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Our current food system faces challenges across the board – from ensuring food security and reducing 
environmental impact to managing costs and minimizing waste. Fortunately, cutting-edge food processing 
technologies play a critical role in paving the way for a more sustainable future. Taking a two-track 
approach, Future Crops and Processing Technologies for Sustainability and Nutritional Security presents 
sustainable technologies and emerging crops that are capable of ensuring nutritional security. There are 
various crops that are nutritious but under-utilized. Crops covered in the book are those that are climate 
resilient and exhibit less use of water and zero discharge to environment, such as millets and legumes like 
chickpea, groundnuts, and pigeon pea.

KEY FEATURES:

• Provides a comprehensive literature review on the opportunities and challenges in achieving 
sustainability and nutritional security.

• Presents compatible, relevant crops to address both sustainability and nutritional security.
• Discusses the emerging technologies/crops/food products to justify sustainability and potential 

to ensure nutritional security.

This book also provides information on all aspects related to the processing and use of sustainable 
technologies and crops. The use of technologies like 3D printing, novel drying method, high pressure 
processing, high-voltage treatments, and the proper combination of conventional methods are addressed.



http://taylorandfrancis.com


Future Crops and Processing 
Technologies for Sustainability 

and Nutritional Security

Edited by  
Soumya Ranjan Purohit, Vasudha Sharma,  

Meena Kumari, Kasi Muthukumarappan and  
Joanna Kane-Potaka



Designed cover image: Shutterstock

First edition published 2025
by CRC Press
2385 NW Executive Center Drive, Suite 320, Boca Raton FL 33431

and by CRC Press
4 Park Square, Milton Park, Abingdon, Oxon, OX14 4RN

CRC Press is an imprint of Taylor & Francis Group, LLC

© 2025 selection and editorial matter, Soumya Ranjan Purohit, Vasudha Sharma, Meena Kumari, 
Kasi Muthukumarappan and Joanna Kane-Potaka; individual chapters, the contributors

Reasonable efforts have been made to publish reliable data and information, but the author and 
publisher cannot assume responsibility for the validity of all materials or the consequences of 
their use. The authors and publishers have attempted to trace the copyright holders of all material 
reproduced in this publication and apologize to copyright holders if permission to publish in this 
form has not been obtained. If any copyright material has not been acknowledged please write and 
let us know so we may rectify in any future reprint.

Except as permitted under U.S. Copyright Law, no part of this book may be reprinted, reproduced, 
transmitted, or utilized in any form by any electronic, mechanical, or other means, now known or 
hereafter invented, including photocopying, microfilming, and recording, or in any information 
storage or retrieval system, without written permission from the publishers.

For permission to photocopy or use material electronically from this work, access  
www.copyright.com or contact the Copyright Clearance Center, Inc. (CCC), 222 Rosewood Drive, 
Danvers, MA 01923, 978–750–8400. For works that are not available on CCC please contact 
mpkbookspermissions@tandf.co.uk

Trademark notice: Product or corporate names may be trademarks or registered trademarks and are 
used only for identification and explanation without intent to infringe.

Library of Congress Cataloging-in-Publication Data
Names: Purohit, Soumya Ranjan, editor. | Sharma, Vasudha (Food technology researcher), editor. |  

Kumari, Meena (Nutrition researcher), editor. | Muthukumarappan, Kasi, editor. | Kane-Potaka, 
Joanna, editor.

Title: Future crops and processing technologies for sustainability and nutritional security / edited by 
Soumya Ranjan Purohit, Vasudha Sharma, Meena Kumari, Kasi Muthukumarappan and Joanna 
Kane-Potaka

Description: Boca Raton, FL : CRC Press, 2025 | Includes bibliographical references and index
Identifiers: LCCN 2024007065 | ISBN 9781032248004 (hardback) | ISBN 9781032248011 

(paperback) | ISBN 9781003280170 (ebook)
Subjects: LCSH: Food industry and trade. | Sustainable agriculture. | Agricultural innovations. | 

Food security.
Classification: LCC TP370 .F88 2025 | DDC 664.0028/6—dc23/eng/20240402
LC record available at https://lccn.loc.gov/2024007065

ISBN: 978-1-032-24800-4 (hbk)
ISBN: 978-1-032-24801-1 (pbk)
ISBN: 978-1-003-28017-0 (ebk)

DOI: 10.1201/9781003280170

Typeset in Times
by Apex CoVantage, LLC

http://www.copyright.com
mailto:mpkbookspermissions@tandf.co.uk
https://lccn.loc.gov/2024007065
https://doi.org/10.1201/9781003280170


Contents

About the Editors xiii
Contributors xv

SECTION A Sustainable Food Processing Technologies 1

 1 Sustainable Food Processing Technologies 3
Dibya Ranjan Dash, Niveditha Asaithambi, Sushil Kumar Singh  
and Poonam Singha

1.1 Introduction 3
1.2 Sustainability in Food Production 4
1.3 Challenges in Sustainable Food Production 5
1.4 Food Industry Actions on Sustainable Food Production 5

1.4.1 Life Cycle Assessment (LCA) 6
1.4.2 Sustainable Food Smart Manufacturing Technology 7
1.4.3 Sustainable Indicators 7
1.4.4 Sustainable Food Sources 7
1.4.5 Sustainable Emerging Technologies 9

1.5 Novel Thermal and Nonthermal Technology 9
1.5.1 Nonthermal Technology 12
1.5.2 Novel Thermal Technology 12

1.6 Nanotechnology 13
1.7 Conclusions 14
References 15

 2 Novel Drying Technologies 22
Asutosh Mohapatra, Tanya Nagpal, Nikita Sanwal, Tapasya Kumari, 
Manaswini Barik and Jatindra K. Sahu

2.1 Introduction 22
2.2 Infrared Drying 22

2.2.1 Heating Mechanism 23
2.2.2 Radiation Source 24
2.2.3 Application of IR in Drying 24

2.3 Heat Pump Drying 24
2.3.1 Mechanism 26

2.4 Refractive Window Drying 27
2.4.1 Working Principle 27

2.5 Microwave-Assisted Drying Technique 29
2.5.1 Working Principle 29
2.5.2 Applications in Foods 29
2.5.3 Future Scope 31

v



vi Contents

2.6 High Electric Field/Electrohydrodynamic Drying 31
2.6.1 Working Principle 31
2.6.2 Applications in Foods 31
2.6.3 Future Scope 32

2.7 Superheated Steam Drying 32
2.7.1 Working Principle 32
2.7.2 Applications in Foods 33
2.7.3 Future Scope 33

2.8 Ultrasound-Assisted Drying 33
2.8.1 Sound Frequency 34
2.8.2 Working Principle 34
2.8.3 Applications in Foods 35
2.8.4 Conclusion 36
2.8.5 Future Scope 36

2.9 Atmospheric Freeze-Drying 36
2.9.1 Working Principle 36
2.9.2 Applications in Food 37
2.9.3 Future Scope 39

2.10 Conclusion 39
References 39

 3 3D Printing: Formulation Engineering, Technological Effects,  
and Applications in Food Processing 44
Sukirti Joshi, Jatindra K. Sahu, Maria Charalambides, Sangeeta Prakash  
and S.N. Naik

3.1 Introduction 44
3.2 Overview of Various Techniques Associated with the 3DP Process 45
3.3 Factors Impacting 3D Printing Precision 47

3.3.1 Parameters Concerning Food Matrix 47
3.3.2 Parameters Governing Printing Machine Process Parameters  

Influencing Build Quality 51
3.4 Approaches to Predict the 3D Printing Precision of Food Formulations 52

3.4.1 Determining the Dimensional Stability of the 3D Printed  
Constructs 52

3.4.2 Novel Screening through Rheological Evaluation 53
3.4.3 Flow Analysis during 3DFP Computational Fluid Dynamics 53
3.4.4 Non-Destructive Techniques: Low-Field Nuclear Magnetic  

Resonance (LF-NMR) and Near-Infrared (NIR) 54
3.4.5 Numerical Techniques for 3D Printed Construct Analysis 54
3.4.6 Assessment of 3D Printability Based on Alternative Reference  

