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Introduction

The dairy and food processing industries are at a
point where they need to make some changes. People around
the world want food that is good for them and tastes good.
The old way of using heat to process food is not working well
anymore. This old way uses surface-to-core heat transfer,
which's not very good. The food industry is looking for ways
to make food that are better for the earth and use less energy.
This is where continuous microwave heating comes in. It is a
change from the old way. Of using heat from the outside it
uses energy that comes from inside the food. This new way of
heating food is very important. It helps keep the food tasting
good and fresh. It also helps keep the food healthy.

The Functional Imperative of Thermal Processing in
Modern Food Science

Heating food is very important in the dairy and food
industry. It helps keep the food from spoiling and makes sure
it is safe to eat. There are six reasons why heating food is
important. Each of these reasons is critical, to making food
that people want to buy and eat. Continuous microwave
heating is a part of this. It helps the dairy and food industry
make food that's healthy and tastes good. The dairy and food
industry needs microwave heating to make food that people
will like.

Heating Food to Make it Safe

The main reason we heat food is to make sure it is
safe to eat. We need to get rid of microorganisms like Listeria
monocytogenes, Salmonella and Cronobacter sakazakii. These
microorganisms can make us sick. Heating food also helps to
reduce the number of microorganisms that can spoil food.
This means food can last for months or even years if it is
heated propetly. This is very important for making sure
everyone has food to eat. It allows us to transport dairy
products like milk and cheese to people over the world
without them going bad.

What Heating Does to Food

Heating food does a lot of things to it. It helps to
make changes in the food. When we heat milk it helps to make
yogurt and cheese. The heat changes the proteins in the milk
like B-lactoglobulin so they can work together to make a gel.
Heating also stops enzymes like lipase and protease from
working. These enzymes can make food taste bad if they are
not stopped. So heating food is important for keeping it safe
and making it taste good. Heating is an important step in
making dairy products, like milk and cheese.

Physical and Sensory Refinement

The way food looks and feels. Its texture, how thick
ot thin it's how it tastes and what color it is. Is really affected

by heat. When we heat food it can make the texture better by
helping the proteins get water and the starches get softer. Also
when we heat food it can make the flavors and colors come
out more. This is because of things like the Maillard reaction
and caramelization which're like chemical reactions that
happen when food gets hot. These reactions make food smell.
Taste really good and they can make it look nice and golden
brown, like fancy baked goods and dairy treats. Food
companies can control how heat they use to make their
products taste and look just right for the people who buy
them.

The Physics of Volumetric Heating: A Paradigm Shift

To see why heating food all the way through with
microwaves is better than ways we need to look at how heat
gets into the food. Other ways of heating like using water or
air only heat the outside of the food. Then the heat has to
travel to the inside of the food, which can take a while. This is
because the heat has to go through the food from the outside,
in and that is decided by what the food's made of.

Molecular Interaction and Dielectric Friction

In contrast, microwave heating is an internal or
volumetric process. When microwaves—electromagnetic
waves typically at frequencies of 2450 MHz or 915 MHz—
interact with food, they target polar molecules, most notably
water and fat. These molecules are dipoles, meaning they
possess a partial positive and partial negative charge. When
exposed to the rapidly alternating electromagnetic field of a
microwave, these dipoles attempt to align themselves with the
field's polarity. This results in rapid oscillation, occurtring
billions of times per second, which generates heat through
molecular friction. The power dissipated per unit volume in a
material during microwave heating can be expressed by the
following equation:

P = 2nfey€e"E?

Where P is the power dissipated (W/m?), f is the
frequency of the microwaves (Hz), €gis the permittivity of
free space (8.854 x 102 F/m), €"'is the dielectric loss factor of
the food, and E is the electric field strength (V/m). This
equation highlights that the heating rate is directly
proportional to the dielectric properties of the food and the
strength of the electromagnetic field, allowing for precise
control over the thermal process.

Comparison of Heating Methodologies

The distinction between internal generation and
external transfer leads to several operational advantages for
microwave systems. While external heating is often slower and
can result in significant nutritional loss due to prolonged
exposure times, internal heating is rapid and more energy
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efficient. However, microwave heating can occasionally suffer
from non-uniformity if the applicator design or product
geometry is not optimized.

