sample (Sârbu et al., 2000). 
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Figure 6-1:  Similar methodology approach for each hyperspectral image and data processing 
adapted from Shrestha et al. (2019). 
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6.4 Results and Discussion  

6.4.1 Multivariate analysis of Partial Least Square Regression (PLSR) 

Figure 6-2 and Table 6-1 show statistical parameters with satisfactory prediction accuracy of 

R2 for both validation and training sets for all quality attributes.  The results obtained indicate 

substantial variations for each individual slices leading to an acceptable measurement accura-

cy. These divergences might be attributed to an irregular shapes and size of each slice such as 

severe shrinkage, curvature and folded surface at certain drying points resulting in varying 

degree of physical disfiguration of carrot slices causing light dispersion and finally resulting 

in spectral deviations.  

It was also reported that light scattering greatly depended on physical properties of the pro-

duce’s tissue (Udomkun et al., 2014). Moreover, high variability of physical characteristics in 

food materials will reduce prediction accuracy because it will directly impacted the optical 

properties, lightness distribution as well as the interaction behaviors with incident light 

(Zhang et al., 2018b). An acceptable statistical performance from the datasets were observed 

with satisfactory values of R2
T for training set at 0.74, 0.92, 0.78 and 0.77, R2

v for validation 

set at 0.64, 0.90, 0.68 and 0.69 for total carotenoid, moisture content,  L and a* respectively 

(Table 6-1). A strong correlation to predict moisture content between two methods was ob-

served in this study with a high coefficient of determination (R2) of more than 0.9 for both 

datasets (Table 6-1). Similar results were obtained by Elmasry et al. (2007). The authors re-

ported identical values of R2 at 0.90 when evaluating moisture content in strawberries during 

ripening. An acceptable prediction accuracy of total carotenoids was also observed in this 

study with a value of R2
T

 at 0.74 and R2
V at 0.64 (Table 6-1) which is comparable to previous 

result reported by Rungpichayapichet et al. (2015) on prediction of  β-carotene content in 

mangoes during ripening. The authors reported a R2 at 0.64 and 0.84 with standard errors of 

prediction between 20.81 and 14.61 for both calibration and validation datasets when the 

samples were subjected to long wave of NIR at 1000-2500 nm. Other nutrients such as vita-

min C in different varieties of apples also showed a similar trend with a value of R2 at 0.8 

when using NIR spectroscopy in the region between 400–2500 nm (Pissard et al. 2013). In 

this present study low R2 at 0.67 and 0.59 were observed for the color parameter b* for both 

training and validation datasets which indicate an errors might occur from both measuring 

methods due to curvature or glossiness of the sample’s surface (van Roy et al., 2017). It was 

also mentioned that the curve surface of fruits and vegetables will cause uneven light distribu-

tion leading to variability in spectral absorbance and finally affecting the prediction accuracy 
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of chemometrics models (Zhang et al., 2015). Non-uniform color distribution during drying 

also impacts visible differences in appearance and texture that could trigger the irregularity in 

spectrum pattern since color changes during drying was not homogeneous (Fernandez et al., 

2005). Similar results were also obtained by von Roy et al. (2017) and Larrain et al. (2008) on 

the color parameter b* for tomato and beef by using hyperspectral imaging and digital imag-

ing with low R2 at 0.42 and 0.56 respectively. Furthermore, irregular sample surface, size and 

geometry also influence the reflectance variability especially if the window or sensor of the 

instrument is not completely covered the product surface leading to inaccurate color meas-

urements (van Roy et al., 2017). Minimal values of RMSET and RMSEV for both datasets 

were also observed for moisture content, L, a* and b* at 8.15, 1.56, 1.06 and 1.40 for training 

set and 8.16, 1.75, 1.18 and 1.45 for validation set respectively. It was noted that a large range 

of RMSET and RMSEV at 28.68 and 32.62 were observed for total carotenoids in both data 

sets as compared with other quality attributes (Table 6-1). The results suggest high variation 

of total carotenoids due to different level of thermal degradation during drying and also vast 

measurement errors leading to a wide range of total carotenoids concentration across the 

whole data sets. Similar trend was also reported by Ihsan et al. (2019) on high RMSE at 39.21 

for carotenoids content in apple leaves using hyperspectral imaging with a range of wave-

length from 400 to 1000 nm. Moreover, high variation in spectral reflectance related to total 

carotenoids can be caused by scattering effects of the tissue and consequently impacting the 

spectral intensities (Zude et al., 2007). Furthermore, the large variations of total carotenoids in 

this study might be due to the heterogeneity of total carotenoids for each slice because of dif-

ferent harvesting seasons and years since the nutritional compounds of carrot were reported to 

vary with season (Horvitz et al., 2004) and environmental conditions (Rosenfeld et al., 1998).  

In addition, different drying strategies from two different drying experiments in this study 

also causing varying degree of total carotenoids degradation since it was mentioned that dif-

ferent drying techniques will strongly influenced the decomposition of carotenoids (Cui et al., 

2004). 
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Figure 6-2:  Scatter plot of total carotenoids (a), Moisture content (b), L (c), a* (d) and b*(e) 
using training (red) and validation (blue) set of carrot samples as predicted by PLSR model 
and as measured in the laboratory. 
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Table 6-1 and Figure 6-3 present optimum latent variables of 14, 15, 14, 13 and 15 with the 

least Root Mean PRESS at 0.53, 0.32, 0.63, 0.57 and 0.77 for total carotenoids, moisture con-

tent, L, a* and b* respectively. The number of latent factors with the least PRESS values was 

selected in this study according to Shrestha et al., 2019 and Khodabakhshian et al., 2017. 

These factors were chosen in order to prevent over fitting of the data due to choosing too 

many latent variables or inadequate fraction of training and testing data sets and also under 

fitting caused by selecting a low number of variables (Shrestha et al., 2019). Thereby, these 

optimal factors were sufficient for capturing and modelling the data variability. The respective 

latent factors in PLSR were employed for simultaneous identification of the analytes using the 

validation method across all the spectral data. It is also possible to analyze the interrelation 

between quality attributes in order to relate the interaction between quality parameters that 

could influence the spectral pattern as reported by Schmilovitch et al. (2014). The authors 

observed a satisfactory level of R2 at 0.70 for the interaction between total soluble solids and 

total carotenoids which indicates the possibility to apply HSI with the consideration to over-

see the correlation between relevant qualities attributes. In this study, excellent prediction 

accuracy of R2 at 0.85 and low Root mean PRESS at 0.47 were obtained when two responses 

of total carotenoids and moisture content were analyzed together showing a significant corre-

lation between these two variables during drying process. The results were confirmed by our 

previous work on the influence of moisture content on total carotenoids retention during dry-

ing (Md Saleh et al., 2019). There is also a possible interaction between color parameter a* 

with both moisture content and total carotenoids in carrots during drying which shows a good 

correlation of R2 at 0.76 with low Root mean PRESS value at 0.52 (Table 6-2). However, a 

moderate correlation of R2 between a* and total carotenoids was observed at 0.69 with a 

slightly higher value of Root mean PRESS at 0.58. The above computed outputs from PLSR 

modeling provide encouraging results with useful information on the possibility to apply non-

invasive quality measurements to facilitate the on-line monitoring of the drying process. 

However, continuous method improvements must be carried out before it can be implemented 

into practical applications since considerable variability of resulting spectra for each individu-

al slice were observed in this study, indicating a challenging task for upgrading and refining 

both procedures along the processing chain.  

All aspects of quality management need to be optimized and standardized starting from the 

raw materials preparation to the end products with a constant development of a new simpli-

fied algorithm for efficient and reliable data extraction, processing, and computation since all 

variations greatly depend on instrumental noise, complex chemical composition of products, 
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environmental factors and other sources of variations that can complicate the resulting spec-

trum (Li et al., 2018 ; Liu et al. 2015).  

Table 6-1:  Statistical parameters of PLSR modelling and selected wavelengths for quality 
attributes in carrots 

Quality 

parameters 

Statistical parameters and selected wavelengths 

Calibration Validation 

 

Root 

Mean 

PRESS 

Selected wavelengths based on VIP 

scores 

R2 
T RMSET R2

v RMSEv 

L 0.78 1.56 0.68 1.75 0.62 514.25, 515.77, 517.29, 518.82, 520.34, 

521.87. 523.39, 524.92, 526.45, 527.97, 

529.5, 531.03, 532.56, 534.08, 535.61 

a* 0.77 1.06 0.69 1.18 0.61 526.45, 527.97, 529.5, 531.03, 532.56, 

534.08, 535.61, 537.14, 538.67, 540.2 

b* 0.67 1.40 0.60 1.45 0.78 500.55, 502.07, 503.59, 505.11, 506.63, 

508.16 

Moisture 

content (% 

wb) 

0.92 8.15 0.90 8.16 0.40 959.11, 960.74, 962.37, 964, 965.63, 

967.27, 968.9, 970.54, 972.17, 973.81, 

975.44, 977.08, 978.71, 980.35, 981.99, 

983.62, 985.26 

Total carot-

enoids 

(µg/g) 

0.74 28.68 0.64 32.62 0.5309 526.45, 527.97, 529.5, 531.03, 532.56, 

534.08, 535.61, 537.14, 538.67, 540.2, 

541.73 

 

Table 6-2:  Statistical parameters of PLSR modelling for interaction between qualities attrib-
utes 

Quality parameters 

Statistical parameters 

R2 Root Mean 

PRESS 

Interaction between moisture content (% wb)  and total carotenoids 0.85 0.47 

Interaction between a*  and total carotenoids 0.69 0.58 

Interaction between a*, moisture content and total carotenoids 0.76 0.52 
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Figure 6-3:  Predicted residual errors sum of squares (PRESS) plot for (a) total carotenoids, 
(b) moisture content (% wb), (c) L,  (d) a* and (e) b* as a function of number of factors in 
dried carrot 
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6.4.2 Analysis of spectral reflectance and wavelength selection based on VIP plot  

 

Figure 6-4:  Average spectral reflectance of carrots at different drying time. 

 

The average spectral reflectance of carrots over the range of wavelength from 400 to 1010 nm 

at different time points of the drying process is shown in Figure 6-4. Similar trends of spectra 

were observed for all measurement points indicating consistent changes of reflectance 

throughout the drying process. Lower reflectance intensities were observed in fresh samples 

in the regions between 500 to 540 nm and also 900 to 980 nm.  However, the reflectance val-

ues increased with an increase in drying time due to degradation of total carotenoids and re-

duction of moisture content. This is due to the fact that both regions correspond to total carot-

enoids and moisture content absorption peaks (Chaudhry et al., 2018; Liu et al., 2016). 

Changes in spectral reflectance in both regions during drying are related to decomposition of 

color and changes in chemical compositions due to thermal damage of total carotenoids and 

moisture losses during drying. Furthermore, changes in spectral reflectance are caused by 

changes in absorption and scattering properties of fruits and vegetables during drying. These 

changes are influenced by physico-chemical transformations of chemical components, hard-

ness, microstructure and texture of the products which are induced by process conditions dur-

ing convective drying (Mozaffari et al., 2016). According to Mozaffari et al., (2016), changes 

in spectral profile of laser backscattering imaging during drying of apples was closely related 

to enzymatic oxidation, non-enzymatic browning as well as degradation of color and carote-

noids. In the case of carrots, any noticeable changes in color can be correlated with degrada-

tion of total carotenoids and non-enzymatic browning (Koca et al., 2007). Therefore, changes 
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in spectral pattern can be a potential indicator to predict both color and total carotenoids trans-

formation and the application of non-invasive quality evaluation using HSI is helpful for 

evaluating dynamic changes during drying without interrupting the process. 
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Figure 6-5:  Variable Importance Projection (VIP) plots for total carotenoids, moisture con-
tent (% wb), L, a* and b* of carrots at wavelengths between 500.55 and 1006.58 nm. 
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The VIP plots of total carotenoids, moisture content (%wb), L, a* and b* of carrots at 323 

wavelengths from 500.55 to 1005 nm are displayed as in Figure 6-5 . In this study, any wave-

lengths with a VIP score of more than 0.8 is considered as an important and significant wave-

length for quality prediction (Shrestha et al., 2020). VIP plots also indicate which X variables 

(wavelengths) had the most influence on a model. The most influential wavelengths which 

correspond to the quality attributes of carrots were selected based on the highest loading of 

VIP scores in this study. It was found that highest peak of spectral reflectance was dominant 

at certain wavelengths displaying different spectral signatures for specific quality attributes. 

Figure 6-4 (a) and Table 6-1 show noticeable peaks at the wavelengths between 520 to 545 

nm and the highest peak in that region was observed at 534.1 nm which can be attributed to 

total carotenoids content (Haas et al., 2019). A spike of peaks in the wavelength region be-

tween 500.55 to 540.2 nm is illustrated in Figures 6-5(c), 6-5(d) and 6-5(e) which might be 

related to color of carrots as denoted by the color parameters of L,  a* and b*. The highest 

peak for L, a* and b* were observed at 531.03, 534.08 nm and 500.55 respectively which 

might be related to chlorophyll ‘a’ in carrots (Zude et al., 2008). It was reported that, the 

wavelength peaks from the region of 430 to 670 nm correspond to Chlorophyll a, and from 

460 to 640 nm to Chlorophyll b. The range of carotenoid peaks were observed from the region 

of 470 to 530 nm (Chaudhry et al., 2018). So, the selected wavelengths obtained in this study 

for total carotenoids and color were really close and within the particular regions as reported 

in the previous literatures. 

An apparent peaks in the region between 959.11 to 985.26 were observed in VIP plot for 

moisture content with the highest peak spikes at 970.54 nm (Figure 6-5(b) and Table 6-1). 

The corresponding wavelength was related to moisture content due to strong absorption of 

infrared radiation by water and the engagement of hydrogen bonds with one or two OH 

groups within a NIR spectrum between 730 to 2300 nm which in turn will influence the NIR 

absorption (Yu et al., 2019; Amodio et al., 2017). This noticeable peak was also associated 

with the stretching of the H-O-H bonds within water molecules and the prominent absorption 

peak for water was reported to be around 970 nm (Sturm et al., 2020; Kandpal et. al., 2013). 

 

 

 



Chapter 6 

148 
  

6.4.3 Predictive ability of PLSR model and method comparison based on Passing 

Bablok and Deming regressions 

The statistical comparison between two methods in analytical chemistry is the most crucial 

step in method validation and the task is usually completed by employing a regression tech-

nique for method comparisons (Mocák et al., 2002). In our study, the results obtained from a 

laboratory methods are considered as a reference method or Gold standard and they are plot-

ted horizontally on the X axis and the predicted results acquired from HSI are plotted on the Y 

axis (Figure 6-6). The dataset is strictly paired.  The equality line is displayed as a dotted grey 

line with a slope of 1 and an intercept of 0. Statistically, the two  methods would have a 100 

% agreement if all observed points were set on this line with a R² equal to 1 which is unlikely 

to happen in a real situation since no measurement methods are perfect (Ludbrook, 2010). The 

DR (red line) and the PBR (blue line) were evaluated simultaneously. A random scattering 

patterns around the equality line were observed between measured and predicted values of 

total carotenoids, moisture content (% wb), L, a* and b* which indicates that there is a dis-

crepancy between the methods. However, the values of concordance correlation coefficient (r) 

from DR are 0.69. 0.89, 0.91, 0.78 and 0.83 for total carotenoids, moisture content (% wb), L, 

a* and b* respectively which indicate satisfactory correlations between the two compared 

methods for moisture content and color but a moderate predictive performance for total carot-

enoids. This is in accordance with findings of other researchers since it is a great challenge to 

accurately predict an internal quality of fruits and vegetables using hyperspectral imaging (Lu 

et al., 2017). However, a good agreement between these two methods was observed at medi-

um concentration of total carotenoids around 180µg/g to 260 µg/g with almost an equal scat-

tered distribution from both sides of the equality line (Figure 6-5a). This is because, at that 

concentration, most of the carrot slices still contained substantial amounts of moisture (MC 

>30%) and they were still in a good shapes with low levels of shrinkage and minor physical 

deformation resulting in better light absorption into the materials. It was also testified that the 

reduction of moisture content in apples during hot air drying caused changes in absorption 

and scattering properties of the product due to structural modification of the tissue such as 

changes in size, density and food matrix (Mozaffari et al., 2016; Udomkun et al., 2014). The 

results signify that, minimal physical deformation in carrots results in lower light scattering 

incidence which leads to good prediction of total carotenoids by using HSI. The same pattern 

of observation based on DR was also reported by Chen et al. (2013) on insulin detection by 

two different methods. The authors indicated a good agreement between two methods was 

observed at lower concentration of insulin which implied that the measurements from both 
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methods from the previous study can be in a good agreements to some extend or as in our 

case of carrots drying, there is a limitation at which the new method of HSI can be reliable at 

a certain range of total carotenoids concentrations and moisture levels since a good agree-

ments for both methods was observed at higher moisture contents (>30%). Additionally, the 

simultaneous response and interference from other compounds which occur in parallel with 

dynamic changes from a combination of multi chemical components in food during drying 

will influence the reflectance performance resulting in spectral variation and overlapping in 

the spectral regions, thus leading to complicated spectra (Li et al., 2020). Moreover, heteroge-

neity of physical and biological properties of agricultural products greatly influences their 

optical propagation properties and interaction behaviors with incident light, thus reducing the 

accuracy of quality measurements (Zhang et al., 2018a). The same observations of low coeffi-

cient of determination at less than 0.20 was also reported on sucrose prediction by HSI in 

wheat kernels (Delwiche et al., 2013).  

The computed results from both regression methods in this study show the slopes and inter-

cepts of PBR and DR regressions as in Table 6-3 are not confidently different from 1 and 0 

for all quality parameters with orthogonal fit ratios of 1.52, 0.99, 0.81, 0.54 and 0.52 for total 

carotenoids, moisture content (% wb), L, a* and b* respectively. The observed orthogonal fit 

ratios which differs from an ideal value of 1 imply that both measuring techniques possess 

different measurement uncertainties due analytical errors, seasonal variations or environmen-

tal conditions that could possibly contribute to quality variations for each roots and finally 

influence the measured values (Shrestha et al., 2020; Ludbrook, 2010). A proportional and 

systematic difference (or BIAS) between the laboratory analysis and the HSI method were not 

observed in this study since both intercepts and slopes are confidently different from 0 and 1. 

The above results from both regression techniques indicate an acceptable agreement between 

the pairs of measurement methods which suggest that in each case both techniques can be 

potentially applied interchangeably for rapid prediction of total carotenoids, moisture content 

(% wb) and color paremeters of L, a* and b* in carrots during drying.  
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Figure 6-6:  Quality parameters of carrot predicted by PLS vs. measured values of laboratory 
methods. The dashed grey line: a line of equality, solid red line: result of the Deming regres-
sion, solid blue line: a line of Passing-Bablok regression. 

 

 

 

(a) (b) 

 (c)  (d) 
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Table 6-3:  Regression parameters from Passing Bablok (PBR) and Deming regressions (DR) 
for method comparisons for total carotenoids, moisture content (%wb), L, a*and b* measured 
by hyperspectral imaging (X) and standard laboratory measurement (Y). 

Variable Variance 

fit ratio 

r Slope Intercept 

   DR PBR DR PBR 

Total carotenoids 

 

Moisture content 

(%wb) 

1.52 

 

0.99 

0.69 

 

0.89 

1.23 

 

0.99 

1.22 

 

1.04 

-42.33 

 

1.24 

-35.06 

 

 -0.57 

L* 0.81 0.91 0.90 0.85 5.95 9.35 

a* 0.54 0.78 0.73 0.73 6.63 6.63 

b* 0.52 0.83 0.72 0.74 11.89 11.35 
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6.4.4 Bland-Altman plot analysis for verifying the limit of agreement between 

two methods. 

