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Preface

This report, "Quantitative Assessment of Advancements in Drying Technologies Contributing Significantly
to Enhancing Human Health through Food Security, Better Nutrition, and Improved Global Health," has
been prepared to provide a comprehensive and quantitative overview of recent developments in food drying
technologies and their impact on food preservation, nutritional quality, sustainability, and global public
health.

The report was prepared with the assistance of Google Gemini Al as a research and drafting aid. Artificial
intelligence was utilized to support literature synthesis, organization of technical content, and preparation
of the manuscript. The information presented has been carefully reviewed, evaluated, and compiled to
ensure technical accuracy and coherence. Given the broad interdisciplinary relevance of this topic to
researchers, academicians, students, food technologists, engineers, policymakers, and industry
professionals, this report is being shared for wider readership. It is intended to serve as a useful reference
that promotes discussion, encourages further research, and supports the adoption of innovative drying
technologies for improving food security, nutrition, and sustainable development worldwide.

It is hoped that this report will contribute to a better understanding of emerging drying technologies and
inspire continued innovation toward achieving global health and sustainability goals.



Abstract

The imperative to mitigate global food loss and ensure worldwide nutritional security has catalyzed
profound innovations in food drying technologies. Currently, an estimated 13.2% to 13.3% of global food
production is lost post-harvest prior to reaching retail markets, with highly perishable commaodities such as
fruits and vegetables experiencing loss rates between 30% and 50% in developing regions®. This report
provides an exhaustive, quantitative assessment of traditional, advanced, and emerging drying technologies,
establishing their direct contributions to global food security, public health, and sustainable agricultural
development. Advanced methodologies—including refractance window, electrohydrodynamic, heat pump,
microwave vacuum, and ultrasound-assisted drying—are mathematically evaluated against conventional
thermal drying and freeze-drying. Thermodynamic efficiencies, indicated by the specific moisture
extraction rate (SMER), coefficient of performance (COP), and exergy efficiency, are analyzed alongside
heat and mass transfer kinetics. The structural and nutritional impacts, encompassing porosity, glass
transition dynamics, and the retention of bioactive compounds (e.g., ascorbic acid, polyphenols,
carotenoids), are modeled and quantified. Furthermore, the integration of Artificial Intelligence (Al),
Physics-Informed Neural Networks (PINNSs), and Internet of Things (10T) frameworks for real-time quality
control is systematically explored. The quantitative findings conclusively demonstrate that optimized
hybrid drying systems significantly decrease specific energy consumption, drastically reduce carbon
footprints, and preserve essential micronutrients, thereby serving as a critical mechanism to advance
Sustainable Development Goals 2, 3, 12, and 13, and ultimately improving global health outcomes.

1. Introduction

The global agrifood system is operating under unprecedented stress driven by exponential population
growth, rapid urbanization, and escalating climate change. With global population projections indicating
an increase to 9.7 billion by 2050, agricultural output and food availability must scale proportionately.
However, achieving absolute food security relies not solely on enhancing primary production, but on
minimizing systemic post-harvest losses (PHL). Current statistics compiled by the Food and Agriculture
Organization (FAO) and the United Nations Environment Programme (UNEP) indicate that 13.2% to
13.3% of food is lost post-harvest, representing an estimated annual global economic cost of US$1 trillion®.
In Sub-Saharan Africa (SSA), the post-harvest loss rate reaches an alarming 19.95% to 23%, with highly
perishable commodities such as roots, tubers, fruits, and vegetables experiencing degradation rates of up to
509% before reaching the consumer?.