Material 55
3.4.7 Morphological Evaluation 55

3.5 3D Printing in Food Sector 55
3.6 4D Food Printing 59
3.7 Prospects and Challenges 59
3.8 Conclusion 59
References 60



Contents vii

 4 Processing of Food Using Light Sources 64
Ajit K. Mahapatra, Hema L. Degala and Poliana M. de Souza

4.1 Introduction 64
4.1.1 Ultraviolet Light 64
4.1.2 Pulsed UV Light 74

4.2 Conclusions 80
References 81

 5 Applications of Cold Plasma in Food 86
Ramkrishna Salunke, Manisana Athokpam, Shalini Arya  
and Roji Waghmare

5.1 Introduction 86
5.2 Principle behind the Cold Plasma Technology 87

5.2.1 Working Principle of Cold Plasma Generation 87
5.3 Cold Plasma Sources 88

5.3.1 Corona and Dielectric Barrier Discharge 88
5.3.2 Microwave Discharge and Plasma Jet 89

5.4 Applications of Cold Plasma in the Food Sector 90
5.4.1 Fruits and Vegetables 90
5.4.2 Milk and Milk Products 91
5.4.3 Seeds and Nuts 91
5.4.4 Animal Products 92
5.4.5 Beverages 92

5.5 Safety Considerations 93
5.6 Recent Developments and Future Research Opportunities 93
5.7 Summary 93
References 98

 6 Food Texturization 103
Ajay Kumar Swaranakar, Soumitra Banerjee and Rakesh Kumar Raigar

6.1 Introduction 103
6.2 Processing Methods in Food Texturization 105

6.2.1 Extrusion 105
6.2.2 Fiber Spinning 106
6.2.3 High-Pressure Processing 107
6.2.4 Puffing and Popping 108
6.2.5 3D Printing 108

6.3 Texturization in Different Food Sectors 109
6.3.1 Fruits and Vegetables 109
6.3.2 Cereals, Legumes, and Oil Seeds 109
6.3.3 Dairy 110
6.3.4 Meat Analogues 111

6.4 Advantages and Disadvantages 111
6.5 Effect of Texturization on Its Nutritional and Sensorial Quality 111

6.5.1 Effect on the Protein, Fat, Fiber, and Carbohydrate of Texturized Food 111
6.5.2 Protein Digestibility 112
6.5.3 Sensorial 112



viii Contents

6.6 Texture Evaluation Methods 113
6.6.1 Mechanical Methods 113
6.6.2 Protein–Protein Interactions 113
6.6.3 Microscopy 113
6.6.4 Light Reflectance 113
6.6.5 Fluorescence Polarization and X-Ray Tomography 114
6.6.6 X-Ray Tomography 114

6.7 Summary and Conclusion 114
References 114

 7 Emerging Encapsulation Techniques 119
Pintu Choudhary and Lavanya M.N.

7.1 Introduction 119
7.2 Encapsulation Techniques 121

7.2.1 Spray Drying 121
7.2.2 Lyophilization/Freeze-Drying 124
7.2.3 Spray-Freeze Drying 124
7.2.4 Supercritical Fluids 126
7.2.5 Electrohydrodynamic Techniques 127
7.2.6 Refractance Window (RW) Drying 129
7.2.7 Molecular Inclusion Complexes 130
7.2.8 Liposome Inclusion Complex 131
7.2.9 Hydrogel 132

References 139

 8 Food Irradiation 146
Lata I. Shukla, Albert Jonathan Bareh, Aadil Ashraf, Raksha Goswami  
and P. Vivek Vardhan

8.1 Introduction 146
8.1.1 Definitions 148

8.2 Popular Methods of Cold Sterilisation 150
8.2.1 By Using Gamma Irradiator 150
8.2.2 Other Cold Sterilisation Methods and Radiation Sources for Commercial 

Food Irradiation 152
8.3 Plasma Sources for Cold Sterilisation 153

8.3.1 Mechanism Underlying Effective Cold Sterilisation of Food 153
8.3.2 Plasmolysis 154

8.4 Radiolysis of Water 154
8.5 Evaluation of Mechanism Underlying the Effective Increase in the Shelf Life of 

Food Materials on Cold Sterilisation 155
8.6 Application of Cold Sterilisation on the Cereals and Legumes Leading to Value 

Addition 156
8.7 Effective Cold Sterilisation and the Increase in Shelf Lives of Vegetables and Fruits 158
8.8 Effective Packaging for Prolonging the Shelf Life 159
8.9 Food Irradiation for the Addressal of Food-Allergic Modification 163
8.10 The Influence of Cold Sterilisation on Different Food Materials 165

8.10.1 Reduction in Allergen of Ara h by Irradiation 165
8.10.2 Influence on Soy 165
8.10.3 Influence on Wheat 165
8.10.4 Influence on Tree Nut 166



Contents ix

8.11 Effects of Food Irradiation 166
8.12 The Way Forward for Scaling Up and Profitable Endeavour 166
8.13 Applications of Food Irradiation 167
8.14 Conclusions 168
References 169

 9 Sustainable Food Packaging 174
Ajit Kumar Singh, Arunima Singh, Rasika Mane and Youn Suk Lee

9.1 Introduction: Significance of Food Packaging 174
9.2 Sustainable Packaging 176

9.2.1 Sustainability: Definitions and Rationale 176
9.3 Sustainable Food Packaging: Classification and Applications 180

9.3.1 Bio-Based and Biodegradable Packaging Materials 181
9.3.2 Biocomposite Materials 185
9.3.3 Edible Packaging 186

9.4 Issues and Concerns around Sustainable Food Packaging Development 187
9.5 Sustainable Food Packaging: Approaches and Strategies 188

9.5.1 Leveraging Food By-Products and Agricultural Residues for Sustainable 
Packaging 188

9.5.2 Improving Packaging Attributes to Reduce Food Wastage and Losses 190
9.5.3 Packaging Design Advancements 191
9.5.4 Preliminary Advisory System for Sustainable Packaging Adoption 193
9.5.5 Improvement in End-of-Life Processing 194

9.6 Consumers and Sustainable Food Packaging 195
9.7 Summary 196
References 197

SECTION B Nutritional Security 201

 10 Future Staples for Nutrition Security and Sustainability 203
Joanna Kane-Potaka, Seetha Anitha, Stefania Grando, Parkavi Kumar,  
Raj Bhandari and Madhuvanti Kale

10.1 Background 203
10.2 The Need to Diversify Staples for Nutrition Security and Sustainability 204
10.3 Challenges of Diversifying Staples – The Food System Divide 205
10.4 The Role and Power of Millets (Including Sorghum) 205

10.4.1 Good for the Consumer 206
10.4.2 Good for the Planet 209
10.4.3 Good for the Farmer 211

10.5 Market Analyses 212
10.5.1 Studies to Test the Market Acceptance of Millets 212
10.5.2 Market Potential and Global Trends 213
10.5.3 Global Health Food Trends 214
10.5.4 Uses in Foods 215
10.5.5 Origin and Agroecologies 215

10.6 Approaches Employed to Achieve Diversification of Staples 216
10.7 Risks 216
10.8 Conclusion 217
References 218



x Contents

 11 Impact of Processing on Micronutrient Bioavailability 223
Meena Kumari and Anjum Khanam

11.1 Introduction 223
11.2 Mechanism of Micronutrients’ Absorption 225
11.3 Absorption of Copper (Cu) 226

11.3.1 Metabolism of Copper (Cu) 227
11.4 Absorption of Manganese (Mn) 228

11.4.1 Metabolism of Manganese (Mn) 228
11.5 Absorption of Selenium (Se) 228

11.5.1 Metabolism of Selenium (Se) 229
11.6 Absorption of Chromium (Cr) 230

11.6.1 Metabolism of Chromium (Cr) 230
11.7 Absorption of Vitamins 230

11.7.1 Metabolism of Vitamins 230
11.8 Bioavailability, Bioaccessibility, and Bioactivity of Micronutrients 231
11.9 The Effect of Processing on the Bioaccessibility of Minerals 234