 

 

 

Figure 6-7:  Bland-Altman plots for quality parameters in carrot which show the differences 
between predicted and measured values vs the mean value of both measurements. 

Note: Dashed grey lines indicating the limit of agreement ( ±1.96 S.D of difference), the solid black 
line is the line of equality, the solid red line shows the mean difference (bias) and the dashed red lines 
show the 95% CI around the mean difference. 
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The Bland-Altman plot as in Figure 6-7 was analysed based on the differences and agreement 

between the predicted values (by PLSR) and measured values (laboratory method) for total 

carotenoids, moisture content (% wb), L, a* and b*against the mean of both methods. The 

outcomes from the plot show an acceptable agreement between the compared methods with a 

relatively small mean of difference of 6.67 and a standard error of 2.94 with a satisfactory 

correlation of ‘r’ equal to 0.69 for total carotenoids (Figure 6-7a and Table 6-4). A few outli-

ers were detected in the plot which indicate samples heterogeneities due to biological, season-

al and environmental variations that could influence the initial concentration of total carote-

noids since it was observed that the amount of total carotenoids in this experiment varied for 

each individual root. The measurement errors and physical distortion of each individual slices 

could also contribute to spectral variation and finally leading to extreme measurement values 

and predictions. The BA plot for total carotenoids displays equally distributed points between 

the limits of agreements at 95% CI which is expanding from 95.68 µg/g to 85.79 µg/g which 

demonstrate a satisfactory agreement within an acceptable level between non-destructive 

technique and laboratory analysis (Sedgwick, 2013). In other words, we can say that 95% of 

the plotted data points would have a measurement difference within the limits of agreement in 

the range between 95.68 to 85.79 intervals. The wide interval in this study implies that large 

differences in measurements due to a wide range of total carotenoids retention were observed 

throughout the drying period. The mean differences for moisture content, color parameters of 

L, a* and b* are 1.12, -0.21, 0.36 and 0.71 respectively indicate that both applied methods are 

evidently comparable and acceptable as the mean difference is approaching towards zero, and 

the standard deviation of the variations between measurements does not exhibit any systemat-

ic variance with the mean of the measurement pairs. Low values of standard deviations at 

1.96. 1.41 and 1.85 were observed for the color parameters of L, a* and b*  which demon-

strate an appropriate agreements between both measurement methods. However, higher 

standard deviation for total carotenoids at 45.41 ug/g was obtained in this study due to a broad 

range of total carotenoids concentration across the datasets implying varying degrees of total 

carotenoids decomposition when subjected to heat treatment. Previous research which was 

reported by Rungpichayapichet et al. (2015) also showed similar patterns with higher standard 

deviation at 36.71 of predicted β-carotene by PLSR model in mango during ripening by em-

ploying non-invasive technique of near infrared spectroscopy at 700-1100 nm. Nevertheless, 

an acceptable agreement was achieved for total carotenoids in this study with just 10 outliers 

from 239 data sets between non-invasive technique and Gold Standard method, implying that 

only 4.14 % of the total carotenoid values surpassed 95% of the acceptability limits. The re-
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sult obtained complies with the statistical agreement since it is recommended that 95% of the 

data points should lie within the limits of agreement at ± 1.96 SD of the mean difference  

(Earthman, 2015; Sedgwick, 2013). The findings demonstrate the possibility of using non-

destructive technique for total carotenoids measurement during drying. For moisture content, 

a good level of agreement was also observed at minimal value of standard deviation at 7.96 

with only 7 outlier points, indicating only 2.93% of the differences in measured values fell 

outside the 95% acceptability limits. Both findings are within an agreeable statistical limit as 

described by Blant & Altman (1999). The results also show minor values of standard error at 

1.92, 0.25, 0.36 and 0.30 for moisture content, L, a* and b* (Table 6-4). Therefore, the new 

HSI technique can be performed interchangeably for non-destructive quality inspection in 

carrots with an acceptable accuracy as compared with a conventional laboratory method. In 

view of this, we can suggest that there is a great potential for adopting the application of HSI 

for non-invasive assessment of moisture content and color in carrots, despite the fact that both 

methods could possibly possess their own errors in various ways and the errors could be 

linked to sampling, sample preparation, and instrumental noise. The errors within laboratory 

methods can possibly occur at various stages of sample preparation prior to physical and 

chemical analysis. All these errors will contribute to a significant variation in the measure-

ments (Amodio et al. 2017).  

Table 6-4:  Statistical parameters of Blant Altman analysis for quality attributes in carrots. 

Variable Upper 

limit 

Lower 

limit 

Mean 

difference 

Standard 

deviation 

Standard 

error 

r 

Total carotenoids 95.68 -82.34 6.67 45.41 2.94 0.69 

 

Moisture content 

(% wb) 

25.18 22.93 1.12 7.96 1.92 0.89 

L 2.88 -3.30 -0.21 1.96 0.25 0.91 

a* 4.15 -3.43 0.36 1.41 0.36 0.78 

b* 4.53 -3.11 0.71 1.85 0.30 0.83 

 

 

https://www.powerthesaurus.org/possess/synonyms
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6.4.5 Visualization of moisture content at different drying period 

 

 

 

             87% mc – 0 min        73% mc – 90 min     57% mc – 150 min 

 

 

 

 

40% mc – 210 min    25% mc – 270 min   10% mc – 480 min 

 

Figure 6-8:  Moisture content distribution in carrot at different drying period at 60 °C. 

 

Figure 6-8 shows a mapping of moisture content in carrots at different stages of the drying 

process at 60 °C. The images for samples drying at 60 °C were selected due to the best quality 

retention which is based on our previous study (Md Saleh et al., 2019). The displayed images 

from Figure 6-8 demonstrate higher moisture distribution were observed at the centre of the 

carrot slice at the early stage of drying between 90 and 150 min and lower moisture content at 

the edge of the slices at all stages of drying indicating higher moisture removal rate at the 

edge of the surface area. The images also show a significant size reduction as the drying pro-

ceed due to water removal during drying and finally leading to physical deformation such as 

volume shrinkage (Pu & Sun, 2015a). Therefore, a bias during measurements occurred due to 

physical disfiguration of the carrot slice leading to inaccurate mapping predictions. This error 

was unavoidable and for that reason, higher moisture regions were observed at some spots on 

the edge of the slice towards the final stage of the drying process. Additionally, Zhang et al. 

(2018a) reported that, the curved surface, shape, size and color of fruits and vegetables influ-

enced the reflectance components. Furthermore, the authors also mentioned that the curved 

surface will cause non-uniform reflectance leading to uneven light distribution; especially the 

zone near to the border resulting in misinterpretation or it can be incorrectly identified as de-

fects. Consequently, the irregular surfaces would promote spectral variability and enhance the 
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complexity of the calibration model and finally reduce the prediction accuracy and practica-

bility of the model.  In general, despite of inevitable challenges of variability in physical dis-

tortion of each individual slice of carrots, visualization of moisture distribution using HSI 

during drying is useful for evaluating the performance of drying process when subjected to 

different drying conditions. This advanced technique enables a good prediction of the mois-

ture evolution throughout the whole process, which can be a reliable indicator for determining 

the optimum drying time on when to stop the drying process and it can be helpful for dynamic 

optimization of the drying process with regards to product quality and safety. 

6.5 Conclusions  

Hyperspectral imaging combined with chemometrics demonstrates to be a promising techno-

logical tool for non-destructive quality measurements during drying of carrots. An excellent 

prediction of moisture content with R2 of around 0.9 was observed in this study indicating 

potential usage of this technique for on-line and real-time quality assessment. This technique 

also provides satisfactory prediction of total carotenoids and the color parameters of L and a* 

for both validation and training sets with coefficient correlation of R2
V and R2

T of more than 

0.7. However, the color parameter for b* value had shown moderate correlation of R2 at less 

than 0.7 for both training and validation sets. Satisfactory results for intercepts and slopes in 

Passing Bablok and Deming regressions were obtained with both values approaching 0 and 1 

indicating a good statistical agreement between the compared method pairs. The results were 

confirmed by the Blant Altman analysis with more than 95% of the measured values of the 

mean differences from compared methods within the 95% CI of the statistical limits for all 

quality attributes. The findings demonstrate a possibility to apply non-destructive quality 

measurement using hyperspectral imaging of carrots during drying.  

This new and innovative method has a great potential to substitute a standard laboratory 

method in the future. However, it is still a challenging task to accurately quantify total carote-

noids in carrots by means of hyperspectral imaging due to the inherent chemical and physical 

complexities of carrots as well as constant physical changes throughout the drying process 

that could influence the spectral reflectance and consequently lead to inconsistent predictive 

values of actual retention of total carotenoids in carrots. Therefore, all the necessary correc-

tion actions for adjustments and performance enhancement of the current protocols need to be 

investigated further in order to identify the source of variation that could contribute to the 

analytical errors during measurement. The application of hyperspectral imaging for non-

contact and quantification of total carotenoids could provide us with meaningful information 
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on nutrient degradation at any drying point and rough estimation of nutrient retention based 

on the changes in spectral reflectance throughout the drying process. Based on this infor-

mation, adequate drying strategies based on product quality aspects, e.g. the inflection point 

of nutrients degradation, can be performed for effective process control.  In depth knowledge 

of optical properties of fruits and vegetables and their interaction with light as well as the 

propagation mechanisms of light in the food tissue must be well understood because it can 

provide relevant information and significant inputs in designing an effective optical system 

for online and non-invasive quality measurement to control the drying process.  

Comprehensive studies on the influence of food microstructure on dynamic changes of quality 

attributes throughout the drying process must be carried out since all these factors contribute 

to the spectral pattern and prediction accuracy of the resulting outputs from the hyperspectral 

imaging systems. Multi-disciplinary research areas must be scientifically integrated to over-

come existing challenges in the understanding of physical, chemical and biological variability 

of fruits and vegetables that could cause significant spectral fluctuations and consequently 

affecting the prediction accuracy especially when dealing with samples at different exposure 

times throughout the processing period such as drying operations.  More robust, simple and 

reliable algorithms with a universal and practicable calibration models need to be developed 

which are independent of origins, cultivars, cultivation practices, seasons and maturity to im-

prove the predictability of future samples. This study provides preliminary information to-

wards designing and integrating a non-invasive measurements technique into the drying sys-

tems for the development of smart dryers so that non-invasive continuous and on-line moni-

toring of quality attributes can be realized and implemented in the future.    
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7.1 Abstract  

The present work aims to improve the understanding of the effect of different drying strate-

gies at varying temperatures on the dynamic drying behavior and quality of organic products 

such as carrots using non-invasive measurement techniques. For this purpose, carrot slices of 

3 mm thickness were dried under three different strategies namely air temperature controlled 

(A), product temperature controlled (P) and stepwise temperature controlled (S) at different 

temperatures (50 °C, 60 °C and 70 °C) to measure and analyse the changes in moisture con-

tent, color, total carotenoid retention, water activity, rehydration ratio and specific energy 

consumption. From the investigation performed, it was incurred that application of different 

drying strategies influences rather significantly both the product quality as well as the overall 

process efficiency. Modelling the drying curves deemed Page model to be a good fit for all 

the strategies with R2
adj = 0.99 and RMSE = 0.01. The results also show that implementing 

strategy P not only led to shorter drying times but also led to higher total carotenoid retention 

with the samples (TCR = 0.59 – 0.73). Color changes, however, were observed to be maxi-

mum with strategy P as compared to strategy A and strategy S. Furthermore, use of non-

invasive measurement technique such as infrared camera proved to be reliable in order to de-

tect phase transition of the product during the drying process.  

Keywords: drying strategy, dynamic drying behavior, carotenoid retention, non-invasive 

measurement, method comparison 
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7.2 Introduction  

Carrots (Daucus carota L.) are a widely grown root vegetable and ranked sixth most produced 

vegetable globally in 2018 (FAOSTAT, 2020). They are considered to be one of the healthiest 

vegetables as they are rich in bioactive compounds like carotenoids and dietary fibres and are 

also a good source of carbohydrates and minerals such as Ca, Fe, Na, K, Mg, Cu, Zn and vit-

amin C (Frias et al., 2010; Velescu et al., 2013). However, due to the presence of a high-water 

content, carrots are susceptible to spoilage which leads to high post-harvest losses and quality 

degradation.  

Food preservation techniques like drying allow for products to be stored for a longer period of 

time as microbial growth is inhibited in an insufficiently moist environment. Furthermore, 

enzymes responsible for undesirable changes in chemical compositions e.g. through 

enzymatic browning also are reduced in their activity (Earle, 1983). In addition to 

preservation of food quality, the reduction in weight and volume due to drying also reduces 

the associated packaging, storage and transportation costs (Frias et al., 2010). Of the many 

methods used for drying, convective air drying is the most economical and commonly 

implemented method within the food industry (Mujumar, 2016). An overview of some of the 

studies conducted through the years using only convective drying technique for carrots is pre-

sented in Table 7-1. 

Table 7-1:  Overview of relevant studies conducted only using convective drying technique 

Parameters Results References 

Mathematical modelling, 

effective diffusivities, 

shrinkage 

Shrinkage is an important aspect and cannot 

be neglected. Furthermore, in order to de-

termine the best model, both heat and mass 

transfer is between the air and the solid 

needs to be considered  

Mulet et al. (1989) 

Drying behavior, mathemat-

ical modelling, effective 

diffusivity 

Effective diffusivity increases with in-

creased air temperature and velocity. Page 

model shows a good fit as compared to the 

other models. 

Doymaz (2004) 

Drying kinetics, rehydration 

ratio, color and water ab-

sorption 

Carrot variety plays a significant role in the 

drying characteristics and quality parame-

ters 

Markowski et al. (2006) 
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Color, total carotenoids 

retention, nonenzymatic 

browning 

Blanching prior to drying retains higher β 

– carotenoid content 
Koca, Burdurlu and 

Karadeniz (2007) 

Shrinkage, total carotenoids 

retention, total polyphenols, 

and antioxidant activity 

Temperature affected the degradation 

kinetics of total carotenoids and total pol-

yphenols. Optimum drying temperature 

should be set based on the quality reten-

tion in focus. 

Eim et al. (2013) 

Degradation kinetics of  

β-carotene 

Temperature during drying influences the 

reaction rate. For better β-carotene reten-

tion, drying temperatures of 44 °C – 55 °C 

suggested. 

Demiray and Tulek 

(2017) 

Drying kinetics, rehydration 

ratio, color 

Air temperature and pre-treatment have 

significant effect on drying time and 

quality parameters such as color. 

Doymaz (2017) 

Drying kinetics, total carot-

enoids retention, color, re-

hydration ratio,  

Drying characteristics and quality parame-

ters are dependent on process parameters. 

Based on statistical optimisation, 59.8 °C 

suggested the optimum drying tempera-

ture. 

Md Saleh et al. (2019) 

Intermittent drying, color, 

carotenoids, energy con-

sumption  

Intermittent drying with tempering results 

in increase in product quality as well as 

process efficiency  

Md Saleh et al. (2020) 

 

As seen in Table 7-1, during the drying process, the product undergoes several physical and 

chemical changes. In case of carrots, it has been observed that the loss of water has caused 

tensions in the cellular structure that resulted in a decrease in cell size, roundness and 

compactness (Kerdpiboon, Devahastin & Kerr 2007). In terms of phytochemical changes, Lin, 

D. Durance & Scaman (1998) observed a decrease in the total carotenoid retention during 

convective drying for products such as carrot slices. This is because the process of convective 

drying occurs in two stages (second and third phase of drying) where in the early stages free 

water moves towards the surface and vaporises. As the process of drying progresses, the 

liquid within the solid materials becomes more viscous as the concentration of soluable 

increases which in turn takes more time for the internal moisture to move towards the surface 

(Karam et al., 2016) . Furthemore, in the third phase the physical binding between the 
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soluables is higher, thus elongating the time and energy required for the material to reach the 

desired moisture content.   

The convective drying process is an old process that up until now in industry primarily relies 

on process and control settings that were established decades ago through trial and error 

(Mujumdar, 2015). These settings fail to consider or even provide knowledge regarding the 

relationships between process settings and changes in product characteristics during the pro-

cess as well as the associated required energy demand (Tsotsas & Mujumdar 2007; 

Mujumdar, 2015). In most cases, isothermal air conditions are assumed and factors such as 

product temperature not measured. While the assumption of isothermal air conditions might 

potentially work for fruits and vegetables, several medicinal plants such as ginseng roots with 

high initial water content undergo over heating or over drying (Martynenko & Kudra 2015) 

due to the lack of consideration of non-isothermal behavior of the product, which in turn re-

duces the quality of the product. This behavior could easily be measured through considera-

tion of product temperature. 

For holistic optimization of the drying process, it is important to consider all aspects which 

includes reduction of quality losses and increase of resource and process efficiency. A study 

performed by Sturm, Nunez Vega & Hofacker (2014) indicates that different drying strategies 

have a significant effect on the product quality and drying time in apple drying. The authors 

observed that by controlling the product temperature, the process required a shorter drying 

time with lower color change in the product. Within Nuñez Vega, Sturm & Hofacker (2016), 

the authors introduce a lumped parameter model that simulates constant surface temperature 

by distinguishing between mass transfer in liquid and gaseous state. The mathematical model 

created in this study focuses both on the transport phenomena and the resulting changes in the 

product (apples). Based on this numerical model, the authors further developed an automatic 

control feature to simulate drying process with unsteady process parameters but constant 

product surface temperature. The study conducted by Nuñez Vega, Sturm & Hofacker (2016) 

is an improvement to the models considered for drying process and evaluates the process-

product interaction during the drying process.  

A potential strategy that allows for maintaining product quality as well as being energy effi-

ciency is intermittent drying. Intermittent drying allows altering of drying conditions such as 

air temperature, humidity and pressure over time, thus helping minimize the damage to the 

product and retain maximum product quality (Kumar, Karim & Joardder 2014). Investigations 

performed by Pan, Zhao & Hu (1998) showed that intermittent drying preserved 87.2 % of 
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beta carotene in squash as compared to continuous drying which preserved only 61.5 %. Qual-

ity parameter such a color change during intermittent drying have also been investigated for 

food products such as banana (Chua et al., 2001b), guava (Chua et al., 2002) and ginseng root 

(Davidson, Li & Brown 2004)). Studies performed by Chua et al. (2001b) and Chua et al. 

(2002) implement stepwise strategy (one of the strategies of intermittent drying) for the dry-

ing process. They present a 40 % reduction in color degradation for step-up mode and 23 % 

reduction for step-down mode. For ginseng, a three stage process which includes both step up 

and step down mode was performed by Davidson, Li & Brown (2004), the results indicated 

no significant difference in the L* values when comparing the three-stage process to a lower 

temperature but significant color changes were observed when comparing the stepwise pro-

cess to a higher temperature drying process. In addition to improving product quality, inter-

mittent drying and its associated strategies have also shown to improve the energy efficiency. 

Drying is one of the most energy intensive process with about 15 – 25 % overall global indus-

trial energy demand and efficiencies to the average of 35 – 45 % (Mujumdar, 2007). Intermit-

tent drying has shown to give energy savings of close to 40 % in case of 60 min of tempering 

period (Chin & Law 2010). According to Kumar, Karim & Joardder (2014), increasing the 

level of intermittency would allow for increase in energy savings but in turn extend the drying 

time which could negatively affect the quality of the product. Hence the authors call for an 

optimum intermittency level that allows to balance both the quality and energy aspects within 

the drying process. To this end, Md Saleh et al. (2019), conducted drying experiments to iden-

tify the critical point on the nutritional degradation curve to improve the product quality and 

extending to process efficiency. The authors identified that for carrots, an inflection point at 

30 % moisture content was critical for total carotenoid retention as above this point the beta 

carotene loss decreased at a low rate and significantly increased below the inflection point. An 

extension to this investigation, Md Saleh et al. (2020) also investigated the effect of intermit-

tent drying with information on inflection point for carrot and based on the results, the authors 

conclude that a combination of both these criteria is key for maximum quality retention and 

process efficiency.  