Dehydration, or food drying, remains the most universally applied preservation technology to address this
crisis. By reducing moisture content and water activity below critical thresholds, drying inhibits microbial
proliferation, halts enzymatic degradation, and significantly extends shelf life. The advancement of drying
technologies directly intersects with multiple Sustainable Development Goals (SDGs). SDG 2 (Zero
Hunger) is advanced by converting highly perishable seasonal surpluses into stable, transportable food
reserves, effectively mitigating regional scarcity®. SDG 3 (Good Health and Well-being) is supported by
optimizing processes to preserve vital micronutrients, thereby combating hidden hunger and specific
vitamin deficiencies®. SDG 12 (Responsible Consumption and Production) is addressed through the sheer
reduction of agricultural waste!. Finally, SDG 13 (Climate Action) benefits from the integration of
renewable energy and highly efficient thermal cycles, which is critical given that food loss currently
accounts for 8% to 10% of global greenhouse gas (GHG) emissions®.

[Figure 1: Global food loss infographic detailing post-harvest losses across regional supply chains and



equivalent economic/caloric impacts]

2. Principles of Food Drying

Food drying is fundamentally governed by the simultaneous and coupled transport of heat and mass. Heat
is transferred from the surrounding environment to the material to supply the latent heat of vaporization,
while moisture migrates from the interior of the matrix to the surface, subsequently evaporating into the
drying medium. The drying process is typically characterized by distinct kinetic phases: the constant rate
period, where unbound surface moisture evaporates at a rate comparable to a free water surface, and the
falling rate period, where the surface is no longer saturated and internal moisture diffusion becomes the
rate-limiting step.

The quantification of moisture removal begins with defining the moisture content on either a wet basis (

MCu ) or dry basis (ﬂfcdb ):

MC,y — 2 % 100
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MCy = % 100
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where ™ is the mass of water,
matter®,

is the total wet mass, and is the mass of the completely dry

To normalize drying kinetics across different initial states, the dimensionless Moisture Ratio (JHR) is

utilized:
M, — M,
M, — M.
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where , and = ° denote the moisture content at time , initial state, and equilibrium state,

respectively®. The temporal derivative of the moisture content yields the Drying Rate (DR):
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During the falling rate period, internal moisture migration is mathematically modeled utilizing Fick's

Second Law of diffusion. For a one-dimensional slab of half-thickness L, assuming a constant diffusion
coefficient and long drying times, the analytical solution is simplified to:

8 TFED'Effﬁ
MR = ? exp (— W)

where D'EH is the Effective Moisture Diffusivity. This diffusivity is highly dependent on the drying



temperature, exhibiting an Arrhenius-type relationship governed by the activation energy (E‘:I ):

E,
D.; = D S N—
off = J0exp ( R(T + 273.15})

where Dy is the pre-exponential factor, R is the universal gas constant (8.314 J/(mol K)), and r is the
temperature in degrees Celsius’.

[Figure 2: Heat and mass transfer mechanism demonstrating internal moisture diffusion and external
evaporation profiles]

The convective transport phenomena at the fluid-solid boundary are evaluated using fundamental

dimensionless numbers. The fluid flow regime is characterized by the Reynolds number (RE):

_ pUL,
I

Re

AT
The convective heat and mass transfer efficiencies are characterized by the Nusselt number (h u.) and

Sherwood number (Sh), respectively:$$Nu = \frac{h L_c}{k f}, \quad Sh = \frac{fh_m
L_cHD_{AB}}$$To ascertain whether internal resistance or external convection governs the drying

kinetics, the Biot numbers for heat (Bzh) and mass (BT"'”) are calculated:$$Bi_h = \frac{h L_c}{k_s},
\quad Bi_m = \frac{h_m L_c}{D_{eff}}$$Furthermore, transient conduction and diffusion behaviors

within the food matrix are dictated by the Fourier numbers for heat (Fﬂh ) and mass (Fﬂ’” ):

at D, ¢t
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where @ is the thermal diffusivity, h and hom are the convective heat and mass transfer coefficients, k-f

and k" are the thermal conductivities of the fluid and solid, and L“ is the characteristic Iengthlo.
[Figure 3: Drying curve illustrating the transition from constant rate to falling rate periods based on critical
moisture content]

3. Classification of Drying Technologies

The technological landscape of food dehydration spans a vast spectrum, ranging from ancient passive solar
techniques to highly advanced, non-thermal, Al-controlled continuous systems.