11.9.1 Influence of Soaking and Germination on Mineral Bioavailability 235
11.9.2 Influence of Fermentation on Mineral Bioavailability 235
11.9.3 Influence of Malting on Mineral Bioavailability 235
11.9.4 The Effect of Heat Processing on Mineral Bioavailability 236

11.10 Conclusion 238
References 238

 12 Edible Flowers: Potential Applications for Nutritional Security 243
Payel Ghosh, Lavnya Devraj and Rahul Subhash Yadav

12.1 Introduction to Edible Flower 243
12.2 History and Market Demand of Edible Flowers 244
12.3 Value-Added Products 247
12.4 Applications in the Food Industry 247

12.4.1 Health-Promoting Properties 248
12.4.2 Nutritional Factors 248

12.5 Processing and Preservation of Edible Flowers 249
12.5.1 Preprocessing 250
12.5.2 Processing 250

12.6 Toxicological Effects in Terms of Food Security 252
12.7 The Future Purview of EFs and Conclusion 252
References 253

SECTION C Policy Regulations and Road Map for Sustainable  
Food System 257

 13 Policy for Sustainability and Nutritional Security 259
Swati Jain, Anu Shrivastava, Miranda Hendry, Darija Kvesic  
and Leon Booth

13.1 Introduction 259
13.2 Food System Transformation 260
13.3 Modernizing Food Systems 261

13.3.1 Diversified Farming 262



Contents xi

13.4	 Impact of COVID-19 on Food Systems Worldwide� 262
13.5	 Regional Policy Responses to COVID-19� 263

13.5.1	 Africa� 264
13.5.2	 Middle East and North America� 267
13.5.3	 Central Asia� 268
13.5.4	 South Asia� 268
13.5.5	 East and Southeast Asia� 268
13.5.6	 Latin America and the Caribbean� 269

13.6	 Innovations in Food Systems� 269
13.7	 Impact of the Pandemic on Sustainable Development Goals� 270
13.8	 Scope and Implications of Policy Responses� 271
13.9	 Conclusion� 272
References� 272

	14	 Future Road Map for Sustainability and Nutritional Security� 275
Susmita Chandra

14.1	 An Approach to the Future Pathway of Sustainability� 275
14.2	 Application of Sustainable Developmental Goal (SDG) for Future  

Food Processing System� 276
14.3	 Promotion of Healthy Diet� 277
14.4	 Future Growth of Food Systems, Health, Society, and the Environment� 278
14.5	 Emerging Innovations and Technologies to Support Sustainable  

Food Processing� 278
14.6	 Techniques to Prevent Food Losses and Waste� 279
14.7	 Waste and Resources Action Programme-2009 (WRAP)� 279
14.8	 Training and Education� 280
14.9	 Advanced Technologies in Food Processing that Help in Sustainability� 280

14.9.1	 Novel Drying Technology in Food for Future Crops� 280
14.9.2	 Three-Dimensional (3D) Printing of Food: Future Applicability� 280
14.9.3	 Processing of Food Using Light Sources and UV Radiation� 281
14.9.4	 UV or Low-Dose Gamma Irradiation: A Promising Method for 

Sustainable Use� 281
14.9.5	 Cold Plasma Technology and Its Future Use� 282
14.9.6	 Magnetic Field Processing of Food� 282
14.9.7	 Encapsulation Technologies with Future Innovations� 282
14.9.8	 Sustainable Food Packaging: New-Generation Thoughts� 283
14.9.9	 High-Pressure Processing and High-Pressure Homogenization� 283
14.9.10	 Use of Biotechnology in Crops’ Protein Enrichment and Food Security� 284
14.9.11	 A Future Roadway to Personalized Nutrition� 284

14.10	 Low-Carbon Emission and 12 Principles of Green Technology� 285
14.11	 Income Elasticity, Fiscal Considerations, and Challenges to Achieving  

Healthy and Sustainable Food Systems� 285
14.11.1	 Impact of Climate Change on Agriculture, Nutrition, and Health and 

Future Preparations� 287
14.11.2	 Interaction between Sustainable Food Systems and Health� 287

14.12	 International Laws� 288
14.12.1	 UNSCN 2016 and UNFCC 2016� 288

14.13	 Conclusions� 288
References� 288

Index� 291



http://taylorandfrancis.com


xiii

About the Editors

Soumya Ranjan Purohit is Assistant Professor at Tezpur University, Tezpur, Assam. He has five years 
of teaching and research experience. Dr. Purohit completed his doctoral studies at Indian Institute of 
Technology Kharagpur and post-doctoral research at South Dakota State University, Brookings, 
South Dakota, United States. His research interest is food bioprocessing with a particular emphasis on 
sustainability. Dr. Purohit is a recipient of the DST-IN Fellowship for doctoral research in 2013 and 
Newton Bhabha Fellowship from the British Council for visiting research program at the University of 
Reading, Berkshire, United Kingdom, in 2017. Currently, he is the PI of projects funded by DST-Start 
up research grant. He has published research papers in high-quality peer-reviewed journals and book 
chapters and has filed patents. Dr. Purohit has visited many countries to present research outcomes in 
annual meetings and conferences. He is also a member of Institute of Food Technologist, Illinois, United 
States (Carbohydrate Division) and Association of Carbohydrate Chemist and Technologist.

Vasudha Sharma is Assistant Professor in the Department of Food Technology, Jamia Hamdard, New 
Delhi, India. Dr. Sharma obtained her PhD in Food Process Engineering from IIT Kharagpur and has 
more than ten years of teaching and applied research experience in food processing technologies. She 
has published widely in the areas of functional foods, nondairy probiotics, sustainable food technologies, 
process optimization, and nanobiosensors for food safety. Dr. Sharma has guided four PhD and more than 
50 MTech students for their dissertations. She has over 32 research publications, 16 book chapters, two 
books, five popular articles, and two patents granted on her name. Dr. Sharma has completed two funded 
projects, and currently she is the principal investigator of DST-SHRI project on processing and value 
addition of millets. Dr. Sharma has received Centre for Quality and Food Safety (CQFS) Award for Food 
Safety; Mentor in 2022 & CQFS Food Safety Award 2021 on World Food Safety Day; and has served as 
Member of National Level Expert Committee for drafting academic curricula for food safety education 
in India.

Meena Kumari is working as Assistant Professor at Amity University, Noida, Uttar Pradesh, India. 
Her research area is focused on the bioavailability of nutrients from foods. She has done her PhD from 
CSIR – Central Food Technological Research Institute, Mysuru, Karnataka, India. She had published 
papers in peer-reviewed international SCI journals. She had also presented papers at various national 
and international conferences. She has been awarded for being the best oral presenter at 46th National 
Conference of Nutrition Society of India. Dr. Meena has also served as a reviewer for some international 
journals. She also had organized two international conferences and various events at university level. She 
is a life member of some prestigious professional bodies including, NSI, AFSTI, and Indian Society of 
Clinical Nutrition.

Kasi Muthukumarappan has established himself as a global leader in research and mentoring within the 
food processing sector. He has obtained 65 grants, totaling over $20 million, as a principal investigator (PI) 
and co-PI. His scholarly output includes over 250 peer-reviewed publications and more than 350 regional, 
national, and international presentations. His international recognition stems from his pioneering work 
in nonthermal processing, rheological properties, and the thermo-chemical conversion of biomass. Dr. 
Muthukumarappan’s research encompasses fruit juices’ rheological properties, coproducts’ value addition, 
and efficient biomass conversion. His contributions to setting national and international standards in 
bioprocessing and bioenergy have been influential. Further, Dr. Muthukumarappan’s leadership extends 



xiv About the Editors

to developing commercial processes for the dairy industry, notably the ProFrac process, which efficiently 
separates high-value proteins from complex mixtures like cheese whey. This innovation has significantly 
enhanced profitability and energy efficiency in the US dairy sector.