In recent years, the term “smart drying” has gained importance. Smart drying encompasses 

real-time monitoring of food products and (quasi) real-time adjustment of the process parame-

ters using non-invasive measurement and control techniques. Non–invasive techniques such 

as computer-aided vision (CAV), thermography (TI), Laser backscattering (LB), single-point 

spectroscopy and hyperspectral imaging (HSI) have shown the ability to analyse the physical 

and chemical properties, color, shrinkage, texture, shape, water content, porosity, defects and 
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firmness of the product (Nicolaï et al. 2014). Studies conducted by Martynenko (2006) and 

Martynenko & Chen (2013) used CCD cameras to measure shrinkage, color and bulk density 

for wild blueberries and ginseng, thus paving way for the use of non-invasive techniques for 

measurement of quality parameters. Sturm et al. (2020) implemented the use of RGB camer-

as, VIS – VNIR hyperspectral camera and pyrometer for dynamic characterisation of hops 

during the drying process and results obtained from this investigation show the possibility for 

novel real time monitoring of hops during the drying process. A study performed by Huang, 

Liu & Ngadi (2014) proved HSI to be a versatile technology that allows for non-invasive 

spectral detection of process and product characteristics. They also give a detailed overview 

regarding the developments in the field of HSI and suggest future work in this non-invasive 

technique such as use of higher sensitivity cameras, higher resolution systems and increasing 

detection accuracy. Additionally, a study performed by Crichton et al. (2018) reveals that HSI 

is also suitable for predicting moisture content and moisture content distribution in apples.  

Taking this into account, this study aims to understand the effect of different strategies under 

varying temperatures on the dynamic changes within the product using invasive and non-

invasive measurement techniques. The study also investigates the advantages of product tem-

perature-controlled process settings for improved product quality in terms of color change, 

rehydration behavior and retention of total carotenoids. Based on the results obtained by Md 

Saleh et al. (2019) and Md Saleh et al. (2020), this study further investigates the effect of 

stepwise temperature-controlled drying rather than intermittent drying to understand the influ-

ence on the product quality, process and resource efficiency.  

7.3 Materials & Methods 

Organic carrots of the variety Laguna were obtained from Hessische Staatsdomäne Franken-

hausen, a teaching and research facility of the University of Kassel. The freshly harvested 

carrots were stored at 1 °C in a cooling chamber until being delivered to the university’s la-

boratory. Once delivered, the carrots were further stored in a 4 °C refrigerator (FKUv 1610-

22Q, Liebherr-Hausgeräte GmbH, Germany) until utilization for the experiments.  

7.3.1 Sample preparation  

Carrots were taken out of the refrigerator 30 min prior to sample preparation and drying to 

acclimatise them to room temperature. The roots were then rinsed under water to remove any 

excess soil and further sliced to a thickness of 3.0 mm ± 0.1 mm using a food slicer (EVO E 

21, Gebr. Graef GmbH & Co. KG, Germany). To ensure a circular shape for each sample, a 
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custom-made stainless-steel cutter of 25.0 mm ± 0.1 mm in diameter was used. Measurements 

for sample thickness were carried out using a vernier calliper of an accuracy of ± 0.02 mm 

(model 530-122, Mitutoyo Co.). For repeatability and reproducibility, two roots per experi-

ment were used for drying and further analysis. The complete experimental procedure is de-

picted in Figure 7-1. 

Fresh Carrots 
var. laguna

Sorting and Washing 

Further Analysis 
Moisture Content, Colour, Total 
Carotenoids Retention, Water 

Activity and Rehydration Ratio 

 Strategy A
50 °C, 60 °C & 70 °C

Strategy P 
50 °C, 60 °C & 70 °C

 Strategy S
 60 °C (Δ10 °C & Δ20 °C)

Drying 

Slicing and Stamping 
thickness 3 mm ± 0.1 mm and 

diameter 25 mm ± 0.1 mm

Sample Extraction
at defined time intervals for each 

strategy 

3 Repetitions

 

Figure 7-1:  Experimental procedure for carrot drying. 
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7.3.2 Dryer 

Experimental investigations were performed on a fully automated precision single layer la-

boratory scale dryer which was developed and built at the University of Kassel. A schematic 

diagram of the system is presented in Figure 7-2 and the corresponding details including the 

model and make of the relevant components are provided in Table 7-2. 

  

Figure 7-2:  Design of the developed dryer 

 

Table 7-2:  Information on sensors and equipment implemented within the developed dryer. 

 Equipment  Model/Make Accuracy  Measurement 

span 

a Hot wire anemometer 

and air temperature 

sensor 

SVS hot wire probe, KIMO 

Instruments, France 

± 0.03 m/s 

± 0.25 °C 

0 – 30 m/s 

-20 – 80 °C 

a* Transmitter  C310, KIMO Multifunction 

Transmitter, KIMO Instru-

ments, France  

- - 

b Pt-100 for water bath 

temperature 

Class A, Pt-100   
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c float valve - - - 

d Pt -100 sensor for air 

temperature – inlet 

dryer  

Class A, Pt-100   

e Infrared camera; PI 400, Optris GmbH, 

Germany 

± 2 °C -20 – 900 °C 

f RGB camera DFK 61BUC02, The Imag-

ing Source, USA with lens 

219HB, TAMRON Co. 

Ltd., Japan 

- 8 mm focal 

length 

e plexi – glass barrier Gethke-Glas, Germany - - 

H1-H2 water bath heater (2 x 

6 kW); 

01090008, Helios GmbH, 

Germany 

  

H3-H5 air heaters (3 x 4 kW) 13000006, Helios GmbH, 

Germany 

  

P water pump  - - - 

R Packed bed - - - 

S Spray nozzles  custom made - - 

T Tray custom made - - 

V1  Inlet fan  DCMP-616-2T, Dassler 

GmbH, Germany  

- - 

V2 Outlet fan  W1G250-HJ87-02, ebm-

papst GmbH, Germany 

- - 

W Water bath  custom made - - 

 Controller  mTRON T, JUMO GmbH 

& Co. KG, Fulda, Germany 

- - 

 

Ambient air enters the system through the inlet fan (V1) and is introduced to the air condi-

tioner via a pipe, where air velocity and temperature is measured using an anemometer (a) 

which is further connected to transmitter (a*). Within the air conditioner, water is sprayed 

onto a bed packed with random column packing (R) to increase the contact area with the air 

which passes through the packed bed in counter flow to the water. In order to achieve con-

sistent relative humidity independent of ambient air conditions, the water bath temperature 

was set to 20 °C. Prior to establishing this temperature for the water bath, significant number 

of pre-tests were conducted to ensure consistent values under varying air temperatures. A 
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class A Pt100 sensor (b) is used to measure and control the temperature of the water bath (W) 

in the conditioner. The air exiting the conditioner is then heated by the air heaters (H3-H5) to 

the desired temperature and the air temperature is further measured by a class A Pt100 sensor 

(d). Inside the drying chamber, the product is placed on a tray (T) located in the middle of the 

air stream to ensure that air flows above and beneath the tray. The infrared camera system (e) 

as well as the RGB camera system (f) are mounted in a separate chamber above the drying 

chamber at a distance of 55 cm and 65 cm to the tray respectively. Separation of these two 

chambers is realized using a plexi-glass barrier to provide vision to the cameras while ther-

mally decoupling the instruments to prevent overheating. In case of infrared camera, a hole 

equal to the diameter of the infrared lens was cut into the plexi-glass to allow thermography 

measurement. To dissuade the air from entering the camera chamber while ensuring con-

sistent air flow through the drying chamber, a second ventilator (V2) is synchronised with the 

inlet ventilator (V1). Process parameters defined for the experimental investigation are pro-

vided in Table 7-3 below.  

Table 7-3:  Process settings for experimental investigation of carrot drying. 

Process Parameters  Value 

Air  

Temperature 

Velocity (drying chamber) 

 Specific humidity 

Relative humidity (hot air - 

@40 °C) 

Relative humidity (hot air - 

@50 °C) 

Relative humidity (hot air - 

@60 °C) 

Relative humidity (hot air - 

@70 °C) 

 

 

50 °C, 60 °C,70 °C  

2.2 m/s 

8.9 gw 

18.7 % 

 

11.2 %  

 

6.9 %  

 

4.4 % 

Water 

Temperature 

Flow rate 

 

20 °C 

3 l/min 
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The sensors measuring the air velocity (a), air temperature (a), water bath temperature (b) as 

well as the infrared camera (e) are connected to the controller module. The controller consists 

of 4 configurable PID controller channels which were programmed using setup program and 

in extension the JUMO PCC software to continuously control and adapt the output to the 

heater within the conditioner and the air heater respectively.  

In this study, three strategies namely air–temperature controlled (A), product–temperature 

controlled (P) and stepwise temperature controlled (S50/S40) were implemented. For strategy 

A, the air temperature was held constant throughout the drying process. This is one of the 

most common strategies used within driers and was conducted at 50 °C, 60 °C and 70 °C. As 

for strategy P, the surface temperature of the product was measured continuously using the 

infrared camera system (e) which in turn controlled the temperature of air following the prin-

ciple of the wet and dry bulb temperature. This strategy allows to minimize the damage on the 

product, as well as it reduces thermal load and the overall drying time (Nuñez Vega, Sturm & 

Hofacker 2016). Additionally within this strategy, the maximum air temperature was limited 

to 100 °C as most industrial dryers for processing of primary agricultural produce rarely oper-

ate at temperature higher than 100 °C (Sturm, 2010). Like strategy A, this strategy was also 

conducted for all three temperatures. As for the step-wise temperature controlled strategies 

S50 and S40, the goal was to examine the effects of lowering the air temperature at the inflec-

tion point identified by Md Saleh et al. (2019) on the color and total carotenoid retention of 

the carrots.  To this effect, the air temperature was held constant at 60 °C until the inflection 

point (30 % MC), which in this study was at 80 min and thereafter lowering the temperature 

by either 10 °C (S50) or 20 °C (S40). This strategy unlike the other two strategies was con-

ducted only for 60 °C as this temperature was considered as the baseline control temperature 

for comparisons to the investigations conducted by Md Saleh et al. (2019). 

7.3.3 Color measurement 

Both invasive and non-invasive color measurement techniques were implemented to measure 

color changes and further compare and evaluate the difference between the values obtained 

from the two measurement techniques.  

For invasive color measurement, a calibrated CR-400 Chromameter (Minolta Co. Ltd., Japan) 

in combination with the SpectraMagic NX Software (Konica Minolta Sensing Americas, Inc. 

2020) was used. 
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For non-invasive measurement, the RGB camera system (g) mentioned in Section 7.3.2 in 

combination with the IC Capture 2.4 Software (The Imaging Source Europe GmbH, Germa-

ny) was used to control and monitor the acquisition of the images. Images were automatically 

captured at two min intervals. Illumination for the chamber was provided by three fluorescent 

lamps (model 92001425, Omnilux®, color temperature 6400 K) with 560 lm each and placed 

above the drying chamber to provide uniform illumination and inhibit shadowing. The RGB 

images thus captured were further processed and analysed using a methodology similar to that 

used by Nasirahmadi & Behroozi-Khazaei (2013) with adaptations. The image processing 

was performed in MATLAB R2018b (The Mathworks Inc., USA) where the captured RGB 

images were converted to gray and further into binary images (0,1) with appropriate threshold 

factor. For the binary images, 0 was assigned to the background and 1 to the sample. Function 

bwareaopen was further applied to remove any unwanted objects within the images. The im-

ages were then masked using the masking function on RGB images in black background, 

which ensured that all values now belonging to the image and no values being assigned to the 

background. Finally, the function rgb2lab was used to convert the RGB values into LAB val-

ues for the images captured.  

For calibration, a Color Checker Classic chart (X-rite Incorporated, 2020) was used to com-

pare the values obtained using the chromameter and the RGB camera system for the 24 color 

patches. The values thus acquired were further statistically analysed with GraphPad Prism 8.0 

software (GraphPad Software, 2018) using a transfer function as the calibration function to 

exclude any systematic errors (change of intercept, slope or curvature). A transfer function is 

an ideal function as it linearizes the data sets and allows for easier comparison between the 

two measurement methods. A transfer function is considered ideal when a slope of 1 and in-

tercept of 0 is obtained for the transformed Deming Regression (linear regression). The equa-

tion for the transfer function is presented in Equation   (7-1) 

    (7-1) 

Where b, b0 and b1 are constant, linear coefficient and quadratic coefficient, respectively.  

Finally, the total color difference was subsequently calculated using equations (7-2 to (7-5). 

  (7-2) 

  (7-3) 
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  (7-4) 

  (7-5) 

Where L* represents the lightness from black (0) to white (100), a* represents colors from 

green (-128) to red (+127) and b* color values from blue (-128) to yellow (+127) (Martin, 

2015). The subscript 0 denotes reference values which in this case were the values obtained 

from fresh carrot slices and subscript 1 denotes value obtained for the corresponding drying 

time intervals. 

7.3.4 Product temperature measurement 

Product temperature was measured using the infrared system (e) depicted in Figure 7-2 in 

combination with the PI Connect software (Optris GmbH, Germany) to continuously measure 

the temperature of the carrot samples during the drying process. A layout with 5 defined areas 

was designed within the software for the carrot samples so as to understand the temperature 

profile as well as access the temperature distribution over the tray. Figure 7-3 represents the 

designed layout for the infrared camera. Specifically, for strategy P, the sample labelled C 

was used as control point for the input to the controller.  

 

Figure 7-3:  Sample layout for product temperature measurement using the infrared camera. 

 

The software was programmed to capture the data for every 37 ms during the drying process. 

Based on the work performed by Ghoshdastidar (2018) for carrots and apples, the emissivity 

coefficient ε was set to 0.95. 
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7.3.5 Moisture content analysis 

Initial moisture content within the carrot samples was determined in accordance with the 

AOAC (2016) guidelines, wherein carrot samples were placed in a hot air oven at 105 °C for 

24 h (ULM 400, Mermert GmbH, Germany).Equation (7-6) was used to calculate the mois-

ture content on dry basis (MCdb) 

 
 

(7-6) 

Where mt is the total mass of a sample at a given time and mdm is the absolute dry matter in a 

sample. The weight of the samples was recorded at set intervals for the different strategies 

using a precision weighing scale (Excellence E 2000 D, Sartorius AG, Germany, readability 

0.001 g). The intervals for weighing the samples of the different strategies are presented in 

Table 7-4 below.  

Table 7-4:  Sampling intervals for moisture content of the different strategies for all three 
temperatures. 

              Strat-

egy 

   Interval 

C P S40 S50 

Time section in minutes 

10 min 
 

0-60 
  

20 min 0-60 
 

0-120 0-120 

30 min 60-180 60-150 120-180 120-180 

 

After calculating the MCdb, the moisture ratio (MR) of the samples was calculated as it allows 

to compare the different samples with each other by normalising the moisture contents with 

their initial moisture contents and thereby displaying them as value between one and zero. 

MR for the carrots was calculated using Equation (7-7 ) and (7-8) 

 
 

(7-7) 

where MCdb,1 is the dry basis MC at a given time, MCdb,0 the dry basis MC before drying and 

 is the equilibrium moisture content. As the influence of MCe is relatively small (≤ 2 %)  

(Diamante & Munro, (1993), the MR equation was further simplified to (7-8).  
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(7-8) 

The MR obtained from Equation (7-8) was then used to build a model for drying behavior for 

carrots. Modelling allows the prediction of drying behavior at a given time throughout the 

process and thus development of process control strategies for a product. As three different 

strategies were implemented within this study, it was important to evaluate the possibility of 

one model being fit for the different data sets. For this purpose, three of the most well-known 

models for thin layer drying of food products particularly Newton, Page and the Henderson & 

Pabis model (Ayensu, 1997; Agrawal & Singh, 1977; Henderson & Pabis, 1961) were used to 

fit the drying curves. They are represented by Equation (7-9), (7-10) and (7-11).  

  (7-9) 

 

  (7-10) 

 

  (7-11) 

Where a, b, and K are the drying constants, t is the drying time in min and n is the drying ex-

ponent. 

Non-regression analysis similar to that performed by Sturm et al. (2020) was conducted with-

in this study. The analysis was performed using GraphPad Prism 8.0 software (GraphPad 

Software, 2018, USA). Adjusted R2 (R2
adj), Root Mean Square Error (RMSE), and Akaike 

Information Criterion (AICc) were used to evaluate the appropriateness of the models. R2
adj 

values rather than R2 values were used as these values have been adjusted to the number of 

predictors in model. AICc is a model selection criterion that allows for estimation of the most 

likely model for the selected data. In general, these values are not negative (Sturm et al., 

2020). However, regression analysis can potentially lead to negative values (Burnham, 2002) 

and the lower the AICc values, the better the conformity of the model to the data. A model is 

estimated fit for a data if the values for R2
adj are high and RMSE & AICc are low.  
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7.3.6 Total Carotenoid Retention  

The measurement for total carotenoids (TC) was carried out in the same manner as reported 

by Md Saleh et al. (2019) wherein 100 mg of carrot tissue were mixed in a solution of hexane, 

acetone and ethanol in a ratio of 2:1:1 to extract the carotenoids from the tissues. The mixture 

was further placed in a laboratory homogeniser (T 25, IKA-Werke GmbH & CO. KG, Ger-

many) for two minutes at 8000 rpm and later on stored at 4 °C for one hour in order to dis-

solve the carotenoids in the solution. For phase separation, 5 ml of distilled water was added 

to the solution. The non-aqueous phase was then separated and analysed by use of an UV/Vis 

spectrophotometer (GENESYS 10 Series, Thermo Electron Corporation, USA). Equation (7-

12) was used for determination of total carotenoids of the carrot samples.  

 
 

(7-12) 

Where A is the absorbance of the sample, V1 the dilution factor, A1% the extinction coefficient 

of the 1 % solution and C1% the carrot tissue concentration of the 1 % solution (10 mg/ml) 

7.3.7 Water Activity 

For water activity measurement, a portable water activity meter (LabSwift-aw, Novasina AG, 

Switzerland) was used. To ensure constant environmental conditions for the measurement, the 

water activity meter was placed in a climatic chamber with a constant temperature of 25 °C 

(VöTSCH VCL 4010, Vötsch Industrietechnik GmbH, Germany). Samples were extracted 

hourly from the dryer until the end of the drying period to understand and observe the devel-

opment in dependence of strategy and settings. 

7.3.8 Rehydration Ratio  

Rehydration is considered as a measure for the injuries caused to the product due to processes 

such as drying (Lewicki 1998). It consists of three processes wherein the first stage involves 

imbibition of the water in the dried product, followed by swelling and finally leaching of sol-

ubles (Lewicki, 1998; Krokida & Marinos-Kouris, 2003). Thus, it is important to calculate the 

rehydration ratio (RR) as it allows to understand the capability of the dried material to restore 

to its original state.  

RR is the ratio between the weight of the rehydrated sample to its initial weight (Lewicki, 

1998). In this investigation, dried carrot samples were weighed on a precision weighing scale 

(Excellence E 2000 D, Sartorius AG, Germany, readability 0.001 g) to determine the final 

weight. The samples were then immersed in a beaker filled with 150 ml of distilled water 



Chapter 7 

183 
 

which was heated to 95 °C. The samples were submerged for 10 minutes while stirring every 

30 s to break away air bubbles adhering to the samples. Subsequently, the samples were 

drained on a metal sieve at room temperature for 5 min, before blotting them with a filter pa-

per for 2 min and finally weighing them. The rehydration ratio was thus calculated using 

Equation (7-13).  

 
 

(7-13) 

Where mr is the weight of the rehydrated sample and m0 is the weight of the sample before 

drying. 