Attribute Internal / | External / Surface
Volumetric Heating
Heating (Conventional)
(Microwave)

Mechanism | Generation of heat | Transfer via
inside the food | conduction and
mass convection

Process Significantly faster | Slower  due  to

Speed thermal gradients

Energy High; direct | Low; losses to air

Efficiency energy absorption | and equipment

Nutritional | High  retention; | Higher loss due to

Quality less thermal | long heating cycles
degradation

Thermal May be non- | Generally uniform

Uniformity | uniform; requires | across the surface
optimization

Industrial Applications: Scaling the Innovation

The transition of microwave technology from the
home kitchen to the industrial plant has opened new horizons
for large-scale food processing. Continuous microwave
systems are now driving innovation across multiple sectors,
from dairy to snack production.

Advancing Dairy Processing: From Pasteurization to
Ghee

In the dairy sector, institutions like the ICAR-
National Dairy Research Institute (NDRI) are leading the
development of continuous-flow microwave systems. These
systems are designed to pasteurize milk and sterilize dairy-
based beverages while preserving the natural flavor profile and
heat-sensitive vitamins. Furthermore, microwave technology
is being applied to the clarification of ghee and the drying of
curd, where it offers a significant reduction in processing time
compared to traditional open-pan or hot-air methods. By
utilizing hybrid systems—such as microwave-vacuum or
microwave-infrared combinations—researchers can achieve
superior product quality, such as improved crispness in dried
dairy snacks or better aroma retention in ghee.

Dehydration and Nutrient Preservation

Microwave-assisted drying is revolutionizing the
preservation of fruits, vegetables, and herbs. Traditional hot-
air drying often leads to "case hardening," where the sutface
of the food becomes a hard shell that traps moisture inside,
while also destroying natural pigments and antioxidants.
Microwave drying, by heating the moisture throughout the
product mass, facilitates rapid evaporation from the inside out.
This results in shorter drying cycles, reduced energy
consumption, and the preservation of natural color, aroma,
and nutritional content. Advanced systems now incorporate

Al-based sensors to adjust energy levels dynamically,
preventing overheating as the product's moistute content
decreases.

Thawing, Cooking, and Snack Production

The thawing of frozen meat and seafood is another
area where continuous microwave systems excel.
Conventional thawing is a slow process that often leads to
"drip loss"—the loss of moisture and soluble proteins—and
increases the risk of microbial growth on the surface while the
interior remains frozen. Microwave thawing provides fast,
uniform defrosting that minimizes drip loss and ensures a
safer, higher-quality raw material for further processing. In the
snack industry, microwave puffing is used to create light,
crispy textures in cereals and extruded snacks without the need
for excessive oil, supporting the trend toward healthier food
options.

Sustainability and Operational Efficiency

One of the most compelling arguments for the
adoption of continuous microwave heating is its contribution
to environmental sustainability. Traditional industrial heating
often relies on fossil-fuel-fired boilers to generate steam,
which is then used as the heat transfer medium. This process
is inherently inefficient, with significant energy losses in the
boiler, piping, and heat exchangers.

The Green Factory Model

Microwave systems operate on electricity, allowing
them to be powered by renewable energy sources such as solar
or wind. Because heat is generated only within the food
product, there is virtually no energy loss to the surrounding
environment. This high efficiency reduces the carbon
footprint of the production facility. Furthermore, microwave
plants typically require less water for operation and cleaning,
making them ideal for sustainable manufacturing in regions
facing water scarcity.

Ready-to-Eat (RTE) and Food Safety

In the realm of ready-to-eat meals, microwave-
assisted pasteurization and sterilization (MAPS) systems allow
for the heating of food within its final, sealed container. This
ensure microbial safety without the detrimental effects on
texture and color often seen in traditional retorting. For
products like soups, sauces, and baby foods, this technology
ensures that the product is sterile while remaining fresh in
appearance and taste.

Strategic Outlook and Conclusion

The integration of continuous microwave heating
into the dairy and food industry represents a significant leap
forward in food engineering. By moving away from the
limitations of surface-dependent heating, manufacturers can
achieve unprecedented levels of efficiency, safety, and quality.
While challenges remain—specifically in the design of
packaging materials that are microwave-transparent and in the
optimization of uniformity for complex food geometries—the
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ongoing research at institutions like ICAR-NDRI and the rise

of Al-driven process controls are rapidly addressing these
hurdles.

As the global food landscape continues to evolve, the
adoption of microwave technology across the dairy, meat, and
horticultural sectors is a testament to the power of science-
driven innovation. Continuous microwave heating is no
longer just an alternative; it is the cornerstone of a modern,
eco-friendly, and nutritionally focused food processing future.
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