Joanna Kane-Potaka is a marketing expert with global leadership in public, private sectors, and with 
nonprofit organizations including four CGIAR centers – WorldFish, Bioversity, International Water 
Management Institute (IWMI), and most recently at International Crops Research Institute for the Semi-
Arid Tropics (ICRISAT) as Assistant Director General of External Relations. She began her career as 
an agricultural economist and later moved into market research in agribusiness and spent most of her 
career in international development. Bringing her professional experience in Asia, Africa, Australia, and 
Europe with specific expertise in strategic marketing, communications, business development, knowledge 
management, and uptake of scientific research, Joanna works toward having a big impact on the health 
of the people and the planet. She founded the Smart Food Global Movement, recognized by the United 
States and Australian governments in the top ten global food innovations in 2017.



xv

Contributors

Seetha Anitha
International Crops Research Institute for the 

Semi-Arid Tropics
Hyderabad, Telangana, India

Shalini Arya
Food Engineering and Technology Department
Institute of Chemical Technology
Matunga, Mumbai, India

Niveditha Asaithambi
Department of Food Process Engineering
National Institute of Technology
Rourkela, Odisha, India

Aadil Ashraf
Department of Biotechnology
School of Life Sciences,  

Pondicherry University
Kalapet, Puducherry, India

Manisana Athokpam
Department of Food Engineering and Technology
Tezupur University
Assam, India

Soumitra Banerjee
Centre for Incubation, Innovation, Research and 

Consultancy (CIIRC)
Department of Food Technology
Jyothy Institute of Technology
Tataguni, Bengaluru, India

Albert Jonathan Bareh
Department of Biotechnology
School of Life Sciences, Pondicherry University
Kalapet, Puducherry, India

Manaswini Barik
Department of Food Engineering and Technology
Tezpur University
Napaam, Assam, India

Raj Bhandari
National Millets Task Force for Health and 

Nutrition
Mumbai, India

Leon Booth
The George Institute for Global Health
Sydney, Australia

Susmita Chandra
Department of Food Science and  

Technology
Maulana Abul Kalam Azad University of 

Technology, West Bengal, India

Maria Charalambides
Department of Mechanical Engineering
Imperial College London
London, United Kingdom

Pintu Choudhary
Department of Food Technology and Nutrition 

School of Agriculture
Lovely Professional University
Phagwara, Punjab, India

Dibya Ranjan Dash
Department of Food Process Engineering
National Institute of Technology
Rourkela, Odisha, India

Hema L. Degala
Food Engineering Laboratory, Agricultural 

Research Station
College of Agriculture, Family Sciences and 

Technology, Fort Valley State University
Fort Valley, GA, United States

Poliana M. de Souza
College of Agriculture, Family Sciences and 

Technology, Fort Valley State University
Fort Valley, GA, United States



xvi Contributors

Lavnya Devraj
Department of Food Technology
Vignan’s Foundation for Science Technology and 

Research
Guntur, Andhra Pradesh, India

Payel Ghosh
Department of Food Technology
Vignan’s Foundation for Science Technology and 

Research
Guntur, Andhra Pradesh, India

Raksha Goswami
Department of Biotechnology
School of Life Sciences
Pondicherry University
Kalapet, Puducherry, India

Stefania Grando
Research for Development International Consultant

Miranda Hendry
School of Public health
Faculty of Medicine and Health, University of 

Sydney
Sydney, New South Wales, Australia

Swati Jain
Department of Food and Nutrition
Lady Irwin College, University of Delhi
Delhi, India

Sukirti Joshi
Food Customization Research Lab
Centre for Rural Development and Technology
Indian Institute of Technology Delhi
New Delhi, India
and
Department of Mechanical Engineering
Imperial College London
London, United Kingdom

Madhuvanti Kale
United Ways of Hyderabad
Hyderabad, Telangana, India

Joanna Kane-Potaka
International Rice Research Institute
Los Baños
Laguna, the Philippines

Anjum Khanam
Department of Studies in Food Science and 

Nutrition
University of Mysore
Mysuru, India

Parkavi Kumar
International Crops Research Institute for the 

Semi-Arid Tropics
Hyderabad, Telangana, India

Meena Kumari
Amity Institute of Food Technology
AMITY University
Noida, Uttar Pradesh, India

Tapasya Kumari
Department of Food Engineering and Technology
Tezpur University
Napaam, Assam, India

Darija Kvesic
School of Public Health 
Faculty of Medicine and Health
University of Sydney
New South Wales, Australia

Youn Suk Lee
Department of Packaging and Logistics
Yonsei University
Wonju, Gangwon-do, South Korea

Ajit K. Mahapatra
Food Engineering Laboratory 
Agricultural Research Station
College of Agriculture, Family Sciences and 

Technology
Fort Valley State University
Fort Valley, GA, United States

Rasika Mane
Department of Environmental and Energy 

Engineering, Yonsei University
Wonju, Gangwon-do, South Korea

Asutosh Mohapatra
Food Customization Research Laboratory
Centre for Rural Development and Technology
Indian Institute of Technology Delhi
Hauz Khas, New Delhi, India



Contributors xvii

Lavanya M.N.
Department of Nutrition and Dietetics 
Faculty of Allied Health Sciences
Manav Rachna International Institute  

of Research and Studies
Faridabad, Haryana, India

Tanya Nagpal
Food Customization Research Laboratory 
Centre for Rural Development and Technology
Indian Institute of Technology Delhi
Hauz Khas, New Delhi, India

S.N. Naik
Food Customization Research Lab 
Centre for Rural Development and Technology
Indian Institute of Technology Delhi
New Delhi, India

Sangeeta Prakash
School of Agriculture and Food Sciences
The University of Queensland
Brisbane, Australia

Rakesh Kumar Raigar
Department of Processing and Food Engineering
College of Agricultural Engineering and Post 

Harvest Technology (CAU-Imphal)
Gangtok, Sikkim, India

Jatindra K. Sahu
Food Customization Research Laboratory 
Centre for Rural Development  

and Technology
Indian Institute of Technology Delhi
Hauz Khas, New Delhi, India

Ramkrishna Salunke
Food Engineering and Technology Department
Institute of Chemical Technology
Matunga, Mumbai, India

Nikita Sanwal
Food Customization Research Laboratory 
Centre for Rural Development and Technology
Indian Institute of Technology Delhi
Hauz Khas, New Delhi, India

Lata I. Shukla
Department of Biotechnology
School of Life Sciences

Pondicherry University
Kalapet, Puducherry, India

Ajit Kumar Singh
Department of Packaging and Logistics
Yonsei University
Wonju, Gangwon-do, South Korea

Arunima Singh
Department of Food Technology
Harcourt Butler Technical University
Kanpur, Uttar Pradesh, India

Sushil Kumar Singh
Department of Food Process Engineering
National Institute of Technology
Rourkela, Odisha, India

Poonam Singha
Department of Food Process Engineering
National Institute of Technology
Rourkela, Odisha, India

Anu Srivastava
Department of Food and Nutrition
Lady Irwin College, University of Delhi
Delhi, India

Ajay Kumar Swaranakar
Department of Food Science and Technology 

School of Science
GITAM University
Hyderabad, Telangana, India

P. Vivek Vardhan
Department of Biotechnology
School of Life Sciences
Pondicherry University
Kalapet, Puducherry, India

Roji Waghmare
Department of Food Engineering
College of Food Technology
Dr. Panjabrao Deshmukh Krishi  

Vidyapeeth
Yavatmal, Maharashtra, India

Rahul Subhash Yadav
ICAR-Directorate of Floricultural  

Research
College of Agriculture Campus
Shivajinagar, Pune, India



http://taylorandfrancis.com


SECTION A

Sustainable Food 
Processing Technologies



http://taylorandfrancis.com


Sustainable 
Food Processing 
Technologies

1
Dibya Ranjan Dash, Niveditha Asaithambi, 
Sushil Kumar Singh and Poonam Singha

Abbreviations
FAO Food and Agriculture Organization
UN United Nations
IFAD International Fund for Agricultural Development
UNICEF The United Nations Children’s Fund
WFP World Food Program
WHO World Health Organization
LCA Life Cycle Assessment
ISO International Organization for Standardization
SFIMT Sustainable Food Intelligent Manufacturing Technology
IoT Internet of Things
GHG Green House Gas
GWP Global Warming Potential
FSFs Future Smart Foods
PEF Pulsed Electric Field
HTST High Temperature Short Time
USFDA United State Food Drug and Administration

1.1 INTRODUCTION

An increase in the world’s population and changing dietary habits pose a great challenge to global food 
system. The big question of the hour is how to feed all the world without impairing the natural resources 
and ecological balance of the planet which, if occurs, would endanger the survival of human and animal 
race (Steffen et al., 2015). According to United Nation, the population of the globe is predicted to hike 
by 8.5 billion by 2030 and 9.8 billion in 2050. The respective drops in the percentage of undernour-
ished people were 23.3% in 1990–1992 and 12.4% in 2014–2016 by Millennium Development Goals. 
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However, a significant figure of 800 million people is still remaining undernourished, and the number is 
increasing (FAO, 2017b). The Sustainable Development Goals aim at achieving hunger-free population 
with zero malnutrition by 2030, which can be possible by ensuring full access to safe and nutritional 
food to all the population at all the time that could fulfill their dietary habits and health-forming activi-
ties (UN, 2015).