7.3.9 Data Aggregation  

Within the conducted experimental investigation, a large amount of data was collected which 

revealed the necessity for a sophisticated data aggregation and processing methodology that 

would allow for data structuring, organizing, and storing as well as ensure prevention of ran-

dom human errors. Therefore, a highly efficient algorithm was developed which first import-

ed experimental data from different files and data formats, then processed and calculated nec-

essary information such as MCwb, MCdb, MR [using equations (7-6)- (7-8)], ΔE [using equa-

tions (7-2) – (7-5)], and RR [using equation (7-13)] values for each carrot slice within each 

experiment which was then further averaged both carrot and experiment wise for each strate-

gy and finally organised so as to export the data appropriately for visualisation. This resulted 

in a data set of more than 100.000 entries. Table 7-5 provides an overview of the values calcu-

lated from the imported data. 

The developed algorithm was built using the open source programming language Python, us-

ing libraries of pandas for generating and importing excel files (McKinney 2010) and NumPy 

for associated calculations (van der Walt, Colbert and Varoquaux 2011) as well as IPython 

(Perez and Granger 2007) and jupyter (Kluyver et al. 2016) open source extensions for devel-

opment of code. 
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Table 7-5:  Values and averages calculated using developed algorithms. 

Value Per sample Average 

per carrot 

Average per 

Experiment 

MCwb X X X 

MCdb X X X 

MR X X X 

RR X X X 

L*  X X 

a*  X X 

b*  X X 

∆E  X X 

L*RGB  X X 

a*RGB  X X 

b*RGB  X X 

∆ERGB  X X 

Total carote-

noids 

 X X 

TC Retention  X X 
 

 

7.3.10 Energy Calculation  

Calculation of the mass specific energy demand of the product was conducted using Equa-

tions (7-14) to (7-19) (Aghbashlo, kianmehr & Samimi-Akhijahani 2008; Motevali, Minaei & 

Khoshtagaza 2011; Ndisya et al., 2020)  

 
 

(7-14) 

  (7-15) 

  (7-16) 

  (7-17) 

  (7-18) 
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  (7-19) 

Where Q̇t is the rate of heat flow in a given time interval in W, ∆t is the time interval in s, 

mcarrot, i is the mass of a sample in kg, �a is the mass flow of air in kg/s, cp,a the specific isobar-

ic heat capacity of air J/(kg∙K), V̇a the volumetric flow rate of air in m³/s, ρa the density of air 

in kg/m³, A is the cross sectional area of the air flow channel in m² and va the velocity of air in 

m/s.  

Within the calculations, the following assumptions were made:  

- Density of air was assumed to be constant, since variation within the temperature ranged 

less than 2 % 

- The outside temperature was also presumed to be constant, as variations were only with-

in ± 1 °C 

- Since the constructive conditions of the dryer (see Table 7-3) assure a constant mass flow 

of air, the velocity of the air was measured at one temperature and mass flow was calcu-

lated using the density of air at that temperature according to Equation (7-5) and then 

seen as constant value 

 

For strategy A and strategies S50/S40, Equation (7-15) was used to calculate the energy de-

mand as the air temperature was constant throughout the drying process. For the strategy 

S50/S40, the demand before and after the inflection point was calculated separately and then 

summed up. For strategy P, Equation (7-14) was used to calculate the specific energy demand 

as the process was started at room temperature and air temperature changed continuously until 

the product reached the desired set temperature. To achieve precise results, the temperature 

data measured from the sensors (a, d & f) in Figure 7-2 at a time interval of 5 seconds was 

used for calculations which led to several thousand individual data points that need to be cal-

culated. For this purpose, an algorithm similar to the one in Section 7.3.9 was developed, so 

as to automatically process the input data and calculate and export the results.  
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7.4 Results and Discussion  

The results obtained for the investigations performed within this study are further discussed in 

detail within this section. A representative image of the changes in the carrot samples during 

the drying process is shown in obtained from drying fresh carrots is shown in Figure 7-4. 

 

Figure 7-4:  Changes in carrot sample during drying process (strategy A, 70 °C). 

 

7.4.1 Drying Behavior  

Figures 7-5, 7-6, 7-7 depict the drying behavior of the samples dried using the three different 

strategies under respective drying temperatures For strategy A (Figure 7-5), the results ob-

tained from the product temperature development show clear phase transitions of the product 

during the drying phase. The transition from the first phase to the second phase is observed at 

an MR of roughly 0.4 while that from second phase to third phase is observed at an MR of 

about 0.2 (Sturm, Nunez Vega & Hofacker 2014) (Sturm, 2018). As for time required for the 

product temperature to reach the set air temperature, this was largely dependent on the drying 

temperature in focus. The lower the air temperature the longer amount of longer drying time 

required and vice versa. These results are analogous to those observed by Gersdorff et al. 

(2017) and Shrestha et al. (2020). Thus, indicating the air temperature plays a significant role 

in the drying process. In addition to these results, minor fluctuations are seen for all three 

temperatures especially after the product temperature has reached set air temperature. During 

pre-tests for the experimental investigation, a considerable time lag between the measured 

value from sensor and the corresponding controller reaction was observed. To compensate 

this lag, an offset was set on the sensor so as to allow the controller to maintain constant set 

temperature with a short reaction time. This, in combination with the self-optimisation func-

tion within the controller resulted in the corresponding fluctuations. The controller imple-

mented within the present study consists of a self-optimisation function that allows to main-

tain the set temperatures.  
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Figure 7-5:  Drying behavior of carrot samples under strategy A - air temperature-controlled 
strategy for 50 °C, 60 °C, 70.  

For samples dried with strategy P, as observed in Figure 7-6, the phase transitions are slightly 

different to those in strategy A. In this strategy, the first phase of the product is a warmup 

phase as both the air and product temperatures are rising. This warmup phase is due to the 

cold start wherein the drier is not pre-heated to the set temperature but rather started as soon 

as the samples are placed within the drying chamber. The effect of cold start can also be ob-

served on the product temperature curve at 0 min, wherein a small dip is observed at the be-

ginning of the drying process. This dip is due to the introduction of samples that were colder 

than the temperature of the tray for area measured by the infrared camera. Like strategy A, the 

transition second to third phase begins at 0.2 MR. As for the transition of the air temperature, 

the air temperature keeps increasing until the product temperature has reached the set point. 

However, as the air temperature was limited to a maximum of 100 °C, this temperature re-

mained constant until the product reached the set temperature if otherwise air temperature had 

risen higher. Due to this limitation, as distinguished trend of the product temperature is also 

observed. As soon as the set product temperature was achieved, the air temperature started 

decreasing to maintain a constant product temperature throughout the drying process. Accord-

ing to the investigation performed by Sturm, Nunez Vega & Hofacker (2014), the reduction in 

air temperature is quite crucial to maintain the product temperature as the difference between 

the wet bulb and dry bulb temperature decreases. In terms of time, the overall drying time was 

about 66 % shorter with this strategy for all three temperatures as compared to the other two 
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strategies. In case of all three temperatures, the product and air temperature reached equilibri-

um around 60 min, but the drying process was continued to reach the targeted MR of 0.023.  

 

Figure 7-6:  Drying behavior of carrot samples under strategy P – product temperature-
controlled strategy for 50 °C, 60 °C, 70 °C. 

Figure 7-7 shows the drying behavior of samples for strategy S50 and S40. This strategy 

shows a similar drying behavior to strategy A other than the expected stepwise decrease in air 

temperature by 10 °C for S50 and by 20 °C for S40 at the inflection point other than the step-

wise decrease in the air temperature at the inflection point.  The decreased temperature was 

then maintained constant until the end of drying period. The overall time required to achieve 

the target MR was the longest for this strategy with S50 requiring 150 min while S40 requir-

ing 180 min as compared to strategy A.  
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Figure 7-7:  Drying behavior of carrot samples under strategy S50/S40 – stepwise tempera-
ture-controlled strategy for 50 °C, 60 °C, 70 °C. 

7.4.2 Modelling curve  

Studies conducted by Doymaz (2004), Sacilik & Elicin (2006), Akoy (2014) Doymaz & 

Özdemir (2014), have investigated different drying models for various products. However, in 

case of most of these studies only one drying strategy was implemented for model investiga-

tion. Within this study, three models were investigated to determine a single model that agrees 

with all three strategies (A, P, S50/S40). For all three strategies, R2
adj, RMSE, AICc, and the 

percentage of likelihood was used to estimate the goodness of fit. As observed in Table 7-7, 

high R2
adj and lower RMSE values were obtained for the Page model.  

Comparing Newton to Page model, it was observed that the Newton model showed better 

conformity only to strategy A. A similar comparison was also performed between Henderson 

& Pabis and Page model. The results obtained from the comparison concluded that the Hen-

derson & Pabis model was a partial fit for strategy A and strategy S50/S40. However, it had 

significant shortcomings to the fit for strategy P. The Page model on the other hand, shows 

better conformity to all of the implemented strategies confirming the findings of Doymaz 

(2004). Therefore, it was chosen as the model for this study. Table 7-6 presents the results 

obtained from the comparison performed between the Page Model and Henderson & Pabis 

model while Table 7-7 presents the final, R2
adj, RMSE, AICc values for the Page model. The 

resulting curves together with the experimental data sets is depicted in Figure 7-8. 
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Table 7-6:  Results of the Page model on comparing the model with Henderson & Pabis 
Model where B*is the probability it is correct (%), C* is Ratio of probabilities, and D* is 
Difference in AICc. 

Strategy Control Product Inflection 

 B* C* D* B* C* D* B* C* D* 

50 °C 69.77 2.31 -1.67 99.41 168.70 -10.26    

60 °C 82.81  4.82 -3.14 99.99  6927 -17.69    

70 °C 94.59 17.47 -5.72 99.98 6383 -17.52    

60 °C Δ10        65.99 1.94 -1.33 

60 °C Δ20       53.85 1.17 -0.31 

 

Table 7-7:  R2adj, RMSE and AICc values for the Page model for different drying strategies. 

Strategy  Control Product Inflection 

 R2
adj RMSE AICc R2

adj 
RMS

E 
AICc R2

adj 
RMS

E 
AICc 

50 °C 0.999 0.017 -66.76 0.998 0.016 -83.16    

60 °C 0.999 0.011 -60.77 0.998  0.015 -75.09    

70 °C 0.999 0.010 -39.56 0.998 0.017 -54.67    

60 °C Δ10       0.998 0.013 -69.00 

60 °C Δ20       0.998 0.015 -66.52 
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Figure 7-8:  Modelled drying curves for different drying strategies. 

 

7.4.3 Development of color  

Color is one of the essential quality criteria that influences the purchasing decision of the con-

sumers (Ratti 2002). Processes such as drying can cause susceptible degradation in the natu-

rally occurring pigments (Awuah, Ramaswamy & Economides 2007) and in turn lead to 

changes in color. Additionally, the changes in color can also potentially help understand the 

transitions within the product during the drying process, and thus ease the implementation of 

non-invasive measurement techniques. 

7.4.4 Calibration and method validation  

Figure 7-9 provides the results for the statistical analysis for L*, a* and b* values obtained of 

the color checker chart from both the systems. The black lines on Figure 7-9 (a), (b), (c) pre-

sents linear regression (Deming Regression) while the red line represents non-linear regres-

sion (second order polynomial).  
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Figure 7-9:  Linear and non-linear regression analysis performed on 24 color patches of the 
Color Checker chart for the three color parameters (a) L* (b) a* (c) b*. 

Based on the results obtained, it is observed that non-liner regression is a better fit as com-

pared to linear regression especially in the case of L* wherein a curvature is observed. For a* 

and b*, the difference between linear and non -linear regression is insignificant, however ap-

plication of both regressions allowed for data analysis flexibility. For calibration purposes, the 

transfer function was applied to the above data set so as to exclude the observed systematic 

error (curvature in case of L*) and obtain transformed data set values for the better compari-

son between the chromameter and the RGB Camera system. Error! Reference source not 

found.Table 7-8:  Transfer function equations and R2adj for L*a*b*. 

Parameters Equation R2adj 

L* y = -23.63 + 2.997 x - 0.033 

x2 

0.969 

a* y = -09.46 + 3.456 x - 0.042 

x2 

0.796 

b* y = -15.22 + 3.737 x - 0.013 

x2 

0.780 

 

The calibration equation mentioned within Table 7-8 were further implemented to the exper-

imental data values obtained from the camera so to compensate the shortcomings of the non-

invasive methodology. In addition to regression analysis, the Bland-Altman Plot (Figure 

7-10) was also plotted in order to check the agreement of the transformed data sets. The graph 

represents the average of the two methods on the x-axis while the difference between the two 

methodologies is displayed on the y-axis for L*, a * and b* respectively.  
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Figure 7-10:  Bland-Altmann Plot for transformed Color Checker data set for the three color 
parameters (a) L* (b) a* (c) b*. 

The Bland-Altmann plot for the transformed data set shows no curvature, as well as no trend 

for both x and y axis. Furthermore, no pattern between the data points is observed after apply-

ing the transfer function which in turn indicates a good agreement between the chromameter 

and the camera system.  
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7.4.5 Effect of drying strategies on color 

Figure 7-11 depicts the ΔE as a function of moisture ratio for the camera system under strate-

gy A, P and S50/S40 respectively. The ΔE values were calculated using the transformed ex-

perimental L* a* b* values using the equations mentioned in Table 7-8. 

 

Figure 7-11:  Total color change as a function of moisture ratio for different drying strategies 

at 50 °C, 60 °C and 70 °C. 

From the analysis performed; it is observed that all three strategies have considerable effect 

on the ΔE values of the sample. For strategy A, the maximum color degradation is observed 

for the 70 °C with ΔE of 16.1. For 50 °C and 60 °C, ΔE values of 15.8 and 14.9 were obtained 

respectively. Studies performed by Saxena et al. (2012) on jackfruits bulbs and by Doymaz 

(2017) and Md Saleh et al. (2019) have reported the influence of drying temperature and dry-

ing time on total color changes.  According to Saxena et al. (2012) with increase in drying 

time and drying temperature, the authors observed decrease in yellowness and increasing in 

browning for jackfruit bulbs. Investigation performed by Md Saleh et al. (2019) show that for 

carrot slices of 3 mm thickness have maximum degradation at 50 °C and 70 °C, which are 

concurrent to the findings from the current study.  Degradation of color in the carrot slices can 

be associated to the oxidation of carotenoids which leads to the formation of colorless lower 

molecular products such as beta ionone that eventually lead to degradation of pigments within 

the carrot slices (Sturm & Hensel 2017).  

Within strategy P, highest color degradation was observed for 70 °C, followed by 60 °C and 

50 °C with corresponding ΔE values of 27.48, 23.80 and 17.34. However, the highest increase 
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is observed only in the initial phase of drying. As the sample reach a moisture ratio of 0.2, a 

constant value for color change is observed until the end of the drying process. Degradation of 

color is associated to the enzymatic and non-enzymatic reactions occurring on the product 

surface. Furthermore, as pigments are sensitive to heat, high temperatures during the drying 

process leads to the destruction of pigments and hence the associated significant change in 

color. In case of strategy P, air temperature up to 100 °C is achieved at the initial phase of 

drying and therefore significant color changes are observed during this period. Chen and 

Martynenko (2013) also conducted real time investigation of color changes used a CCD cam-

era for high bush and wild blueberries. They observed temperature plays at important role for 

color change especially in the first 30 min of drying and temperatures above 55 °C significant-

ly contribute to the total color degradation. For strategy P, the high temperatures at the begin-

ning combined with product set point temperatures of 60 °C and 70 °C led to significant deg-

radation of color in the carrot samples whereas samples dried at 50 °C are closer to values 

obtained through strategy A. Thus agreeing with the results obtained by Chen & Martynenko 

(2013).  

Comparing the results of S50/S40 to strategy A (60 °C), it is observed that S50 behaves rather 

similarly to strategy A as compared to S40. Final ΔE values of 14.4 and 10.0 were observed 

for S50 and S40 respectively. In case of S40, increase in ΔE values is observed until the in-

flection point, after which the ΔE values are seen to decreasing. It is believed that shrinkage 

of the S40 samples played a vital role in the total color change. A study conducted by Wang 

and Brennen, 1995 revealed that potato tissue dried at lower temperature had higher shrinkage 

than that at higher temperature. At lower drying temperatures, the moisture within the sample 

is transported in a flat manner, thus causing minimum stress with the sample and hence allow-

ing for uniform shrinkage of the sample. At higher drying temperatures, the samples dry 

quickly which causes the surface to harden and hence dissuade from shrinking significantly 

(Mahiuddin et al., 2018). Additionally, depending on the structural properties of such as den-

sity, shape and size of the sample, the interaction and scattering of light could vary at different 

degrees. And hence deformations such as shrinkage can cause further problems for optical 

measurements systems like RGB cameras for color measurement.   

Overall the results obtained from the stepwise strategy, are in agreement with the investiga-

tions performed by Chua et al. (2000) and Chua et al. (2001a) on banana and guavas which 

shows that stepwise drying leads to minimum overall changes in color as compared to contin-

uous drying. This could be due to the presence of surface moisture that forms a protective 
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layer during the initial drying phase (Sturm, Hofacker & Hensel 2009) .Furthermore, in a re-

cent investigation performed by Md Saleh et al. (2020) on intermittent drying of carrots with 

tempering period of 3 h with 60 °C , the authors also observed minimal color change with ΔE 

of 8.1. As no tempering of samples was conducted within the current study, a higher color 

change was observed in comparison to Md Saleh et al. (2020). Furthermore, the difference 

between the values obtained in the studies could be due to the varying measurement technique 

with Md Saleh et al. (2020) using only a chromameter while the current study uses an RGB 

camera system calibrated against the chromameter. 

7.4.6 Total Carotenoid Retention 

7.4.6.1 Effect of drying strategy on total carotenoid retention  

Many fruits and vegetables such as carrots and sweet potatoes consist high concentrations of 

β-carotene. With β-carotene being such an important factor of carotenoids, their degradation 

also significantly affects the overall TCR content. β-carotene is a hydrocarbon that belongs to 

carotenes which one of the two classes of the carotenoid molecules. It has a highly unsaturat-

ed structure, which makes it prone to degradation especially to isomerisation and oxidation at 

high temperature (Pénicaud et al., 2011). During the drying process, the combined effect of 

time-temperature significantly affects the total carotenoids loss (Zhao et al. 2014). Figure 7-

12 depicts the total carotenoid retention of the samples as a function of moisture ratio for the 

three different strategies.  

 
(a) 
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(b) 

 
(c) 

Figure 7-12:  Total carotenoid Retention vs moisture ra-
tio for three strategies at three different temperature (a) 
strategy A (b) strategy P (c) strategy S50/S40. 

 

The results obtained for strategy A show that the highest level of TCR is observed at 60 °C 

(TCR = 0.69), followed by 50 °C (TCR = 0.63) and 70 °C (TCR = 0.55). It is believed that the 

longer exposure time for 50 °C and the higher temperatures at 70 °C led to the observed lower 

level of TCR which is in accordance to the findings of Karabulut et al. (2007). According to 

Md Saleh et al. (2019) for carrot samples of a thickness of 3 mm, TCR of 0.47, 0.66 and 0.46 

was obtained for 50 °C, 60 °C and 70 °C respectively. The findings from the study mentioned 

are concurrent to the results obtained for strategy A. The difference in the retention values for 

the 50 °C and 70 °C could be due to use of different dryers with different operation mode for 

the drying process. Furthermore, the studies were conducted in different years and at different 

seasons with that conducted by Md Saleh et al. (2019) was during the carrot harvest season 



Chapter 7 

198 
 

(October – November) while the current study was conducted in the off season (January – 

February) and thus stored for a prolonged time. 

In case of Strategy P, unlike strategy A the TCR was observed to be high for all temperatures 

with values of 0.73, 0.67 and 0.59 for 50 °C, 60 °C & 70 °C. Furthermore, for strategy P, the 

TCR was highest for 50 °C as opposed to the 60 °C in strategy A. A linear trend in the de-

crease of TCR content as function of MR is observed for the strategy P for all three tempera-

tures indicating this strategy to having a better correlation as compared to strategy A. Accord-

ing to investigation performed by Onwude et al. (2017), pumpkin slices dried at 80 °C had 

higher TCR content due to the short drying times as compared to slices dried at 50 °C. For 

strategy P, as mentioned previously air temperature close to 100 °C were obtained during the 

initial drying phase which in turn assisted in decreasing the drying time and thus retaining 

higher TCR values.  

As for the strategy S50/S40, it was believed that the TCR content would be similar to or high-

er than the values obtained for 60 °C with strategy A. However, the exact opposite trend was 

observed from the results obtained with final TCR content of 0.64 and 0.61 for S50 and S40 

respectively. This could be due to severe cellular damage to the tissues as the samples are 

exposed to hot air for longer amount of time as in case of this strategy (Md Saleh et al. 2019). 

According to investigation performed by Karabulut et al. (2007) on the degradation of β-

carotene in apricots, an increase in drying time causes significant degradation of the β-

carotene as compared to increased drying temperatures. In case of strategy S50/S40, the sam-

ples received constant air temperature of 60 °C for 80 min and was further reduced by either 

10 °C or 20 °C for the rest of drying period. Even though the overall air temperature the sam-

ples were exposed to was lower, it is believed the longer drying time led to structural damages 

that affected the total carotenoid content. Md Saleh et al. (2019) also observed accelerated 

degradation of TCR after the inflection point (MC ≤ 30 %). A similar trend was also observed 

within this study wherein until the inflection point, the degradation of TCR was rather slow 

however after the inflection point a rapid degradation was seen. This phenomenon could be 

due to the deformation of the structure that in turn led to the membrane destruction (Zhang et 

al., 2017).  

7.4.6.2 Correlation of total carotenoid retention to color  

Carotenoids, especially β-carotene pigments, are responsible for the associated color of the 

product (Karabulut et al., 2007) and hence it becomes important to correlate the two parame-

ters so as to understand the degradation of carotenoids as a function of color change. As dif-
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ferent strategies were implemented within the current study, the TCR content was correlated 

to the color values from the chromameter rather than those to camera system so as to allow for 

comparison with other previous studies such as those conducted by Karabulut et al. (2007), 

Md Saleh et al. (2019), and Md Saleh et al. (2020).  

Figure 7-13 shows the correlation between the total carotenoid retention and overall color 

change for the different drying strategies. 

 

Figure 7-13:  Total carotenoid retention vs ΔE for three strategies at varying temperatures (A, 
P, S50/S40). 

From the results obtained for strategy A and strategy S50/40, the degradation of TCR corre-

sponding to a change in ΔE values is observed. As the color degrades, the TCR content also 

degrades and is in agreement with the findings of Ruiz et al. (2005), Koca, Burdurlu & 

Karadeniz (2007) and Saxena et al. (2012), who established a linear correlation between TCR 

and color changes for apricots, papaya puree and jackfruit respectively . However, these stud-

ies as well as the strategy A and strategy S50/S40 within this study consider constant air tem-

perature as compared to monitoring based on product temperature.  

Strategy P conducted within this study monitors product temperature and corresponding re-

sults obtained are contrary to those from strategy A and S50/S40. On comparing the strate-

gies, the maximum color degradation is observed for the strategy P. However even though the 

color degradation values are high, the corresponding TCR content values are either equal to 

higher than the TCR values obtain through strategy A or strategy S50/S40. For example, at 

50 °C under strategy P, ΔE equals to 20 which corresponds to a TCR content of about 0.79. 
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Hence, the presumption of change in color being a potential indicator for degradation of total 

carotenoids is rather applicable for conditions under constant air temperature.  

7.4.7 Water activity and Rehydration  

7.4.7.1 Water activity  

In order to sustain a longer shelf life for products, it is necessary to reduce the water activity 

(aw) to safe levels < 0.6. Due to autocatalytic oxidation, carotenoids undergo rapid degrada-

tion even in dried products. In order to maintain the carotenoid levels and reduce degradation 

of samples due to microbial spoilage or growth, it is rather suggested to store dehydrated 

products at a monolayer aw. (Lavelli, Zanoni & Zaniboni 2007). Within the current study, by 

the end of the drying process, the aw values ranged between 0.23 – 0.35. According to the in-

vestigation performed by Lavelli, Zanoni & Zaniboni (2007) and Md Saleh et al. (2019) an aw 

range lower than 0.4 indicates minimum enzymatic and non-enzymatic browning and maxi-

mum carotenoid stability. Table 7-9 provides the final water activity for the samples dried at 

50 °C, 60 °C, 70 °C for the respective strategies.  

Table 7-9:  Final water activity content for carrots dried under three different strategies at 
varying temperatures (A, P, S50/S40). 

Water Activity, aw [-] 

Strategy Air Product Stepwise 

50 °C 0.359 0.315  

60 °C 0.271 0.232  

70 °C 

 
0.324 0.312  

60 °C 

Δ10 °C 
  0.358 

60 °C 

Δ20 °C 
  

 

0.407 

 

In addition to measuring the final aw of dried samples, aw values were also measured at regu-

lar intervals during the drying process to understand the effect of drying strategy on the aw 

values. 
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 F presents aw as a function of MR at 50 °C, 60 °C,70 °C. for respective drying strategies. The 

results obtained from plotting the aw over function MR reveal no effect of strategies on the aw 

values during the drying process.  

 

Figure 7-14:  Water activity over changing moisture ratio for carrot samples dried under three 
different strategies (A, P, S50/S40). 

 

7.4.7.2 Rehydration Ratio  

Table 7-10 provides an overview of the rehydration ratio (RR) for the samples dried at 50 °C, 

60 °C and 70 °C under respective drying strategies. It is observed that both, process strategy 

and temperature, have no significant influence on the RR. A RR of about 0.5 was obtained for 

strategy A while almost 0.6 for strategy P and strategy S50/S40 for all temperatures. A higher 

rehydration ratio indicates less damage to the samples and hence better restoration capability 

to its original state (Krokida & Philippopoulos 2005). Implementation of strategy P and strat-

egy S50/S40 seems to have created less structural damage to the samples as compared to 

strategy A. Furthermore, RR values for samples dried at 50 °C is lower than for samples dried 

for 60 °C and 70 °C independent of the two drying strategies implemented. Similar findings 

were also observed by Doymaz (2017), wherein independent of the pre-treatment applied, the 

carrot slices dried at 50 °C had considerably lower RR values than at 60 °C or 70 °C. Compar-

ing the results obtained from this study to the work conducted by Md Saleh et al. (2019) the 

authors obtained a rehydration ratio of 0.48 for 3.5 mm slice thickness for air temperature 



Chapter 7 

202 
 

controlled samples. Thus, it can be incurred that for 3 mm slices a RR of about 0.5 for strate-

gy A is in agreement with the findings.  

Table 7-10:  Rehydration ratio for different drying strategies 

Rehydration Ratio [-] 

Strategy Control Product Inflection  

50 °C 0.509 0.565  

60 °C 0.523 0.581  

70 °C 0.538 0.597  

 

60 °C 

Δ10 °C 
  

 

0.567 

 

60 °C 

Δ20 °C 
  

 

0.556 
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7.4.8 Energy Consumption  

The specific energy consumption values for three different temperatures under respective dry-

ing strategies are presented in Figure 7-15. 

 

Figure 7-15:  Specific energy consumption in MJ/kg for 50 °C, 60 °C & 70 °C under three 
different strategies (A, P, S50/S40). 

Based on strategies, for strategy A, in relation to 60 °C, a decrease by 6.8 % for 50 °C and 

25.5 % for 70 °C was observed in the specific energy consumption. On the other hand, an in-

crease of 19.4 % and 10.2 % in the energy consumption was observed for 50 °C and 70 °C for 

strategy P. A review conducted on the energy consumption by Kumar, Karim & Joardder 

(2014) reveals significant energy savings with intermittent drying as compared to continuous 

drying. According to the authors, with increasing tempering period, a decrease in the overall 

energy saving is observed. Even though no tempering was conducted within the current inves-

tigation, the stepwise change in the temperature at the inflection point led to a decrease of 

9.9 % for S50 and 1.9 % for S40 when compared to strategy A (60 °C). Comparing based on 

temperature, 70 °C had the lowest energy consumption followed by 50 °C and finally 60 °C. 

Lower energy consumption for higher temperatures is due to the decrease in drying time that 

compensates for the energy demand. These results are in agreement with the investigation 

performed by Koyuncu, Pinar & Lule (2007) and Ndisya et al. (2020) where in the tempera-

ture was observed to have a significant effect on the specific energy consumption as increase 

in temperature compensates for the corresponding drying time and in turn the high energy 

demand. Overall, the P strategy had the overall lowest energy consumption. It was presumed 
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that the S50/S40 would ideally have a much lower energy consumption however the longer 

drying times required to reach the desired MR led to the associated high specific energy con-

sumption values to the associated longer drying time required to reach the desired MR. 

7.5 General discussion 

The present study analysed the effects of three different drying strategies namely air tempera-

ture controlled (strategy A) at 50 °C, 60 °C and 70 °C, product temperature controlled (strate-

gy P) at 50 °C, 60 °C and 70 °C and stepwise strategy (S50/S40) at 60 °C on drying behavior, 

color change, total carotenoid retention, water activity, rehydration ratio and energy consump-

tion using non-invasive measurement techniques.  

For the drying behavior, independent of the strategy implemented the transition from one dry-

ing phase to the next phase can clearly be detected through the product temperature profile.  

Thus, indicating the need and necessity to monitor and control product temperature during the 

drying in order to optimize the process. Furthermore, comparing the different strategies it was 

observed that controlling the drying process based on product temperature (strategy P) rather 

than on air temperature led to significantly shorter drying times and is in agreement with the 

findings from Sturm, Nunez Vega & Hofacker (2014) and Bantle, Kopp and Claussen (in 

press). Modelling the drying curves indicated that the Page model is a good fit under all con-

ditions with an R2
adj of 0.99 and RMSE of about 0.01 for all three strategies and the corre-

sponding temperatures.  

In terms of color changes, maximum degradation was observed in the case of strategy P and 

minimum in case of strategy A. This was largely due to the high air temperature in strategy P 

during the initial drying phase. Furthermore, shrinkage of the sample also played an important 

role in the color measurement and analysis especially in the case of S40 samples. The overall 

trend in color degradation is in line with the investigations performed by Saxena et al. (2012), 

Chen & Martynenko (2013), Doymaz & Özdemir (2014) and Md Saleh et al. (2019). The ex-

periments performed show promising results for non-invasive inline measurement of process 

and product characteristics through implementation of an RGB camera system. The correla-

tion between the non-invasive and the invasive measurement technique show that the use of 

an RGB camera system has allowed for analysis of a greater number of samples as well as 

analysis of the whole area of the samples in focus, thus leading to better results. 

The total carotenoid retention was also observed to be highest for strategy P followed by 

strategy S50/S40 and finally strategy A. Based on the studies performed by Chua et al. (2000) 
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and Md Saleh et al. (2020), it was believed that color change can be used as indicator for ca-

rotenoid degradation. Investigations performed within this study agree partially as contrary 

results were obtained from strategy P. Furthermore, based on the investigations conducted by 

Md Saleh et al. (2019) it was hypothesised that lowering temperature at inflection point would 

positively influence the total carotenoid retention. However, contradicting results were ob-

tained with S50/S40 samples having almost similar values to strategy A. Thus, indicating that 

in order to significantly retain the carotenoid content after the inflection point, a tempering 

period like that conducted by Md Saleh et al. (2020) is imminent and a reduction of tempera-

ture during the drying process is insufficient.  

Based on the results obtained for specific energy consumption, it can be incurred that drying 

time has a great influence on the consumption values. Stepwise drying does reduce energy 

consumption; however, the results reveal that product temperature-controlled drying is key for 

overall energy savings. 

7.6 Conclusions 

In conclusion, based on the results obtained through extensive experimental investigation and 

data analysis, it can be incurred that the product temperature strategy is advantageous as com-

pared to the other strategies to not only minimise drying time but also ensure optimum prod-

uct quality and process efficiency. Furthermore, use of non-invasive measurement techniques 

such as RGB and infrared camera is a sophisticated technique for control and monitoring of 

product quality and for providing further insight in product changes during the drying process. 

Future work for real time measurement of color analysis in combination with control and 

measurement systems is required. Furthermore, further investigation with varying slice thick-

ness and process strategies needs to be considered for future.  
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8 General discussion 

This thesis emphasizes on improving a scientific knowledge on understanding the drying 

behaviors, degradation kinetics, and dynamic changes of quality attributes of carrots during 

drying, in order to facilitate decision making in process design and to develop constructive 

drying strategies for effective process control. The qualities of the product must be closely 

monitored and measured for the whole duration of the drying period, since physical-chemical 

characteristics of carrots will change continuously throughout the drying process. Measuring 

quality attributes using the non-destructive technique of hyperspectral imaging was also 

investigated in this study. The predicted results of the quality attributes obtained by 

multivariate analysis of PLSR were compared with standard laboratory analysis by means of 

Passing Bablok and Deming regressions alongside the Blant Altman plot, so that the 

agreement between the two methods can be validated. The results from this study provide 

useful guidelines that could serve as a preliminary starting point for designing smart drying 

systems in the future. Smart drying technology can be advantageous and cost-effective for on-

line quality monitoring, as it allows for an accurate assessment of the evolving quality 

attributes of carrots, which vary over time during the drying process. Smart drying technology 

must thus be designed based on quality-oriented drying, which focuses on maximizing the 

quality attributes of the final product at a low cost and utilizing efficient energy consumption, 

thus minimizing environmental impact in the process.  

8.1 Drying Kinetics 

The drying characteristics of carrots examined in this study greatly depend on temperature 

and slice thickness, with a fixed air flow of 0.6 m/s. This finding is in line with Meisami-asl et 

al. (2010), who noted that temperature and thickness were the most influential factors 

affecting drying kinetics. In our study, the ideal temperature for the maximum retention of 

color attribute and total carotenoids based on process optimization is 60 °C, with a 

recommended thickness of 3.5 mm. This study also shows that geometry of the carrots during 

drying influences drying kinetics. For this reason, a thickness of more than 6 mm was not 

applied in this study since it would take a longer time to complete the drying process, 

consequently leading to non-enzymatic browning and discoloration of the end product which 

was also mentioned in Sra et al.’s study (2011). However, slicing the carrots at a thickness of 

3.5mm requires additional labor and extra space to produce. The smaller size of the raw 

material also means that more effort would be required to fill up the dryer, compared to if 

thicker slices of 4.5mm or 6mm were produced. This possibly leads to extra operational costs, 
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since bigger dryers with higher energy consumption would be needed to dry the roots to the 

desired moisture content. Thicker slices will lengthen the drying period, resulting in distinct 

quality losses due to a prolonged drying time and also an increase in the electricity cost. 

Therefore, there needs to be a compromise between economic and quality factors at the 

industrial level, which combines minimal operational costs with improved energy efficiency. 

This is an especially important goal in developing countries, where cost is a major constraint 

in the food industry (Masud et al., 2020).  

The results of this current study also demonstrate that the highest drying rate was achieved at 

an elevated temperature of 70 °C, with a shorter drying time of less than five hours. Distinct 

quality loss was observed in this study when drying using our conventional hot air dryer at 0.6 

m/s air flow. However, a rapid increase in drying rate with much higher values was also 

observed when increasing the air velocity to 2.2 m/s with lower loading capacity for all drying 

temperatures when drying using our newly installed smart dryer (as discussed in Chapter 7). 

Increasing the air flow speeds up the drying rate, and facilitates water removal during drying, 

finally resulting in shorter drying time. For this reason, a dryer system with a powerful blower 

and a higher energy requirement is needed for efficient drying. This kind of dryer of high 

capacity is suitable for drying raw materials at an industrial scale, since a high financial cost 

is needed to install and operate such a dryer. However, small farmers in rural areas or small- 

and medium- scale food producers would prefer an effective but affordable dryer accessible at 

a low capital cost. Thus, a compromise between cost, production capacity and quality needs to 

be made in order to avoid unnecessary expenditures and losses, and to achieve the desired 

quality of the final product. 

Drying at low temperature of 50 °C had shown slowest drying rate with detrimental effects on 

quality degradation of carrots due to longer exposure time to hot air. The best quality product 

in terms of color and highest total carotenoids retention at 66% was obtained when drying at 

mild temperature of 60 °C with a slice thickness of 3 mm. Drying of carrots in a sliced form 

in this study is favorable since large surface area will facilitate the moisture removal and it is 

also recommended by Pu et al. (2016) for better prediction accuracy for non-destructive 

measurement using hyperspectral imaging. However, different shapes and sizes of carrots can 

be found in the market depending on the desired product characteristics and consumers’ 

demands. Drying behaviors significantly vary with product geometry, which directly affects 

the drying time and production costs, as explained above. Thus, specific drying techniques 

and control strategies should be developed and customized for different products in order to 
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ensure that a cost-effective and premium quality product can be produced and marketed at a 

reasonable price. This study applied selected mathematical models for predicting drying 

kinetics of carrots such as Page, Newton and Henderson & Pabis models as described in 

Chapter 7. Other models such as Two term, Midili, Exponential decay and Diffusion approach 

along with the Page equation were also tested for both continuous and intermittent drying 

techniques (see Appendix). Generally, Page model demonstrated the best model to describe 

the drying characteristics of carrots for all drying strategies. Additionally, in order to confirm 

the accuracy of Page model, the comparison between the Page model with both Newton and 

Henderson & Pabis models were validated by computing a significance test, which 

demonstrated that the Page equation was indeed a preferred model with a high R2
adj of more 

than 0.99 and lower RMSE values between 0.010 to 0.017 (Chapter 7).  

Drying involves a simultaneous combination of moisture removal with heat and mass transfer. 

This is a complex process which needs proper modelling to optimize the drying process, and 

to understand the operational phenomenology. However, the main challenge of modelling the 

convective drying of fruits and vegetables, and carrots in particular is the reliance of 

experimental conditions with uncertain variations without considering the physical changes 

such as shrinkage into the models. This might lead to a less accurate prediction of diffusion 

coefficient (Deff), thus possibly causing misinterpretation of the drying behaviors. Moreover, 

the primary mechanism of moisture removal in drying carrots is diffusion, which is influenced 

by moisture content and the structure of the food material. These two factors will govern the 

drying rates (Erbay & Icier, 2010). This dominant mechanism also evolves as the drying 

process progresses due to alterations in the physical structure after long drying periods 

(Jangam and Mujumdar, 2010). Therefore, determining the dominant mechanism from the 

drying curve is useful for identifing the drying models suitable for the product (Onwude et al., 

2016). Normally, convoluted models are not applied in practice due to their complexity and 

the lack of required data on these models (Banga & Singh, 1994). Thus, for the best 

description of the drying behaviors, the drying model selected must be clear, simple, and as 

accurate as possible in order to avoid any errors in identifying the model’s constants during 

calculation. 
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8.2 Dynamic Quality Changes 
Drying food materials such as carrots can be a complex, non-linear, and unpredictable 

process. It involves operations that induce quality transformation via physical changes, such 

as rapid water removal. In addition to this, drying also includes different levels of chemical 

reactions that cause permanent modification of quality attributes, which could impact the 

overall appearance of the product. The causes of permanent damage in carrots during drying 

may be due to: 

• Changes in the structure of the biological tissue and the physical properties 

responsible for product functionality such as the cell wall and the cell membrane. 