Malnutrition that occurs due to a lack of proper nutrition and micronutrient deficiency, and irregu-
lar growth and obesity, which occur due to over consumption of high-energy food, are the biggest 
problems for a major part of global population. Diabetes and cardiovascular diseases are the pos-
sible risks due to prolonged malnutrition and obesity. About 13% adults of the global population are 
suffering from obesity, and this percentage is increasing rapidly day by day (FAO, 2017a). Negative 
environmental impact caused by land degradation; diminishing of natural resources; biodiversity loss; 
and pollution of air, soil, and water are somehow associated with the harsh food processing and agri-
cultural practices (Whitmee et al., 2015). According to FAO, nearly one-third of the greenhouse gases 
are emitted from food systems, and about 70% of the global fresh water is consumed for agricultural 
production alone (FAO, 2017a). Moreover, chemical-based agricultural practices like use of pesticides 
and synthetic fertilizers and the application of synthetic hormones in animal husbandry are responsible 
for food contamination and toxicity which can lead to adverse health consequences among humans 
(Landrigan et al., 2018). These practices can have serious hostile repercussions for future sustainable 
food systems as well. Sustainability in food production and supply is a bigger challenge in the world 
of exhausting natural resources, changing climatic conditions, faster urbanization, rapidly growing 
human population, and shifting conventional energy sources to emerging energy sources. The above 
factors could be the major restraints in the process of achieving sustainability in food processing and 
agricultural systems.

Sustainability in food system requires an integrated approach that encompasses the use of advanced 
technology, capital management, and social and ecological balance together (Lindgren et al., 2018). 
Advanced sustainable technology in food processing enables the reduction of energy and water consump-
tion, increasing the production of safe and nutritious food which keeps an eye on environmental, social, 
and economic sustainability also.

1.2  SUSTAINABILITY IN FOOD PRODUCTION

Sustainability in food production along with a proper food supply chain to feed the fast-growing popula-
tion is one of the major challenges faced by food industries. Sustainable food production refers to

the systems and processes that are non-polluting, safe for worker, communities, and consumers, econom-
ically feasible, conserve natural resources and non-renewable energy and does not compromise future 
generation needs.

Senker, 2011

Alongside food production issues, food security, consumption, and nutrition are also concerns of food 
production sustainability, which require immediate action. By 2050, it is estimated that the world popula-
tion is predicted to reach 9.1 million, i.e., 34% higher than the current population. To feed this population, 
a prerequisite of 70% increase in food production is essential (Alexandratos, 2009). Thus, more food must 
be produced with limited resources of water, energy, and land to maintain sustainability. This requires 
proper planning and usage of sustainable technologies in food production henceforth. Thus, the food 
production system must be reformed globally to minimize environmental impact and sustain future food 
production.
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1.3  CHALLENGES IN SUSTAINABLE FOOD PRODUCTION

Most food industries utilize natural resources as an integral part of sustainable food production and rely upon 
proper resource management and waste reduction (Castro-Muñoz et al., 2020). One-fourth of global water 
resources are consumed by food processing sectors and are being discarded into the ecosystem as contaminant 
(Pereira & Vicente, 2010). For sustainable usage of water, either food processing techniques that utilize less 
water or reuse contaminated water after proper treatment can be developed. Additionally, food wastage during 
processing, storage, and transportation can further contribute to environmental issues (Arshad et al., 2020). 
Fruits, vegetables, and grains are primary sources of food waste, which negatively impact the ecosystem 
(Barbhuiya et al., 2022 a,b; Singha 2017). Some of the reasons for food wastage are depicted in Figure 1.1.

Present-day food processing technologies utilized by industries largely depend on non renewable 
fossil fuels and contribute to 37% of global greenhouse gas emissions (Rahimifard et al., 2017). The food 
industries, such as meat and dairy industries, are big producers of greenhouse gases accounting for 57% 
emissions, while only 29% emission occurs from plant-based foods among which beef and rice are the 
highest contributing sources (Dash et al., 2024a; Xu et al., 2021). All these concerns of environmental 
challenges, along with other problems like food security, accessibility, quality, and safety, pressurize food 
industrialists to adopt production systems that are sustainable, cheaper, efficient, and environment-friendly.

1.4  FOOD INDUSTRY ACTIONS ON SUSTAINABLE  
FOOD PRODUCTION

Sustainable food production has been proposed among scientists, producers, and government agencies 
for possible actions, which can be adopted to help address food loss, wastage, and other environmental 

FIGURE 1.1  Reasons for food loss and wastage at different stages of food processing (modified from Arshad 
et al., 2020; Centers for Disease Control and Prevention (CDC), 2015).
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impacts. The European Commission, over the last few years, has put in much efforts to improve sus-
tainability through policies such as Code of Conduct, Common Agriculture Policy, and Sustainable 
Development Goals with the context of international commitment as the threats to environmental viabil-
ity have become even more apparent (Nori & Gemini, 2011; Rayner et al., 2008). The actions that were 
suggested to make food production more sustainable using current technologies, implemented in food 
industry sustainable plan, include (Europeia, 2012):

•	 Efficient use of natural resources
•	 Reducing food waste
•	 Procuring food supplies like ingredients from sustainable sources
•	 Use of environment-friendly packaging systems
•	 Protection of marine resources

The European Commission continues to work toward achieving its goal of having more resource-efficient 
and sustainable food systems, with more policies to be expected in the future.

1.4.1  Life Cycle Assessment (LCA)

To estimate the food product environmental impact, LCA tool was found to be helpful. LCA is a multidi-
mensional tool implemented in food supply chain at every stage, i.e., from farm to fork for assessing the 
environmental impact of food products (Pérez et al., 1999). From the beginning of raw material procure-
ment to product disposal, LCA evaluates the inputs, outputs, and potential environmental impact through-
out its life cycle (ISO, 1997, 2006). According to ISO (International Organization for Standardization, 
2006), LCA includes a set of scientific methods such as setting scope and boundaries, data collection, 
mapping, calculation, evaluation, and interpretation of results that could eventually improve the envi-
ronment. The five main constituents for LCA processing method according to Food and Agricultural 
Organization (FAO) are: a) primary production, b) transport and storage, c) food processing, d) distribu-
tion, and e) consumption (Clairand et al., 2020).

The LCA method, in recent years, has been proven to be one of the most effective tools to compare 
products and services, especially in identifying the stages that require improvements in food product 
life cycle. In general, LCA methodology components can be categorized into scope and goal charac-
terization, impact assessment, and inventory analysis (Pardo & Zufía, 2012). Meanwhile, various LCA 
stages included describing the system limitation, functional unit, raw material and energy utilization, 
inventory, assessment of ecological stress, and possible enhancements required (Lillford et al., 1997). 
In this way, LCA estimates the food production and consumption chain and environmental sustain-
ability profile.