These modify crucial functions and characteristics including the permeability of the 

cell membrane and the mechanical strength of the wall membrane (Betoret et al., 

2016)  

• Modification of chemical structures or molecular configurations of nutrient 

components such as vitamins, proteins, and fats. This causes a depletion of its 

functional value by, for example, reducing the effectiveness of antioxidant activity, as 

well as initiating undesirable biochemical reactions that cause changes in quality 

attributes (Betoret et al., 2016). 

As described above, drying requires the removal of large quantities of intracellular and 

extracellular water from food matrices, resulting in structural and biochemical changes that 

could ultimately affect the functionality of bioactive constituents (Betoret et al., 2016). In 

view of this, we conducted an in-depth study to monitor dynamic quality changes of carrots at 

different drying temperatures of 50 °C, 60 °C, and 70 °C. This helps us to determine the 

pattern of quality degradation throughout the drying process, so that an inflection point-based 

process control can be implemented at certain drying points. This means identifying the right 

moments for changing the setting parameters to when or just before the quality attributes such 

as total carotenoids and color begin to decrease rapidly. The results from this study indicate 

that the level of moisture content significantly influences color and total carotenoid retention 

when drying carrots. A linear trend of slow decomposition of color and total carotenoids was 

observed at higher moisture content, but it started to decline rapidly at 30% or lower moisture 

content regardless of drying temperature or thickness. The destruction of total carotenoids 

also causes noticeable discoloration since total carotenoids is a plant pigment that gives 

carrots their orange appearance (Raees-ul & Prasad, 2018). This study demonstrates a strong 

correlation between color and the level of total carotenoids present in the sample. These two 
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quality parameters have thus been used as important indicators of the product’s internal and 

surface qualities, which will ultimately influence the visual appearance and marketability of 

the end products.  

Both quality traits, total carotenoids and color in the present study are non-volatile and 

thermal sensitive at lower moisture content. However, the preservation of other non-volatile 

and volatile compounds which contribute to flavor and sensory attributes also needs to be 

considered in the future, since more than 90 volatile compounds can be found in carrots, as 

reported by Duhan and Barringer (2011). These authors mentioned that the most dominant 

volatile compounds in carrots are hexanol, 2-butenal, 2-pentylfuran, 3-methylbutanal, 

acetaldehyde, acetone, cyclic terpenes, ethanol, eugenol, furfural, heptanal, hexanal, 

monoterpenes, nonanal, undecane, a-humulene, b-ionone and p-cymene. All these volatile 

compounds are associated with aroma development in carrots, and correspondingly 

contributes to taste and flavor. A previous study by Duhan and Barringer (2011) observed 

high losses of between 60 to 90% of volatile compounds in carrots during drying. They also 

found that maximum degradation occurred at medium levels of moisture content at between 

60 to 70% (wb), which significantly triggered flavor changes. Changes in volatile constituents 

will affect the sensory evolutions and the overall taste in carrots (Kreutzmann et al., 2008). 

Therefore, maintaining both volatile and non-volatile compounds in carrots is crucial in future 

drying research, since all these quality traits will influence the marketability and consumers’ 

acceptance of the final products. Furthermore, an in-depth understanding of the dynamic 

changes in volatile compounds during drying will help to minimize the formation of 

undesirable flavors in carrots. In addition, future studies need to focus on establishing new 

drying strategies that could consider both volatile and non-volatile compounds, since both 

components synergistically influence the taste and functionality of the bioactive compounds, 

consequently leading to better health benefits. Various aspects of the product’s qualities such 

as its visual appearance, nutritional content, and sensory attributes must be well preserved, so 

that a premium product can be produced at a minimal production cost.  

Detailed studies of dynamic changes in specific quality attributes must be investigated in the 

future for other kinds of crops because different nutrients or bioactive compounds will exhibit 

varying degradation trends depending on process parameters, the drying equipment used, and 

the environmental conditions. Different phytochemicals also have varying molecular 

configurations and microstructures that yield different levels of water solubility, and thus 

varying degrees of quality retention when subjected to heat treatments like drying. The impact 
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of moisture migration on bioactive compounds in carrots during drying also plays a major role 

in determining the quality retention of the final product. This is due to the chemical reactions 

induced by processing conditions such as the presence of heat, light, and oxygen. 

Additionally, the reduction of moisture content during drying process will instigate the 

autocatalytic oxidation of β-carotene, leading to further quality losses in carrots (Frias et al., 

2010; Reither et al., 2003; Goldman et al., 1983). Therefore, future studies must consider 

acquiring different approaches of process control by correlating all the possible interactions 

between process conditions and time-varying quality changes of the food material, for precise 

control and optimization throughout the drying process.   

8.3 Optimization 

Process optimization is an essential step in identifying the best operating conditions which 

can preserve the maximum quality attributes during drying, while minimizing other 

constraints such as operational cost and time. The use of specialized software like Design 

Expert in this study enables us to perform process optimization by simultaneously consider 

several factors that could influence the retention of total carotenoids and color during drying 

of carrots. This is done by combining response surface methodology (RSM) with the concept 

of desirability function. The best solution with highest desirability value of 0.781 was 

obtained for the following ideal conditions (all at a 95% prediction interval) :  

1) a drying temperature of 59.8 °C;  

2) a slice thickness of 3.5 mm;  

3) the predicted values for L, a*, b* and ΔE of 62.18 ± 5.12, 22.46 ± 1.98, 40.35 ± 6.64, 

6.31 ± 4.74;  

4) a rehydration ratio of 0.48 ± 0.07;  

5) total carotenoid content of 163.83 ± 17.38 μg/g or 67.38%;   

 

Operating the drying process under the optimized conditions identified in this study can serve 

as a guideline for developing a new drying strategy based on the recommended setting 

parameters, so that a product of better quality can be obtained (as discussed in Chapter 5 & 7). 

Additionally, process optimization enables us to identify the interaction between factors that 

could possibly influence the quality attributes during drying by generating specific 

mathematical models for each quality parameter (as illustrated in Chapter 4); and also allows 

us to control the process condition dynamically by monitoring the product temperature during 

drying (as elaborated in Chapter 7). Therefore, future research must focus on dynamic 
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optimization because drying is a non-linear process which static optimization cannot 

holistically address due to unpredictable quality changes along the drying process (Sturm, 

2018; Martynenko, 2017). Moreover, according to Martynenko (2017), quality 

transformations caused by non-enzymatic browning, enzymatic activity, and lipid oxidation 

are all depend on non-linear changes in moisture content, and dynamic optimization is thus 

more suitable to maximize the quality indices in carrots, while ensuring both efficient energy 

utilization and minimal production costs simultaneously.  

In light of this, subsequent research must focus on establishing a different optimization 

strategy. This means moving away from the concept of ‘black box’ optimization through 

statistically validated procedures, which considers the drying time, the dynamic changes of 

process conditions, and the evolution of quality parameters throughout the drying process, so 

that the exact point of quality deterioration during drying can be systematically identified 

using appropriate mathematical algorithms. Although this new approach offers great 

possibilities theoretically, it can be complicated and challenging to implement in an actual 

study or real situation due to the complex nature of the food materials being processed, and 

unpredictable interactions between process conditions, the raw materials, and drying 

environments. Furthermore, a fully automated and sophisticated dryer with multi-sensors is 

needed for this purpose, which could add to extra financial costs for installation. Moreover, a 

skilled production operator or technician is required to operate such a dryer, and this might 

not be possible for rural farmers. Nevertheless, dynamic optimization is important for large 

companies with a high capital investment, for whom fully automated smart drying systems are 

accessible and profitable for commercial-scale drying.  

The integration of ‘in-line’ optical sensors such as hyperspectral imaging into drying systems 

for non-invasive measurement during drying (discussed in the next section) can be a useful 

tool for effective process control and optimization. Additionally, quality transformations 

occur continuously along the drying process; this new approach towards dynamic 

optimization could be favorable for decision making in selecting the best drying strategy for 

process improvement based on quality changes at different points of exposure. Dynamic 

optimization thus allows stringent control at the definite targeted point when the quality 

profile started to deflate at any given drying period and this approach allows us to closely 

monitor the process conditions and adjusted it to the optimal level during drying. Therefore, 

an in-depth understanding of product characteristics and quality evolution of carrots over time 

is necessary for establishing the quality indicator profile throughout the drying period. This 



General discussion 

219 
 

will make it possible to achieve optimal process control in order to maximize product quality, 

increase productivity, as well as minimize operational costs and energy consumption. 

8.4 Intermittent drying 

New approach of intermittent drying which is based on critical point of quality degradation 

has been introduced in this study by evaluating various possibilities of combined factors 

during drying. This study has identified the best combination of temperature, moisture level, 

and tempering period for the highest retention of total carotenoids (at 77%). We also found 

minimal discoloration with total color change at 8.1 at a drying temperature of 60 °C, 

tempering at 30% moisture level, over a tempering period of three hours. These results 

indicate the importance of applying a suitable and cost-effective drying strategy for improving 

product quality and energy efficiency during drying of carrots. Continuous drying at a higher 

temperature of 70 °C has shown critical quality losses in carrots with severe shrinkage, but the 

quality improved after the drying process was stopped for three hours at 40% moisture level. 

However, a shorter tempering period at 30% moisture level when drying at 70 °C showed no 

significant quality improvement compared to continuous drying at the same temperature. A 

shorter effective drying time with reduced energy consumption was also observed during 

intermittent drying at 60 °C, but no changes was found in effective drying time when drying 

at an elevated temperature of 70 °C, regardless of tempering treatment. These results suggest 

that the influence of temperature is more dominant in affecting the drying behaviors and 

quality retention of carrots, but combining the correct moisture levels with optimum 

tempering periods would significantly improve the quality of the end-product.  

This study also applies common empirical mathematical models to describe the drying 

characteristics of carrots as a function of time and moisture ratio when subjected to different 

combinations of intermittency (see Appendix). Additionally, a rare approach of reaction 

engineering principle, described in detail by Putranto et al. (2011) and Putranto et al. (2013), 

can constructively inform future studies. This is because they have shown crucial information 

on process conditions such as spatial profiles of moisture content, concentration of water 

vapour, temperature, and local evaporation/condensation rate, which can be mathematically 

generated by modelling equations. However, this approach was not implemented in the 

current study, which is more focused on critical control point based intermittent drying, while 

evaluating the influence of, and the interaction between process parameters, intermittency 

period, and moisture level on quality retention in carrots (as discussed in Chapter 5). 

Furthermore, the dynamic process control described by Sturm et al. (2014) on drying apples 
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could potentially serve as a foundational study for intermittent drying of carrots in the future. 

Simultaneous control of drying temperature, product temperature, dew point temperature, and 

air velocity during intermittent drying could be beneficial for maintaining product quality in 

carrots with optimum energy utilization. Overall, this study allows us to conclude that there is 

promising potential in applying the novel strategy of critical control point based intermittent 

drying commercially, due to its easy implementation that does not require any additional 

operating and labor costs. The new technique we propose in this study can be adopted in 

drying other crops in order to minimize the energy usage in the drying process, increase the 

drying performance, reduce energy costs, as well as maintaining the quality of dehydrated 

products.  

8.5 Product temperature and stepwise drying technique 

Many bioactive compounds in fruits and vegetables such as vitamins are prone to heat 

damage during drying. The combination of high temperature and long exposure time during 

drying causes significant losses to quality attributes in food materials such as carrots 

examined in this study. In light of this, a better understanding of reaction mechanisms that 

could potentially harm the quality traits of the product is necessary for developing effective 

drying strategies that could maximize quality retention (Sturm, 2018). This study 

demonstrates the positive effect of improving the total carotenoids retention by up to 71.95% 

when controlling the product temperature at 50 ⁰C, with an initial temperature setting at 100 

⁰C. This is higher than continuous drying at the same temperature of 50 ⁰C, which only 

resulted in 62.84% of carotenoid retention. Nevertheless, extra precaution needs to be applied 

in the future when setting high initial temperatures, since the formation of carcinogenic 

compound of furan have been reported in sliced carrots when drying at elevated temperatures 

between 113 ⁰C to 133 ⁰C (Duan & Barringer, 2011).  The retention of total carotenoids was 

almost comparable at 63.67% and 61.03% when the samples were subjected to stepwise 

drying technique by lowering the drying temperature from 60 ⁰C to 50 ⁰C and from 60 ⁰C to 

40 ⁰C at an inflection point of 30% moisture level, respectively. This might be due to the 

existing activity of the remaining oxidative enzymes that could trigger the degradation of total 

carotenoids between temperatures of 40 ⁰C to 50 ⁰C. This is supported by a study that 

demonstrates that the deactivation of oxidative enzymes could occur at temperatures above 50 

⁰C (Potosí-Calvache et al.,2017).  

However, contradictory findings have been reported in another study on stepwise drying of 

lemon balm conducted by Cuervo-Andrade (2011), which showed positive results on essential 
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oil yield and color. The essential oil yield can be maintained up to 94% after subjecting to 

drying by turning up the temperature from 40 °C to 60 °C at a transition point of 20% 

humidity. Minimal color changes of ΔE at 13 were also observed when drying in a step up 

manner from 30 °C to 40 °C, at a change point of 50% humidity. This author also mentioned 

that the most efficient energy consumption with lower power consumption at 3.24 kWh, and 

minimum losses of essential oil at 8% were obtained when changing the temperature from 30 

°C to 40 °C at 20% humidity. This study by Cuervo-Andrade (2011) proved that different 

combinations of temperatures, transition points, and step-wise modes will influence quality 

retention and energy consumption in different ways. Different quality characteristics will 

behave differently towards drying conditions; it is thus necessary to decide which quality 

needs to be preserved most with optimum energy consumption, since different modes of 

stepwise drying result in varying levels of quality retention and energy consumption. 

However, lemon balm is a leafy herb and physically differ from carrots; the essential oil, 

which is a volatile component in lemon balm, is extremely sensitive to temperature even at 

higher level of moisture content compared to total carotenoids in carrots, which are more 

thermal stable at higher moisture content (see Chapter 4). Therefore, even a slight change of 

temperature could initiate oil losses through evaporation while drying lemon balm (Cuervo-

Andrade, 2011). Additionally, the leaves of lemon balm are prone to browning and color 

degradation due to their fragile and thin structure, while carrot color is heat resistant up to a 

temperature of 60 °C. Although the previous study cannot be directly compared with the 

current study of carrots drying due to the different dryers used, and the different food 

materials and parameters setting applied, it is nevertheless a good indicator on how volatile 

components like essential oil and non-volatile compounds such as total carotenoids in this 

study have different degradation points due to their different characteristics. Thus, it can be 

concluded that the same stepwise drying treatment for different crops and quality attributes 

would yield diverse results due to the complex nature of fruits and vegetables.  

This present study also showed that different dryers and drying strategies contribute to 

varying levels of total carotenoid retention in carrots. This indicates that the combined process 

parameters and drying conditions might trigger detrimental changes in quality attributes, 

leading to physical distortion such as shrinkage, and initiating harmful chemical reactions that 

cause the degradation of total carotenoids. Moreover, both moisture content and the product 

temperature during drying differ with time, leading to difficulties in evaluating the 

degradation kinetics of quality parameters for an accurate estimation of quality at any given 

time during drying. The complexity in dealing with dynamic changes in both factors 
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mentioned above are much greater in non-stationary drying rather than under isothermal and 

constant moisture conditions (Demarchi et al., 2018). Therefore, future research must 

consider moisture content and product temperature with simultaneous variation of quality 

retention using an advanced modelling. This will allow for a better estimation of quality 

attributes at different drying conditions. This approach will provide a valuable tool for 

describing the experimental results mathematically, which can be useful for process 

improvements and simulations. Additionally, it is very important to acquire accurate 

information on critical temperatures that can catalyze different reactions when designing 

specific drying strategies in order to ensure minimal losses (Sturm, 2018). Controlling both 

air and product temperatures by adjusting air velocities also needs to be investigated further in 

the future, since these combined factors could significantly influence the quality of the final 

product, especially the retention of total carotenoids and shrinkage development in carrots. 

Moreover, a previous study by Sturm et al., (2012) reported that temperature and air velocity 

significantly can affect the shrinkage development in apples during drying. Therefore, extra 

attention needs to be given on understanding the interaction between quality attributes such as 

development of shrinkage with dynamic changes of colors and total carotenoids throughout 

the entire drying process, so that a more effective process control and optimization can be 

developed.  

8.6 Non-invasive measurement using hyperspectral imaging.  

Drying is a dynamic process involving time-varying changes of process variables that result 

in quality modification over time. Continuous quality assessment for monitoring the level of 

moisture content as well as preserving color and total carotenoids in carrots throughout the 

drying process is necessary for food safety, and to ensure the high quality of the final product. 

The use of hyperspectral imaging for non-invasive quality measurement in this study shows 

great potential in applying this new sensing technology for online and real-time quality 

inspection during drying. We observed excellent prediction performance for moisture content 

at high R2
T and R2

V at 0.92 and 0.90, with the values of RMSET and RMSEV at 8.15 and 8.16. 

A satisfactory prediction accuracy of R2
T and R2

V was observed for L, a*, b*, and total 

carotenoids at 0.78, 0.77, 0.67 and 0.74 for training set, and 0.68, 0.69, 0.599 and 0.64 for 

validation set respectively. Selected wavelengths for total carotenoids, moisture content, L, a* 

and b * were based on the highest score of VIP loadings, which are 534.08 nm, 970.54 nm, 

531.03 nm, 534.08 nm and 500.55 nm respectively.  An adequate agreement of Blant Altman 

analysis between these two methods within the upper and lower limits of 95% confidence 
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interval (CI) was recorded for total carotenoids from 95.68 µg/g to 82.34 µg/g, and for 

moisture content (25.18 % to 22.93 %), L (2.88 to -3.30), a* (4.15 to 3.43) and b* (4.53 to -

3.11) with mean differences of 6.67, 1.12, -0.21, 0.36 and 0.71 respectively. A good 

correlation coefficient of (r) was also noted at 0.89, 0.91, 0.78 and 0.83 for moisture content, 

L, a* and b*, with moderate correlation of total carotenoids at 0.69.  

These results indicate potential feasibility in measuring moisture content using non-invasive 

measurement of hyperspectral imaging during drying of carrots. This non-invasive quality 

measurement technique can be very useful for a dynamic control of the process conditions, 

because the formation of moisture distribution at any drying point can be mapped, visualized, 

and predicted by chemometric models.  However, there remains the challenge of predicting 

the internal quality of total carotenoids in carrots accurately, due to the continuous changes in 

physical and chemical properties during drying. These cause varying degrees of light 

scattering, resulting in an overlapping of spectral patterns that may disrupt measurement. 

Furthermore, the intricate interaction between process parameters with food systems will 

influence the product’s light absorption properties and optical characteristics. This is because 

each fruit and vegetable has unique attributes that will react differently towards drying 

conditions, leading to inconsistent responses in reflectance intensity. Moreover, the interaction 

between light and fruit tissue is a multifaceted process involving both absorption and 

dispersion (Ding et al., 2015). In addition, it has been reported that larger measurement errors 

will be expected for a small horticulture sample like carrots due to the greater surface 

curvature (Qin & Lu, 2008).  

Indeed, the geometry or shape of the food materials being tested greatly influences the 

prediction accuracy of the chemometric model. Previous study by Pu et al. (2016) have 

reported that the round-sliced shape of mangoes demonstrates better modelling performance 

compared to square, triangular, and rectangular shapes when subjected to hyperspectral 

imaging at longer wavelength region of between 951 to 1630 nm during microwave drying. 

So, selecting a suitable size and shape of carrots or other food materials prior to drying and 

non-destructive quality measurements are very important for enhancement of the prediction 

accuracy. The absorption in the vis-NIR range is related to chemical quality, while dispersion 

or scattering is associated with physical properties such as density, particle size, and 

microstructure (Oey et al., 2007). Thus, an adequate understanding of the light transport 

properties in fruit and vegetable tissue, especially carrots in this study, will enable us to 

develop an effective light source-detector with better configuration and uniform light 
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distribution. This is more conducive to producing a non-destructive quality assessment with 

high precision of prediction in the future. For this reason, it is not possible to develop a 

common algorithm model applicable to all crops because of the high variation of physical, 

chemical, and biological characteristics of fruits and vegetables. In light of this, a 

comprehensive study on strengthening the knowledge of optical properties in fruits and 

vegetables and their interaction mechanism with light must be conducted. Alongside this, we 

also need to pursue continued improvement in developing a simplified and universal 

algorithm for quality prediction of agricultural crops during drying. The implementation of 

this innovative technique of hyperspectral imaging can be deployed for non-destructive 

measurement and on-line quality inspection in future studies.  Moreover, a portable, mobile or 

hand held hyperspectral imaging which is easy to operate with reasonable price could be 

considered to be introduced or developed for farmers in the near future, so that this new 

emerging technology can be accessible to all level of food producers. 

8.7 Reflection of own approach 

This section explores the limitations of the current study based on the overall findings from 

the experiments conducted. The issues discussed below will focus on the constraints and 

restrictions which, retrospectively, could have been avoidable while conducting the research. 

Detailed limitations and challenges for specific methodological or analytical aspects of the 

study can be found in the related chapters.  

The overall conclusion of this study is only based on the results gathered from using the 

existing convective dryer in our lab. These results may therefore be different than if our study 

had used a different type of dryer with different heating modes and setting parameters, since 

quality degradation is strongly affected by drying methods and process conditions. Moreover, 

only one variety of carrot  “the Laguna” was considered in this study; the results may also 

vary if a different type of carrot had been tested. Each root sample was unique in terms of 

size, color intensity, and initial concentration of total carotenoids due to the seasonal and 

environmental variation in their harvest year. All the carrots used in this study were grown 

and harvested during different seasons and in different years: autumn of 2017, summer of 

2018, and spring of 2020. These factors contribute to different drying behaviors and levels of 

quality retention when subjected to various drying strategies. However, this issue could have 

been minimized by selecting a range of appropriate samples using proper statistical design 

while conducting the drying experiments.   
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Furthermore, only a minor subgroup of quality indices of carrots was investigated in this 

study (i.e. moisture content, color, and total carotenoids). It is still uncertain whether these 

represent the overall quality retention of carrots, because different quality traits tend to 

respond differently to drying operations. A more in-depth inspection of other quality criteria 

such as shrinkage, porosity, texture, flavor components, phenolic and flavonoids compounds 

thus would need to be investigated further in the future in order to complement or support the 

existing results. In addition, the same drying strategy applied to carrots with the same setting 

parameters could yield different results on color and total carotenoid retention if tested on 

different fruits and vegetables. Thus, the retention of quality attributes in carrots during 

drying might be different for other crops. Specific drying strategies must be designed for each 

fruit and vegetable due to differences in their microstructure, physical properties, and 

chemical compositions. Alongside that, the use of more advanced and automated equipment 

prior to conducting chemical analysis, such as micro grinder, refrigerated shaker, and ultra-

centrifuge, as well as using different analytical instruments for detecting total carotenoids 

content in carrots, such as high-performance liquid chromatography (HPLC), must be 

considered in the future. This is necessary in order to compare and improve the current 

results, as high variations of total carotenoids concentration have been found in this study. 

The application of short-range wavelengths of Vis-NIR hyperspectral imaging in the regions 

between 400 nm to 1010 nm in this study may not be the best approach for developing a 

mathematical model for predicting quality attributes, especially color and total carotenoids 

content in carrots, using non-invasive measurements. We recommend using hyperspectral 

imaging with longer wavelengths of more than 1000 nm in future studies, so that better 

prediction accuracy of quality attributes in carrots can be observed.  

However, despite the limitations above, the present study provides a valid evidence for 

improving quality retention in carrots by manipulating different strategies. We have also 

shown, for example, that it is possible to implement a non-invasive measurement for 

continuous monitoring of quality attributes in carrots, especially to track the evolution of 

moisture content during drying, with an excellent prediction accuracy. This study could serve 

as a foundation for future research, which may employ a more focused attempt at improving 

the prediction accuracy for non-destructive measurements of color and total carotenoids 

content in carrots. 
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9 Conclusions and outlook 

Drying causes irreversible changes in quality attributes such as color and total carotenoids in 

carrots, thus impacting the overall quality of the end product. The drying method and process 

parameters also contribute to quality losses in carrots during drying. Maximizing the retention 

of quality attributes during drying of carrots can be achieved by adapting different drying 

strategies that could improve the process performance while maintaining the quality of the 

end product. This current study demonstrates that temperature and moisture content influence 

the quality retention of carrots during drying. A high drying temperature of 70 °C shows more 

detrimental effects on color, rehydration ratio, and total carotenoid retention in carrots. Dry-

ing at a low temperature of 50 °C also resulted in quality degradation due to thermal damage 

via oxidation and prolonged exposure time to hot air. It was observed that the level of mois-

ture content influences the decomposition of color and total carotenoids in carrots, with rapid 

degradation occurring at 30% (wb) moisture content and lower, irrespective of process pa-

rameters. Excellent correlation between color and total carotenoids with a great accuracy of 

R2 > 0.9 was detected in this study, implying the reliability of utilizing both parameters as the 

main quality indices in carrots. Drying at a mild temperature of 60 °C with an optimum thick-

ness at 3.5 mm is recommended in this study, as these parameters show the highest retention 

of total carotenoids at 67%, minimal color change of ΔE, and maximum rehydration ratio at 

6.31 and 0.48 respectively.  

Quality retention of carrots can be improved by adopting a new strategy of critical control 

point-based intermittent drying at 60 °C, with 3 hours tempering period at 30% moisture lev-

el. These settings offered promising results of high retention of total carotenoids at 77%, and 

minimal color change at 8.1. Controlling the product temperature at 50 °C also showed im-

proved retention of total carotenoids at 72%, compared to continuous drying at 50 °C, which 

resulted in only 63% retention. However, stepwise drying technique at a transition point of 

30% moisture level for step-down temperatures from 60 °C to 40 °C and 60 °C to 50 °C 

showed almost similar retention levels of total carotenoids at 61% and 64% respectively, indi-

cating the inadequacy of this control strategy for total carotenoids retention. This present 

study also demonstrates the efficacy of employing hyperspectral imaging for non-destructive 

quality measurements for continuous monitoring of moisture content, with a good prediction 

performance of R2 at 0.90 throughout the drying process. However, consistent effort on im-

proving modelling performance for internal quality attributes such as total carotenoids needs 

to be sustained, because considerable variations and measurement errors were observed in this 
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study due to physical deformations of carrots during drying. For this reason, the utilization of 

other appropriate chemometric algorithms such as principal component analysis (PCA), clus-

ter analysis (CA), linear discriminant analysis (LDA), artificial neural network (ANN), sup-

port vector machine (SVM), least square-support vector machine (LS-SVM) and multiple 

linear regression (MLR) can be considered in the future in order to improve the modelling 

performance. 

Future research must furthermore focus on developing control strategies based on time-

varying changes in quality attributes with dynamic optimization. This approach must integrate 

both non-invasive measurements with a specific drying strategy that emphasizes on quality-

oriented drying. This dual approach may potentially improve process efficiency through real-

time monitoring of quality transformation throughout the entire drying process. The current 

study also demonstrates solid evidence on the effects of several critical factors on the quality 

retention of the final product. These factors include process parameters; moisture level; prod-

uct temperature; tempering period; dryer type; and quality variations in raw materials due to 

seasonal and environmental conditions during harvest and cultivation. The interactions be-

tween the factors above significantly impact degradation rates of the quality attributes of car-

rots during drying, leading to varying degrees of quality modifications. An in-depth under-

standing of the dynamic evolution of product characteristics at different exposure times dur-

ing drying must be investigated further to understand these unique quality traits, which will 

provide illuminating information essential for process design and improvement. Moreover, 

various issues can be expected during commercial drying of carrots in the near future. This is 

due to the diverse physical and chemical characteristics of different carrot cultivars, which are 

dried for various purposes at varying production capacity, with diverse quality requirements 

and specifications that could lead to inconsistent qualities in the end product. All these factors 

will consequently impact the product’s marketability, and hence influence consumers’ ac-

ceptance and purchasing decisions.  

The main challenge of drying carrots lies in preventing severe physical deformations such as 

shrinkage and irregular surface texture from forming in each slice. These could lead to inaccu-

rate color measurements, finally causing misinterpretation of the results. However, minimal 

physical disfiguration with reduced shrinkage can be achieved through slicing the carrot sam-

ples to a suitable thickness during sample preparation, and through proper temperature man-

agement during drying. The development of shrinkage and changes in product porosity during 

drying also catalyzes nutrient degradation when subjected to severe drying conditions due to 
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the collapsing of the cellular structure, consequently precipitating quality loss. Several im-

portant aspects such as process parameters, product geometry (i.e. thickness and shape), as 

well as the drying technique and the type of dryer used must be considered when designing a 

new process, in order to establish the most effective way to remove water from carrots while 

maintaining the product quality. Continuous effort in exploring a new drying strategy or im-

proving the existing technologies, as well as in integrating an advanced optical technique such 

as hyperspectral imaging into drying systems for a more efficient non-invasive quality meas-

urement needs to be researched further. New knowledge from this current study could serve 

as a building block for the development of a smart dryer that can be employed for sustainable 

drying at both small scale producers and industrial level, so that high quality dried food prod-

ucts can be produced to meet the global demand for functional and healthy foods. 
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10 Summary 

Convective drying of carrots is a non-linear and unsteady-state process with simultaneous 

mechanism of heat and mass transfer leading to time varying quality changes along the pro-

cess and finally causing irreversible quality modification. Inappropriate drying condition will 

generate many qualities related problems such as destruction of physical properties and dis-

coloration of carrots causing by mechanical and thermal damage due to over-drying or ex-

tended drying periods. Inconsistent quality of the product was also observed in dried carrots 

due to variation in process parameters and different drying techniques. Inadequate process 

control during drying also will cause non-uniform moisture and temperature distribution on 

the surface area and negatively impacting quality degradation. All these existing problems 

during drying of carrots require new approach to minimize the quality loss with the main ob-

jective is to maximize quality retention by introducing new drying strategies. Most of the pre-

vious research approach was concentrating on ‘input-output’ or black box concept which re-

lies on initial and final values of quality attributes without considering the time varying transi-

tion of specific quality attributes at different exposure time during drying. This common prac-

tice effectuates the process performance since quality profile at the entire drying periods is 

unknown leading to variation in the quality of the product. In view of this, the current re-

search is undertaken to understand the trend of dynamic changes of color and total carote-

noids at different temperatures of 50 °C, 60 °C and 70 °C in order to develop a degradation 

profile of quality attributes in carrots during convective drying. The information is useful for 

identifying the exact inflection point and moisture level in which the quality parameters are 

prone to rapid degradation so that specific drying strategies can be designed for process im-

provement and dynamic optimization. Based on this, a new drying strategy of intermittent 

drying was tested in this study with the aim to investigate the combined effects of tempera-

ture, moisture levels and tempering periods on quality retention and to promote the new con-

cept of inflection point based non-stationary drying for quality maintenance of carrots. This 

new technique has proven to be effective in increasing the retention of total carotenoids up to 

77% with significant improvement in color attribute and noticeable reduction in effective dry-

ing time and energy consumption when drying at 60 °C with 3 hours tempering period at 30% 

moisture level. Furthermore, the possibility to use hyperspectral imaging for non-destructive 

quality measurement during drying of carrots was also conducted in this study. The results 

obtained demonstrate excellent predictive performance for moisture content with moderate 

prediction accuracy for color and total carotenoids content in carrots during drying.   
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11 Zusammenfassung 

Die konvektive Trocknung von Möhren ist ein nichtlinearer und instationärer Prozess mit 

gleichzeitigem Wärme- und Stofftransport, der zu zeitabhängigen Qualitätsänderungen 

während des Prozesses führt und irreversible Qualitätsverluste bewirken kann. Eine 

mangelhafte Prozessführung führt zu vielen qualitätsrelevanten Mängeln etwa bei den 

physikalischen Eigenschaften oder beim Farberhalt. Beispiele dafür sind mechanische und 

thermische Schäden aufgrund von Übertrocknung oder überlangen Trocknungszeiten. Auch 

Ungleichmäßigkeiten in der Qualität des Endprodukts  aufgrund von Schwankungen der 

Prozessparameter und unterschiedlicher Trocknungstechniken sind möglich. Eine 

mangelhafte Prozessüberwachung führt ebenfalls zu einer ungleichmäßigen Feuchtigkeits- 

und Temperaturverteilung auf der Oberfläche und wirkt sich negativ auf die Qualität aus. Alle 

diese bestehenden Probleme bei der Trocknung von Möhren erfordern einen neuen Ansatz, 

um den Qualitätsverlust zu reduzieren, wobei das Hauptziel darin besteht, die Produktqualität 

durch die Einführung neuer Trocknungsstrategien zu maximieren.  Bisherige 

Forschungsansätze konzentrierten sich auf das ‚Input-Output‘ oder das ‚Black-Box‘-Konzept, 

das sich nur auf die Anfangs- und Endwerte von Qualitätsmerkmalen stützt, ohne den 

zeitlichen Verlauf spezifischer Qualitätsveränderungen bei unterschiedlicher Expositionszeit 

während der Trocknung zu berücksichtigen. Diese gängige Praxis wirkt sich auf das 

Prozessergebnis aus, da die Qualitätsveränderungen innerhalb der Trocknungszeit unbekannt 

sind, was zu Schwankungen beim Endprodukt führen kann. Vor diesem Hintergrund wurden 

daher Untersuchungen durchgeführt, um den Verlauf der dynamischen Veränderungen bei 

Farbe und Gesamt-Carotinoidgehalt bei verschiedenen Temperaturen (50 °C, 60 °C und 70 

°C) zu bestimmen. Daraus lässt sich ein Abbauprofil der Qualitätsmerkmale während der 

konvektiven Möhrentrocknung entwickeln. Diese Erkenntnisse sind notwendig, um den 

genauen Wendepunkt und das Feuchtigkeitsniveau zu identifizieren, bei denen die 

Qualitätsparameter zu einer beschleunigten Verschlechterung neigen, so dass spezifische 

Trocknungsstrategien zur Prozessverbesserung und zur dynamischen Optimierung entworfen 

werden können. Darauf aufbauend wurde daher in dieser Studie die neue Prozessführung 

einer intermittierenden Trocknung erprobt, mit dem Ziel, die kombinierten Auswirkungen von 

Temperatur, Feuchtegehalt und Temperierzeiten auf die Qualitätserhaltung zu untersuchen 

und das neue Konzept einer wendepunktbasierten nichtstationären Trocknung zur 

Qualitätserhaltung von Möhren vorzustellen. Dieses neue Verfahren hat sich mit der 

Erhöhung der Gesamt-Carotinoiderhaltes um bis zu 77 % als sehr wirksam erwiesen. Zudem 

zeigte sich eine signifikante Verbesserung der Farbeigenschaften und eine spürbare 
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Reduzierung der effektiven Trocknungszeit und des Energieverbrauchs bei einer Trocknung 

bei 60 °C mit einer Temperierperiode von 3 Stunden bei 30% Feuchtigkeitsgehalt. Darüber 

hinaus wurde die Möglichkeit einer kontinuierlichen Überwachung durch eine Hyperspektral-

Kamera zur zerstörungsfreien Messung von Qualitätsmerkmalen in der Möhrentrocknung 

untersucht. Die Ergebnisse zeigen eine ausgezeichnete Vorhersagegenauigkeit für den 

Feuchtigkeitsgehalt und akzeptable Werte für den Farb- und Gesamt-Carotinoiderhalt bei der 

Trocknung.
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Abstract 

The objective of this research was to investigate the effect of intermittent drying on drying kinetics 

and quality in terms of color change and total carotenoids retention of organic carrots. Drying tests 

were conducted at 60°C and 0.6 m/s air velocity. Samples were tempered for 1 and 3 hours at different 

moisture levels of 30% and 40% (wb). Tempering periods for 1 and 3 hours showed a significant ef-

fect on drying time and effective moisture diffusivity. Drying time can be reduced by 18.2 % to 25.5% 

after tempering for 1 and 3 hours for both moisture levels. Tempering for 3 hours at 30% moisture 

levels had shown shorter drying time, minimal color changes at 8.43 and the highest retention of total 

carotenoids of up to 78% as compared with continuous drying with only 70% retention. The Page, 

Midili and Two term equations were found to be appropriate to describe the drying kinetics of organic 

carrot with highest R2 and lowest χ2. Moisture diffusivity for both moisture levels was increased dur-

ing intermittent drying as compared with continuous drying. 

Keywords: Intermittent drying, tempering period, moisture levels, effective moisture diffu-

sivity, organic carrot  
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1. Introduction 

Convective drying with continuous heat supply is the most common drying technique due to its easy 

application and available technology globally. However, there is a growing trend to combine different 

drying technique according to product characteristics in order to minimize energy consumption and to 

preserve product quality (Laura et al. 2010 and Menshutina et al. 2004). One strategy is the application 

of intermittent drying. Intermittent drying involves a resting period or tempering between drying pro-

cess which includes pulsating of the three main process parameters: heat input, chamber pressure and 

air velocity (Chua, et al. 2003). In other words, heat is applied discontinuously during intermittent 

drying. The technique had shown positive response towards preserving the active ingredients in agri-

cultural crops ( Lekcharoenkul et al. 2014 and Hii et al. 2013). According to Chua, et al. (2003), tem-

pering during drying of agricultural crops will improve surface related quality characteristics such as 

color and texture. The resting period during drying prevents over heating or over-drying of the surface 

layer and improves the internal water migration in the plant’s cell (Chua, et al. 2003). Previous studies 

have found significant advantages in operating fluidized beds in an intermittent manner by regulating 

the air temperature during drying. Pan et al. (1999) showed the effect of intermittent drying of carrot 

cubes in vibro-fluidized bed dryer on beta-carotene retention in the dried product. They found that 

beta-carotene was better retained in carrots undergoing intermittent drying with 9.5 hours resting peri-

od as compared with continuous drying. Drying with tempering period has also been tested with posi-

tive results in paddy (Jaisut, et al. 2008). The authors observed that the drying temperature and tem-

pering time influenced rice digestibility properties. It was also reported that reduction of broken rice 

during milling of post-dried paddy was achieved by lowering grain fissures through intermittent cool-

ing (tempering) during drying process. The cracks in a rice kernel can also be reduced through temper-

ing between drying by reducing moisture-induced stress ( Poomsa-ad et al. 2005). So, based on this, 

the intermittent drying technique was tested as measures to determine its effect on drying kinetic, dy-

namic quality changes and moisture diffusivity of organic carrot in this study in a convective cabinet 

dryer. 