Despite LCA being a standardized tool, current LCA practices often fail to address certain food 
supply chain aspects (Notarnicola et al., 2017). For example, the issue of wastage and loss of food and its 
connection to packaging for food products besides consumer perception have been frequently neglected. 
Moreover, household actions, i.e., movement of food from retail to consumers, food preparation, waste 
disposal, storage time, and conditions are considered only in few LCA food studies (Østergaard  & 
Hanssen, 2018; Wohner et al., 2020). LCA assessment was done for some of the food products including 
chicken meat, cheese cake, milk waste, and in juice industry (Chakka et al., 2021; Cooreman-Algoed 
et al., 2022; Gutierrez et al., 2017). It was observed, among all the environmental issues, that the great-
est challenge faced by the industries and research community was solving the issues of food loss and 
waste. Moreover, most of the studies concluded that packaging systems contributed to a major part of 
the environmental and economic impact on the food sector. Sustainable food packaging and shelf-life 
extension were proposed as possible actions that were suggested by producers and scientists to address 
these issues (Dash et al., 2024c; Pavani et al., 2024).
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1.4.2  Sustainable Food Smart Manufacturing Technology

Current development and research based on the technological aspect of food processing are largely influ-
enced by large manufacturing drivers that can augment economic scale efficiently. However, increased 
demand, limited ingredient availability, and consumer awareness have led to the development of novel 
processing technology that enables greater sustainability in food production and supply. People require 
an effective sustainable technology, and one among the latest elements of this in the food industry is the 
Sustainable Food Intelligent Manufacturing Technology (SFIMT). Recently, Wu et al. (2022) elaborated 
the latest technical advancements needed for preparing modern framework in sustainable food process-
ing to guide potential assessment. The study emphasized on smart management and smart production 
based on sustainable aspects by utilizing equipment and technologies that are digitally monitored tools, 
industrial robots, and internet machineries to monitor the production. The application of automation and 
intelligent manufacturing was recommended on three areas including smart fabrication, networking, and 
manufacturing. The sustainable production technologies included cloud computing, artificial intelligence, 
Internet of Things (IoT), and cyber-physical systems. The contribution of smart, digital, and intelligent 
production can make food processing sector more sustainable, and effective.

1.4.3  Sustainable Indicators

In spite of its success from the day one of its advent (1980s), the concept of sustainable development 
remains indistinct on the incorporation of scientific discipline into field progression (Bettencourt & Kaur, 
2011). It was observed that there was a lack of international standards for measuring sustainability espe-
cially in terms of where, when, and what indicators to be employed for better understanding. Most of the 
existing indicators for sustainability measurements cover social, environmental and economic aspects. 
This included labor standards, pollution, ethics in waste issue, and food supplier relations. However, there 
was a need to apply integrated sustainable solution, and this led to the seven indicators of sustainability 
introduced by Gustafson et al. (2016). The seven domains of indicators includes nutrition, food safety, 
food affordability and availability, environment, waste, resilience, and sociocultural well-being. These 
indicators and methodologies can provide different priorities and conclusions for sustainable actions to be 
taken in the industries.

1.4.4  Sustainable Food Sources

Sustainability has influenced food industries in product development as well. Recently, a sourcing strat-
egy based on sustainable and nutritional aspect, has led to an ingredient branding concept along the food 
chain. For instance, there is a widespread acceptance of organically grown products as they are harm-
less to the environment. Moreover, the awareness on greenhouse emissions from livestock sectors has 
urged a new interest toward alternative protein sources such as plants, insects, microorganisms, aquatic 
photosynthetic organisms, and in exploring meat-free diets (Dash et al., 2024a; Ravindran et al., 2024). 
Williams et al. (2010) conducted a study on Green House Gas (GHG) emissions in the UK food system 
estimated to determine the potential hotspots for GHG emissions. Table 1.1 outlines the suggested mea-
sures that must be implemented soon to reduce GHG emissions. Based on the market and product type 
to which it is transported, the sum total of environmental impact output per unit is termed as the “global 
warming potential” (GWP). To improve consumers awareness, eco-labelling is one of the emerging tools 
taken as a sustainable initiative that marks safe and green products. According to ISO, eco-labelling “is 
a voluntary method practiced all around world for labelling and certification of environmental perfor-
mance” (Miranda-Ackerman & Azzaro-Pantel, 2017).
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Sustainable food should not have nutritional benefits only, it must take care of sustainability at 
global level as well (Meybeck & Gitz, 2017). As per Food and Agriculture Organization, United Nations, 
sustainable food enables food and nutritional security with low environmental stress that ensures good 
public health for the present and future generations. Sustainable diet must have positive effects on bio-
diversity and ecosystem; it should be safe, nutritionally rich, economically affordable, accessible to 
every section of the society while maintaining natural and human resources (FAO, 2010). Animal-based 
food has high fat content and puts more burden on the environment as compared to plant-based diet. 
Shifting from animal-source food to plant-based diet will put less environmental pressure, produce 
less greenhouse gases, and provide more health benefits (Tilman et al., 2011). The increasing trend of 
consuming plant proteins replacing protein from animal sources (fish, meat, poultry) has several health 
and environmental benefits (Dash et al., 2024b; Singh, 2016; Singh & Muthukumarappan, 2016). Protein 
from fungal biomass and other microorganisms can fulfill the nutritional requirement that comes from 
animal-based sources. Cellular agriculture industry is one of the novel sectors where in vitro production 
of eggs, meat, and milk occurs by utilizing animals, plant cells, and microorganisms. Cultured meat 
requires less land and emits less greenhouse gases, as compared to the conventional red meat produc-
tion (Lindgren et al., 2018). Food crops’ diversification can be possible through the consumption of 
local, underutilized, and indigenous crops rather than relying on the three major crops namely, paddy, 
wheat, and corn. Apart from pulses, tubers and roots, and fruits and vegetables, various cereal crops are 
considered as future smart foods (FSFs) – for example, millets, sorghum, quinoa, amaranth, and buck-
wheat (FAO, 2019a). These FSFs contain micronutrients, carbohydrate, fat, protein, dietary fiber, etc. 
According to FAO (2019b), 90% diet is fulfilled by using 103 crops out of 30,000 edible plant species. 
The major three crops contributing over 50% of plant-based diet are wheat, rice, and maize (Mustafa 
et al., 2021). A sustainable food production and consumption system must have positive nutritional and 
environmental impact, and that should focus on the loss of biodiversity, greenhouse gas emission, and 
land utilization.

In addition to new sustainable sources, the solution for sustainable food system must also include 
food loss and waste reduction. An emerging new source of ingredient from food waste can be intro-
duced as an edible portion to the food supply (Singha & Muthukumarappan, 2017; Singha et al., 2019). 
The edible biomass that is currently wasted in the food industry can be reused and recovered (Hertel, 
2015). In order to prioritize beneficial interventions, it is necessary to assess both environmental as well 
as economic costs of accomplishing initiatives that can reduce the wastage of food (Muth et al., 2019).

TABLE 1.1  Measures to Reduce Greenhouse Gas (GHG) Emissions in the Food System.

COMPONENT DESCRIPTION

Non-mobile energy The use of renewable energy for electricity production instead of fossil fuels 
contributes to reducing global warming potential (GWP).

Mobile energy Substituting hydrogen or electric engines for fossil fuels to run tractors, ships, and 
similar equipment can reduce GWP.

Direct greenhouse gas 
emissions

Direct emission of GHGs like refrigerants, methane, and nitrous oxide especially 
from soil and refrigerant sources should be reduced.

Production efficiency Proper waste management at every stage of processing can reduce GWP.
Consumption The consumption of animal-based products like milk, eggs, and meat  

and plant-based sources like rice, which contribute to a large GWP can be 
reduced.

Conservation Avoiding and decreasing wasteful use and efficient usage of 3R (Reduce, Reuse, 
and Recycle) can inhibit global warming.

Source: Modified from Chakka et al. (2021).
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1.4.5  Sustainable Emerging Technologies

Industrial processing of food involves several stages including raw material receipt, storage, heating, wash-
ing, cooling, drying, emulsification, and many more. All these processes are capable of releasing waste 
stream that can negatively impact the environment. Moreover, most of the conventional technologies are 
thermal processes and utilize fossil fuels for energy production (Chakka et al., 2021). To find an alterna-
tive for traditional thermal and chemical preservatives, a more energy-efficient and environment-friendly 
food processing technique such as the nonthermal technology was introduced. These technologies have 
the potential to minimize water and energy consumption, improve product quality, and minimize the envi-
ronmental impact (Pereira & Vicente, 2010). The current emerging technologies utilized for sustainable 
production include high-pressure processing, ultrasound, pulsed electric field, ohmic heating, pulsed light, 
ozone technology, cold atmospheric plasma, and microwave (Barbhuiya et al., 2021; Dash et al., 2024a).

In addition to this, some of the nondestructive techniques such as hyperspectral imaging and other 
spectrophotometric techniques (Goyal et al., 2024) in raw material reception and active/smart packaging 
for food packaging systems are other emerging sustainable technologies for both food production and 
supply chain management (Gorde et al., 2024). A summary of traditional and emerging technologies is 
represented in Figure 1.2. However, it should not be overlooked that all these emerging technologies have 
unavoidable drawbacks such as requirements of large capital, costly equipment, and skilled labor for 
handling sophisticated system, which hinders the widespread application of these technologies in food 
industries (Priyadarshini et al., 2018).

1.5  NOVEL THERMAL AND NONTHERMAL TECHNOLOGY

In the last decade, various novel technologies have been developed that enhance the physicochemical properties 
and reduce the quality loss of food product due to thermal degradation. The primary target of these innovated 
novel technologies is to reduce the food quality changes, food waste, and energy consumption and prolong shelf 
life with maximum production and process efficiency. Various novel nonthermal and thermal technologies are 
trending in food processing, compared to conventional methods due to the contribution of these technologies in 
producing more fresh foods with longer shelf life and higher nutraceutical properties with native structure and 
texture of the natural food products (Table 1.2). Sustainable development goal by UN encouraged the applica-
tion of sustainable novel technologies such as nonthermal with the combination of advanced thermal technolo-
gies for achieving maximum log reduction of food microorganisms and pathogens ensuring food safety. The 
focus of implementing the novel technologies is to reduce environmental impact, consumption of energy, and 
time requirement by the processes and meet consumer perceptions. Therefore, the purpose of adopting these 
technologies as compared to the conventional technologies is a prioritization not only for enhanced food pres-
ervation but also for food quality and sustainability without taking food safety risks.

The advantages of novel nonthermal and thermal technologies over the conventional processes are:

•	 Controlled Maillard reaction
•	 Enhanced product quality
•	 Reduce negative impact on environment
•	 Enzyme deactivation
•	 Improvement in the functionality of the product
•	 Speed up the process of heat and mass transfer
•	 Increase in product quality
•	 Reduce process and product exposure time
•	 Enhanced preservation
•	 Longer shelf life
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FIGURE 1.2  Emerging and traditional technologies and approaches throughout the food chain modified from Knorr et al., 2020.
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TABLE 1.2  The application of Novel Thermal and Nonthermal Technology in Food Processing

TECHNOLOGY APPLICATION REFERENCES

Ultrasound Extraction of oil from oil seeds and bioactive compounds from fruits and 
vegetable

Ultrasonic-assisted filtration in dairy and beverages industry, aids in the 
process of freezing, drying, and thawing

Chow et al. (2005); Juliano et al. (2017); Qin et al. (2021); 
Saxena et al. (2009); Wu et al. (2020); Dash et al. (2021)

Cold plasma Microbial inactivation food product, antimicrobial washing and in-package 
cold plasma treatment, functionality modification of proteins and 
carbohydrates

Bang et al. (2020); Devi et al. (2017); Jahromi et al. 
(2020); Lin et al. (2020); Sharma and Singh (2020)

Supercritical technology Supercritical carbon dioxide technology used for the extraction of 
temperature-sensitive bioactive compounds

Lefebvre et al. (2021); Santos et al. (2021)

Pulsed electric field Used for shelf life increase by decreasing microbial load, inactivation of 
enzyme from fruit juices, extraction of functional ingredient from 
microalgae, assists in the process of dehydration and freezing-like operation

Gateau et al. (2021); Käferböck et al. (2020); Liang et al. 
(2017); Liu et al. (2020); Mannozzi et al. (2019); Preetha 
et al. (2021); Timmermans et al. (2019)

High hydrostatic 
pressure processing

Used for the inactivation of microbes of fruits, vegetables, meat and dairy 
products; extraction of antioxidant, anthocyanin-like nutraceutical 
compounds from fruits; improvement in physical and chemical properties of 
fermented fruit juice; technological and functional modification of protein

Bulut and Karatzas (2021); Cap et al. (2020); Carullo et al. 
(2021); Cascaes Teles et al. (2021); Ninčević Grassino  
et al. (2020); Rios-Corripio et al. (2020); Suwal et al. 
(2019)

Ultraviolet light Used for the inactivation of pathogenic microbes in fruit juices, milk 
products, etc., for longer shelf life, improvement in physical and chemical 
properties of plant and animal-source proteins, surface decontamination 
of freshly harvested fruits and vegetables

Delorme et al. (2020); Dyshlyuk et al. (2020); Fenoglio  
et al. (2020); Ferreira et al. (2020); Kumar et al. (2020); 
Xiang et al. (2020)

Ozone Used for the inactivation of spoilage microbes, toxins present in meat, fruit 
juices, etc., surface sterilization of freshly harvested fruits and vegetables, 
enhancement in physical and chemical properties of food products

Choi et al. (2012); Giménez et al. (2021); Mohammad  
et al. (2020); Taiye Mustapha et al. (2020); Tiwari et al. 
(2010)

Microwave technology Used for cooking, blanching, tempering, thawing, pasteurization, 
sterilization, drying, baking, packaging of food products, extraction of 
bioactive compound from fruits and vegetables, and the extraction of oil 
from oil seeds, etc.

Başkaya Sezer and Demirdöven (2015); Chizoba Ekezie  
et al. (2017); Orsat et al. (2017); Si et al. (2016); Turabi 
et al. (2007); Vinatoru et al. (2017)

Infrared heating Used for pasteurization, disinfection, blanching, drying, dehydration, 
roasting, and heating of food products

Guiamba et al. (2015); Lao et al. (2019); Özdemir et al. 
(2017)

Radio frequency heating Heating, blanching, thawing, drying, the inactivation of microorganisms 
from milk and meat products

Altemimi et al. (2019); Li et al. (2017); Siefarth et al. 
(2014); Zheng et al. (2017)

Ohmic heating Used for dairy processing for food safety and quality, pathogenic microbes, and 
enzyme inactivation of food products in extraction and thawing processes

Aamir and Jittanit (2017); Knirsch et al. (2010); Liu et al. 
(2017); Ribeiro et al. (2022); Termrittikul et al. (2018)
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1.5.1  Nonthermal Technology

The nonthermal technologies can be categorized into electro-based (pulsed electric field, pulsed light, 
electron beam technology, cold plasma), pressure-based technology (high-pressure process, high-pressure 
homogenization, supercritical fluid extraction, subcritical water extraction), mechanical-based (ultra-
sound, hydrodynamic cavitation), and others including CO2 processing and membrane processing that 
are largely used in drying, extraction, separation, fractionation, food functionalization, and microbes and 
enzyme inactivation to bring sustainability in food processing operation. These technologies are consid-
ered as sustainable over their conventional alternatives as they reduce the water and energy consump-
tion during processing and limit the energy impact during storage due to their direct effect. However, 
waste utilization and biomass valorization are the important indirect effects of the nonthermal technolo-
gies, since waste generation, inadequate recovery of the food residues, and undesirable quality spoilage 
throughout the supply chain are the major problems in food sectors.

1.5.2  Novel Thermal Technology

Food preservation and preparation are usually performed by thermal processes such as drying, pasteuri-
zation, sterilization, and extraction. Thermal technology causes technological and functional changes in 
food including the modification of starch and protein, generation of aroma and flavor compounds, altera-
tion in textural and structural changes, etc. (Asaithambi et al., 2023; Barbhuiya et al., 2021). However, 
there can be possible loss of nutrients (vitamins and minerals), texture, freshness, flavor, and aroma of 
the food product. The conventional method of avoiding adverse quality degradation through thermal 
technology is the HTST (high temperature short time) process. It involves the application of high tempera-
ture for short duration, where microorganisms and enzymes can be destroyed to achieve pasteurization 
(Asaithambi et al., 2021). The utilization of high temperature may degrade the nutritional aspects of the 
food products. The disadvantage of HTST is when it is applied to solid and high viscous products, it can 
overheat the food contact surface before the heat reaches the coldest spot.