2. Material and methods 

Raw materials 

Organically grown carrots (var. Laguna) at optimum maturity of 3.5 months after planting were ob-

tained from the University’s farm in Frakenhausen, Kassel, Germany. Prior to drying, the roots were 

washed with distilled water, peeled and sliced at 3.5mm thickness by using a food slicer (model 

E21EU, Graef, GmbH, Germany). The outer diameter for each slice was kept constant at 2.5 ± 0.1 cm 

by using a custom made rounded stainless steel cutter. The diameter of carrots was measured manually 

using a vernier caliper (model 98618, Kinzo, Netherlands).  
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Drying procedure 

Drying experiments were conducted in a lab scale cabinet hot air dryer (HT mini, Innotech Inge-

nieursgesellschaft mbH, Altdorf, Germany). The air flow of the dryer was kept constant at 0.6 m/s. For 

every drying trial, about 200 g of sliced carrots were placed as a single layer on the drying shelve of 

the cabinet dryer and dried at 60°C. Tempering was performed at 126 and 150 minutes of drying for 1 

and 3 hours at which the level of moisture content reaches 40% and 30% respectively. Before each 

drying run, the dryer was started 1 hour in advance to attain steady state conditions. The initial mois-

ture content of carrots was determined according to the AOAC method (1995) by drying the sample in 

an oven at 105°C for 24 hours (ULM 400, Mermert, GmbH, Germany). The initial moisture content of 

organic carrots was recorded to be around 7.54 gw / gdm ± 0.5. The weight of the samples was recorded 

every 30 minutes intervals during drying by weighing the sample manually using an electronic balance 

(model E2000D, Sartorius, Göttingen, Germany, readability 0.001 g) until the samples reached to a 

final moisture content of 0.12 ± 0.02 g w /g dm. 

Determination of total carotenoids 

Total carotenoid was determined according to the method reported by Moscetti et al., (2017) with mi-

nor modification by extracting 100 mg of carrot tissue in 10 ml of solvent mixture of hexane, acetone 

and ethanol (2:1:1). The solution mixture was homegenized for 2 minutes at 8000 rpm using a labora-

tory homegenizer (Model T25, IKA, Staufen, Germany) and incubated inside a refrigerator for 1 hour 

at 4°C until the sample turned completely white in order to ensure all the total carotenoids were fully 

extracted. Then, 5 ml of distilled water were added to the extracted sample to allow phase separation. 

The upper layer was separated from the aqueous phase and consequently subjected to measurement for 

total carotenoids by measuring the absorbance at a wavelength of 450 nm using a UV/Vis spectropho-

tometer (model GenesysTM 10 series, Thermo Electron Co. USA). The total carotenoids content was 

determined using Equation (1). 

Total carotenoids =  x C1%   (µg / g)                                                          (1) 

where A is the absorbance reading of the sample, V1 is the dilution factor, A1% is the extinction coeffi-

cient of the 1% solution (i.e.2500 AU) and C1% is the concentration of the 1% solution (10 mg/ml). 

The total carotenoids content was converted to mg/g dm based on dry matter content and the concentra-

tion was expressed as a percent retention in this study.  

Calculation of the moisture ratio 

The following equation was used to determine the moisture ratio of the carrot slices experimentally 

during the drying process (Botelho et al. 2011).  
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MR =                                                                               (2) 

Where M (gw/gdm) is the moisture content at any given time t, Mo is the initial moisture content and Me 

is the equilibrium moisture content.  

Calculation of effective moisture diffusivity  

The effective moisture diffusivity is very important parameters for modelling and simulation of drying 

processes and greatly depend on temperature and moisture content of the material (Zogzas et al. 1996). 

The value of effective moisture diffusivity can be obtained from Fick’s second law of diffusion equa-

tion for a slab as described by Doymaz and Özdemir ( 2014) as in Equation 3. 

MR =  =  exp ( )                                                   (3) 

A plot of ln MR versus time gives a straight line with a slope of π2Deff / 4 L2 where L is a half thick-

ness of the slab in meters. The diffusivity coefficient can be obtained from the slope of Equation (3).                        

3. Results and discussion  

The results from Table 1 showed that, all models tested were appropriate to fit the drying kinetics of 

organic carrot during intermittent drying. All models shown a good fitting with highest R2 and lowest 

χ2. The results are similar with previous research on paddy as reported by Golmohammadi et al. 

(2016). Tempering for 1 and 3 hours at 40% and 30% moisture content also shortened the drying time 

by 18.2 % to 24.5% for sample dried at 60°C respectively (Table 2 and Figure 1). A decrease in drying 

time is the result of rapid moisture removal from the surface of the material to the environment due to 

the tempering period. Tempering period between drying process allows sufficient time for the mois-

ture to diffuse from the interior to the surface of the material when no heat is supplied and consequent-

ly resulting in better moisture distribution within the sample and finally leading to a shorter drying 

time as compared with continuous drying (Jumah et al. 2007). It was also observed that, the slopes of 

the drying curves reduce with time which indicated that the drying process was fully within the falling 

rate period. However, the displayed graph in Figure 1 also showed that, the moisture ratio starts to 

level off after 180 minutes of drying and onwards for all treatments. Tempering at 40% moisture level 

had shown longer drying time as compared with 30% moisture level (Table 2). This is because the 

samples contain slightly higher moisture content initially at the beginning of the tempering period so 

more time is needed to remove the extra moisture to the desired moisture content. The effective mois-

ture diffusivity as in Table 3 was increased for all tempering treatment as compared with continuous 

drying. The results demonstrated that rapid diffusion of internal water to the surface area at the time of 

tempering period could possibly accelerate the water removal during subsequent drying. High reten-

tion of total carotenoids at 78% with minimal color changes at 8.43 (Figure 2 and 3) can be obtained 

when tempering for 3 hours at 30% moisture content (wb) due to shorter effective drying time that 
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could reduce the exposure time to hot air and consequently minimise the degradation of total carote-

noid with better color retention. Only 70% of total carotenoids in carrots can be retained when subject-

ed to continuous drying as compared with intermittent drying. Similar findings had been reported by 

Pan et al. (1998) on squash slices. The author reported that higher retention of beta carotenes of up to 

87.2% was observed in sample with intermittent drying. Changes of total color was prominent at the 

later stage of drying with a noticeable changes can be observed at a lower moisture ratio of less than 

0.1 (20% wet basis or 1gw / gdm) for all drying treatments. The results indicate that color degradation 

occurred at lower moisture content due to depletion of free water on the surface of the materials caus-

ing direct exposure of heat onto the surface area which will lead to rapid degradation of color (Rama-

krishnan and Francis, 1979).  However, color of the product can be improved by adopting tempering 

period for 3 hours at 30% moisture levels which is consistent with the findings reported by Chin and 

Law (2010) on intermittent drying of Ganoderma. The authors found that better color retention on a 

dried samples when subjected to intermittent heat pump drying at 28.4°C and 40.6°C. 

Table 1: Mathematical modelling of drying kinetics of intermittent drying of organic carrot at 60°C 

Model Constant 60° 
Continuous 
drying 

60°C 
1 hr temper-
ing at 30% 
MC 

60°C 
3 hr tem-
pering at 
30% MC 

60°C 
1 hr tem-
pering at 
40% MC 

60°C 
3 hr tem-
pering at 
40% MC 

Page 

MR = exp(-atb ) 

(Arabhosseini et al.2009) 

 
a 

 
0.0036600 

 
0.0168292 

 
0.0162050 

 
0.0100843 

 
0.013755 

 
b 

 
1.3171250 

 
1.0093032 

 
1.0188067 

 
1.1048213 

 
1.078069 

 
R2 

 
0.9993372 

 
0.9994557 

 
0.9993175 

 
0.9992235 

 
0.999072 

 
χ2 

 
0.0006376 

 
8.1753E-05 

 
0.0001109 

 
0.0001260 

 
0.000151 

 
RMSE 

 
0.0004782 

 
6.127E-05 

 
8.314E-05 

 
9.452E-05 

 
0.000113 

Midili 

MR=a exp(−ktn)b + bt 

(Midili et al.2002) 

 

 
a 

 
1.0723143 

 
1.0051123 

 
1.0071056 

 
1.0178167 

 
1.012510 

 
b 

 
0 

 
4.381E-05 

 
5.406E-05 

 
2.037E-05 

 
3.91E-05 

 
k 

 
0.1360903 

 
0.1469117 

 
0.1475503 

 
0.1403057 

 
0.153692 

 
n 

 
0.1130139 

 
0.1220003 

 
0.1225306 

 
0.1165144 

 
0.127630 

 
R2 

 
0.9951513 

 
0.9996238 

 
0.9995482 

 
0.9983914 

 
0.998710 

 
χ2 

 
0.0007629 

 
4.308E-05 

 
5.175E-05 

 
0.0002120 

 
0.000163 

 
RMSE 

 
0.0005722 

 
3.231E-05 

 
3.882E-05 

 
0.0001590 

 
0.000122 

Two term 

MR=a1exp(−k1t)+a2exp(−k2) 

(Rahman et al. 1998) 

 

a1  
0.5168941 

 
0.5010126 

 
0.5016979 

 
0.5081110 

 
0.504999 

 
a2 

 
0.5168941 

 
0.5010126 

 
0.5016979 

 
0.5081109 

 
0.504999 

 
k1 

 
0.0138881 

 
0.0175443 

 
0.0176125 

 
0.0161893 

 
0.019289 

 
k2 

 
0.0138881 

 
0.0175443 

 
0.0176125 

 
0.0161893 

 
0.019289 
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R2 

 
0.9961188 

 
0.9994285 

 
0.9992352 

 
0.9983138 

 
0.998481 

 
χ2 

 
0.0004916 

 
8.211E-05 

 
0.0001128 

 
0.0002206 

 
0.000198 

 
RMSE 

 
0.0003687 

 
6.158E-05 

 
8.457E-05 

 
0.0001655 

 
0.000149 

 

Table 2 : Moisture diffusivity and drying time during intermittent drying of organic carrot 

Drying treatment Moisture diffusivity (m2/s) Effective drying time 

(min) 

60°C-continuous drying 3.247 x 10-10 330 

60°C-1 hour tempering at 30% mc 3.909 x 10-10 246 

60°C-3 hour tempering at 30% mc 3.909 x 10-10 246 

60°C-1 hour tempering at 40% mc 3.516 x 10-10 270 

60°C-3 hour tempering at 40% mc 4.219 x 10-10 270 

 

Fig.1. Effective drying time for continuous and intermittent drying of organic carrots 
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Fig. 2. Total color changes (∆E) of organic carrot during continuous and intermittent drying 

 

Fig.3. Retention of total carotenoids in organic carrots during continuous and intermittent drying 

 

4. Conclusion 
The study indicated that, intermittent drying with tempering periods had shown promising results with 

reduced drying times and increased quality retention for convective drying of organic carrots. Further 

research needs to be focused on dynamic changes of product quality throughout the process since 

changes in process settings at significant points will help to increase the retention of valuable compo-

nents leading to high quality product for consumers. Moreover better process control can be developed 

and improved for industrial application in the future. 

Tempering at 30% mc 
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Abstract 

The effect of different drying temperatures on color degradation kinetics of carrots was inves-

tigated in a convective dryer at 50 ⁰C, 60 ⁰C and 70 ⁰C with a constant velocity of 0.6 m/s.  

The results showed that degradation of color followed both zero and first order kinetics. Total 

color changes (ΔE) for 50 ⁰C was best modelled by zero order kinetics while first order kinet-

ics was adequate to describe ∆E for 60 ⁰C and 70 ⁰C. All color parameters ( L, a*, b* and ∆E) 

for 70 °C had followed first order kinetics while color parameters for 60 ⁰C and 70 ⁰C fol-

lowed both zero and first order models with highest R2 and lowest RMSE. The degradation 

rate constant was increased with increased in temperature. The activation energy for color 

degradation was in the range between 24 kJ/mol to 91 kJ/mol for all temperatures studied. 

Higher activation energy indicates that the color is more susceptible to heat damage during 

drying which signified higher thermal sensitivity for pigment discoloration.  

 

Keywords: Color, Degradation kinetics, Drying, Organic carrot 

 

Introduction  
Carrots are one of the most consumed vegetables globally. The crop is ranking second in the 

world behind potato with abundant of phytonutrients such as beta-carotene, vitamin C and 

minerals (Anon, 2011). The crop can be incorporated into many dishes or processed into vari-

ous products such as canned, dehydrated, juice and beverages (Aggarwal and Kaur, 2014). 

Freshly harvested carrots are highly perishable due to the presence of water and it is suscepti-

ble to physico-chemical deterioration. In view of this, drying process is needed in order to 

reduce the water content to a safe level for storage stability. Dried carrots are easier to handle 
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and less prone to microbial spoilage (Pittia and Antonello, 2016). So, preserving the quality of 

carrot during drying is very important so that high quality product can be produced to con-

sumers. The most commonly regarded quality parameters of carrots are color and total carote-

noids which need to be retained and preserved along the drying process. Furthermore, color 

characteristics are the most important parameter measured in dried food products as they are 

one of the first quality attributes that can be visualized by a consumer (Chua et al., 2000). 

Modelling color degradation of carrots throughout the drying process is very important in 

order to predict the changes in color at any given time of drying so that better process control 

can be developed for process improvement and quality maintenance. So based on this, the 

objective of this study is to evaluate and predict the degradation kinetics of color during con-

vective drying of organic carrots.  

   

Materials and Methods  

Drying procedure 

Organic carrots (var. Laguna) at optimum maturity of 3.5 months after planting were obtained 

from the University’s farm in Frakenhausen, Kassel, Germany. Prior to drying, the roots were 

washed with distilled water, peeled and sliced at 3 mm thickness using a food slicer (model 

E21EU, Graef, GmbH, Germany). The outer diameter for each slice was kept constant at 2.5 

± 0.1 cm by using a custom made rounded stainless steel cutter. Drying experiments were 

conducted in a pilot scale cabinet hot air dryer (HT mini, Innotech Ingenieursgesellschaft 

mbH, Altdorf, Germany). The dimensions of the dryer are 50cm x 40cm x 60cm ( L x W x H) 

with an heating element of 43W. The air velocity of the dryer was kept constant at 0.6 m/s. 

For every drying trial, about 200 g of sliced carrots were placed as a single layer on the drying 

shelves of the cabinet dryer and dried at different temperatures of 50°C, 60°C and 70°C. The 

initial moisture content of organic carrots was recorded to be around 7.02 gw / gdm  ±  0.5. The 

color of the samples was measured in 30 minutes intervals during drying until the samples 

reached to a final moisture content of 0.14 ± 0.02 g w /g dm. Color measurements was per-

formed using a Minolta chroma meter (model CR-400, Minolta Camera Co. Ltd. Osaka, Ja-

pan). 
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Degradation kinetics of color 

The degradation of color during drying at 50 °C, 60 °C and 70 °C, was modelled by applying  

Equations 1 and 2 for zero and first-order reaction, respectively (Fratianni et al., 2013): 

 

C = C0−k0 t                                                                                                         (1) 

 

ln C = ln C0 − k1 t                                                                                               (2) 

 

where C is the concentration (%) at time t; C0, the concentration (%) at time zero; k0, the zero 

order rate constant (h-1); k1, the first-order rate constant (h−1); t, the drying time (h). The effi-

ciency of the fitted model was determined by the highest correlation coefficient (R2) and low-

est root mean square error (RMSE). The reaction rate constant for both models can be ob-

tained from the slope of the linear Equations (1) and (2). The activation energy (Ea) for total 

carotenoids degradation was calculated using the Arrhenius equation (Equation 3). 

 

K  = ko exp (- )                                                                                                (3) 

 

Where R is the universal gas constant (8.3142 kJ/mol) and T is the absolute drying tempera-

ture in Kelvin and ko is the Arrhenius constant (time−1). The activation energy, Ea can be ob-

tained from the slope of ln K versus 1/T where K can be obtained from Equation (1) and (2) : 

 

Results and Discussion  
The results show that zero order kinetics is the best fit to describe total color changes (∆E)  

for 50°C while first order kinetics is appropriate to describe total color changes for 60°C and 

70°C with highest R2 and lowest RMSE. The first order kinetics was adequate to model all 

color parameters for 70°C while L value for both temperature of 50 °C and 60 °C was best 

modelled using zero order kinetics. The a* value for all temperatures was observed to follow 

first order kinetics and b* value for 50 °C and 70 °C was best presented by first order and 

zero order kinetics respectively. All results obtained were in agreements with previous re-

search which stated that degradation of color follows zero and first order kinetics (Moham-

madi et al. 2008; Idham et al. 2012). The activation energy which is a temperature depend-

ence can be obtained from the slope of the straight line of the Arrhenius equation (Equation 

3). The results from Table 3 showed that activation energy for color degradation of carrot was 

in the range from 24 kJ/ mol to 91 kJ/mol for all color parameters. Higher activation energy 



 

248 
 

can be observed for a* and b* for both zero and first order kinetics respectively which indi-

cates both parameters are more sensitive to temperature with the possibility of pigment dis-

coloration (Dutta et al. 2006). The range of activation energy for agricultural produce was 

reported to be from 12.7 to 110 kJ/mol ( Zogzas et al., 1996) . Thus, the results obtained in 

this study were still within the acceptable range of the documented data.  

 

Table 1: The estimated kinetic parameters and the statistical values for zero order model for 

L, a, b and total color change (∆E) at different temperature.  

Temperature 

 

Color pa-

rameters 

K (min-1) 

 

C0 

 

R2 

 

RMSE 

 

50 °C 

 

 

 

60 °C 

 

 

 

70 °C 

 

 

L 

a 

b 

∆E 

L 

a 

b 

∆E 

L 

a 

b 

∆E 

0.0218 

-0.0089 

-0.0145 

0.0277 

0.0222 

-0.0126 

-0.0163 

0.0290 

0.0255 

-0.0240 

-0.0185 

0.0343 

59.465 

24.281 

42.095 

2.3418 

56.060 

26.163 

42.071 

0.9747 

59.854 

24.980 

46.365 

5.3183 

0.94309 

0.98961 

0.98959 

0.96918 

0.98606 

0.98393 

0.96863 

0.99423 

0.91075 

0.98178 

0.97212 

0.98367 

0.05691 

0.01273 

0.03384 

0.37841 

0.01319 

0.03027 

0.06426 

0.00577 

0.61194 

0.09316 

0.20276 

0.30493 

 

Table 2: The estimated kinetic parameters and the statistical values for first order model for 

L, a, b and total color change (∆E) at different temperature.  

Temperature 

 

Color pa-

rameters 

K (min-1) 

 

C0 

 

R2 

 

RMSE 

 

50 °C 

 

 

 

60 °C 

 

 

L 

a 

b 

∆E 

L 

a 

b 

0.0003 

-0.0004 

-0.0004 

0.00340 

0.0004 

-0.0005 

-0.0006 

59.490 

24.322 

42.170 

3.7875 

56.120 

26.209 

42.127 

0.93537 

0.99143 

0.98855 

0.85126 

0.98436 

0.98700 

0.96309 

0.000186 

2.127 E-05 

4.582 E-05 

0.079945 

0.015641 

5.086 E-05 

6.486 E-05 
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70 °C 

 

 

∆E 

L 

a 

b 

∆E 

0.0052 

0.0005 

-0.0013 

-0.0008 

0.0077 

1.9977 

59.388 

25.521 

46.768 

5.1882 

0.94970 

0.91191 

0.98834 

0.97519 

0.98977 

0.029 E-05 

0.000209 

0.000314 

0.000254 

0.014876 

 

Table 3: Activation energy for color degradation of carrot at different temperature  

Kinetics model Color parame-

ters 

Activation energy, 

Ea (kJ / mol) 

R2 

    

Zero order 

 

 

 

First order 

L 

a 

b 

∆E 

L 

a 

b 

∆E 

20.966 

90.398 

30.729 

11.115 

23.570 

23.942 

45.386 

19.477 

0.9432 

0.9690 

0.9547 

0.8420 

0.9969 

0.9907 

0.9537 

0.9063 

 

Conclusion  
This study showed that zero and first model kinetics were found adequate to model degrada-

tion kinetic of color in carrots during convective drying. Both models can be used to describe 

color degradation of carrots at different drying temperature which is very useful to predict the 

retention of color at any given time during drying. Future work needs to be focused on devel-

oping a model to relate color degradation with total carotenoids content in carrot so that better 

quality prediction can be modelled to correlate the physico-chemical changes during drying at 

different exposure time. Moreover, controlling the process settings using accurate kinetics 

parameters can contribute to improvement and optimization of the drying process. 
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