To overcome these problems, novel thermal technologies are used, such as ohmic heating, radio fre-
quency heating, infrared heating, microwave heating, and electric heating methods where electromagnetic 
waves are passed through the food sample to increase the temperature of the interior part of the food prod-
uct. These processes are also known as minimal processing, where the quality degradation of the product 
is minimized. Due to the benefits like cost-effectiveness, environmental friendliness, and technological 
advancement of novel thermal technologies over conventional heating methods, they are largely used for 
dehydration, cooking, roasting, drying, pasteurization, blanching, and baking of agricultural and food 
products (Ramaswamy et al., 2012; Rastogi, 2012).

The combined use of novel technologies (novel thermal and nonthermal) in food processing would be 
a great development in terms of sustainable processing, food safety, food quality, and process efficiency. 
There should be an extensive future study for the applicability and feasibility of this technology in food 
industry. These technologies can reduce the carbon and water footprint of food processing by decreas-
ing the energy and water consumption which ensures food security and environmental sustainability. 
However, apart from the technological drawback of these novel technologies, there are other disadvan-
tages for adopting these technologies fully in food industry. Spectacular development would be notice-
able after their potential is revealed by applying in food industry (Sun, 2014). The size of the industry, 
its market shares, and technological capabilities are some of the factors for adopting these technologies. 
Technological understanding, cost involved for its development and commercialization, amount of com-
plexity, and compatibility are major influential factors for switching to the usage of novel technologies in 
industrial food processing.

There should be an extensive investigation on the impact of novel technologies on drying, extrac-
tion, overall quality, nutraceutical value, sensory characteristics, and microbial and enzyme inactivation 
along with the characterization of technological and functional properties of food products. A proper 
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shelf-life study should be performed to know the preservative effect of the novel technologies in terms of 
microbial inactivation. The risks like “sub-lethal injury” where the microbes can revitalize and “stress” 
effect where the microbes are under stress, rather than being completely killed, need to be assessed 
(Režek Jambrak et al., 2019). The revitalized microbes may form biofilm which is very hard to remove 
later. There is still a gap in detailed knowledge about the negative impacts of novel nonthermal and ther-
mal technologies on sensory properties of food products, stability of food in storage, radical formation 
by certain novel technologies, positive impact on energy saving, use of green solvents, green extraction 
processes, and their life cycle assessment. Hence, the process should be optimized in terms of application 
time, rate of application of each technology, and free radical formation to remove the negative effects of 
the novel technology on food products.

1.6  NANOTECHNOLOGY

The development of nanotechnology has wide and diverse applications in food industry such as food 
safety, food additives, and nano-delivery system. Food processing is the only sector where nanotech-
nology will play a major role. It could be broadly applied in two types of nano-food utilization: food 
packaging (nanomaterial outside) and food additives (nanomaterial inside) (Gorde et al., 2024). Food 
additives in nanoscale affect the food texture, structure, quality, flavor, and nutrient properties and detect 
foodborne pathogen helping in food quality determination (Barbhuiya et al., 2022c). Nanoparticle-based 
food packaging increases the product shelf life by reducing the water vapor and gas flow into the packag-
ing space and provides extra strength to the packaging. Nanotechnology application in food processing 
is done by developing the nanostructure from the biomacromolecules present in the food materials. For 
example, cellulose nanocrystals and nanofibrils are incorporated in food packaging material to improve 
the strength and antimicrobial properties of the packaging film. Also, nanomaterial-based biosensor can 
detect the spoilage of food sample and work as a tracking device for foreign body detection (Gorde  
et al., 2024). Nanotechnology can be used for the design and development of food elements like flavor and 
antioxidants, where the concentration of these components can be reduced with the improvement of food 
product functionality. It can also be used to develop encapsules of bioactive compounds to protect them 
from unfavorable conditions of the environment (Pavani et al., 2022 a,b).

Nanotechnology applications in food sector include (Figure 1.3) the following:

•	 Usage as antimicrobial agent to protect food against biological degradation and shelf-life 
improvement.

•	 Nanomaterials are used in delivery systems for increasing the bioavailability of food bioactive 
compounds

•	 Protection of antioxidants, vitamin, and flavor compounds against chemical substance, pro-
cessing, and environmental conditions

•	 Nanomaterials are used as color additives and anticaking agents to increase the physical prop-
erties of food

•	 Nanotechnology is used in biosensor development to enhance the quality and safety control of 
food

•	 For the detection of spoilage microbes in food and beverages
•	 Nanoparticles are used in the formulation of packaging materials of active and smart food 

packaging

Despite all these benefits, there are various factors that need to be researched to enhance the adoption 
of nanotechnology in food processing, which include types of nanoparticles, concentration, morphol-
ogy, and surface chemistry. Due to the larger surface and vulnerable surface chemistry, nanoparticles 
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can participate in various unwanted chemical reactions which attributes to their higher bio-reactivity 
(Bradley et al., 2011). For the application of nanotechnology in food system, United State Food Drug 
and Administration (USFDA) has issued guidelines in August 2015 (He & Hwang, 2016). The European 
Commission issued a directive for the contamination of nanoparticles from the packaging material to 
the food stuffs that it should not be exceeded by 10 mg/dm2 (Hannon et al., 2015). Possible leaching of 
nanoparticles from food packages and its limit and toxicological study need to be conducted. The legis-
lative framework along with the safety risk associated when exposed to environment and human health 
should be of major concern in the implementation of nanotechnology in food manufacturing. The color 
additives and anticaking and whitening agents added as nanoparticles may go directly into our body on 
reaction with food and may accumulate in our body causing harmful effects. Hence, the negative effect of 
nano-food on human and animal health should be studied extensively. The shifting of consumer perspec-
tive to chemical-free, greener, and environment-friendly food products has put a big challenge for food 
industries to adopt this technology (Rossi et al., 2014). However, there are various barriers in the process 
of technological advancements in nanotechnology, which hinders its wider application in food sectors. 
Though the risk assessment of nanomaterial is still under process, a few safety assessments of it in food 
have been published (Cockburn et al., 2012; Hwang et al., 2012). If the application and implementation of 
nanotechnology can be governed and regulated properly, then its sustainable utilization will be possible 
in food processing in terms of product quality, food safety, human and environmental protection, and 
cost-effectiveness.

1.7  CONCLUSIONS

For a sustainable food system at the level of food production and supply in food industry, advanced 
and sustainable food processing technology is indispensable that can take care of food and nutritional 
security, environmental stress, cost-effectiveness, greenhouse gas emission, energy consumption, and 
food waste. Two technological strategies should be applied to bring sustainable technology in food 
processing. First is the substitution of traditional technology by a new and advanced one. Second is the 
detailed research and application of the existing technology for food treatment. Advancement in tech-
nology in food industry helps in putting less environmental impact by reducing waste and toxicity as 
compared to the conventional technologies. Recently, sustainable technologies like nanotechnology and 
novel thermal and nonthermal technology are being used to attain sustainable development in terms of 

FIGURE 1.3  Application and functionality of nanotechnology in food processing (He & Hwang, 2016).
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energy efficiency and water consumption ensuring zero discharge and climate resilience. For a future 
sustainable with food and nutritional security, consumers and industries should work together. Shifting 
to plant-based food can help industries to emit less greenhouse gases putting less pressure on the envi-
ronment, while consuming more local and underutilized food crops such as millets, sorghum, and qui-
noa can reduce the malnutrition and micronutrient deficiency among consumers. Moreover, it can also 
ensure food and nutrition security by reducing the overburden on three major crops such as wheat, 
maize, and rice worldwide. Consumers should be more aware to have a positive response and demand 
for products developed by using new technologies to support these novel techniques in food processing 
sectors. Further extensive investigation is required to properly check the potentialities and limits of these 
novel and advanced technologies to enhance the sustainability in food processing and optimize them to 
make more sustainable.
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