Traditional and Solar Drying

Traditional drying includes open sun drying, which remains ubiquitous in developing nations due to its zero
fuel cost. However, it requires extensive drying times, offers no control over the drying kinetics, and
exposes food to pests, dust, and significant nutrient degradation®®. Solar drying improves upon this by
utilizing semi-enclosed structures—such as cabinet drying, tray drying, and tunnel drying—to capture and
concentrate solar radiation. These systems enhance convective forces and elevate temperatures, providing



marginal improvements in sanitation and drying speed, though they remain limited by diurnal cycles and
weather dependence®.

Conventional Thermal Drying

Hot air drying (convective drying) forces heated air over or through the product bed. While it represents
the industrial standard due to its reliability and scalability, it suffers from poor energy efficiency and induces
severe thermal degradation, case hardening, and shrinkage in delicate food matrices*. Vacuum drying
operates under sub-atmospheric pressure, effectively lowering the boiling point of water and enabling
evaporation at moderate temperatures, which is highly beneficial for heat-sensitive compounds. Freeze
drying (lyophilization) involves freezing the product followed by primary and secondary sublimation
phases under deep vacuum’. It perfectly preserves microstructures, porosity, and bioactive compounds,
but its widespread industrial application is severely hindered by exceptional capital costs and extremely
high specific energy consumption®®.

Electromagnetic and Volumetric Drying

Microwave drying (MW) and Radio Frequency drying (RF) circumvent the low thermal conductivity of
porous biomaterials by inducing molecular friction via alternating electromagnetic fields, resulting in rapid
volumetric heating™?. Microwave vacuum drying combines this rapid internal heat generation with a low-
temperature evaporative boundary, yielding exceptionally high-quality products in a fraction of the time®..
Infrared drying targets the product surface utilizing wavelength-specific radiation, providing rapid surface
dehydration that is frequently hybridized with convective flows to prevent surface charring®.

Advanced Thermal and Particulate Drying

Spray drying transforms liquid slurries, emulsions, or purees into powders via rapid atomization into a hot
gas stream, a process vital for the dairy, coffee, and nutraceutical industries'®. Fluidized bed drying and
spouted bed drying suspend solid particulates in high-velocity upward air streams, guaranteeing excellent
mixing and near-instantaneous heat and mass transfer?*.

Refractance window drying (RWD) is a prominent fourth-generation technology. A thin, infrared-
transparent Mylar film floats on the surface of circulating hot water (95-97°C). Wet puree or liquid is cast
onto the film, allowing conduction, convection, and radiation to rapidly remove moisture'?. RWD yields a
product quality comparable to freeze-drying but requires 50-70% less capital investment and consumes
28-38% less energy®. Heat pump drying (HPD) recovers latent and sensible heat from the exhaust air via
a closed-loop refrigeration cycle, operating at low temperatures and offering unmatched thermodynamic
efficiency and high SMER values®. Superheated steam drying (SSD) utilizes steam above its saturation
temperature as the drying medium. It operates in an oxygen-free environment, effectively preventing lipid
oxidation and allowing excellent energy recovery capabilities, despite the risk of initial surface
condensation®®. Pulse combustion drying utilizes high-frequency acoustic waves generated by a pulse
combustor to atomize and dry highly viscous liquids, offering extreme thermal efficiency.

Non-Thermal and Hybrid Smart Drying

Electrohydrodynamic drying (EHD) utilizes high-voltage electric fields to generate a corona discharge,
yielding an "ionic wind" that disrupts boundary layers and accelerates mass transfer at ambient
temperatures. EHD is highly energy-efficient but struggles with industrial scale-up due to electrical
breakdown (arcing) thresholds®'. Ultrasound-assisted drying leverages acoustic cavitation to induce a



"sponge effect" in plant tissues, forming microchannels that drastically accelerate moisture egress without
excessive heat application®*. Hybrid drying (e.g., Hybrid solar drying) combines multiple modes, such as
solar collectors with auxiliary heat pumps, to ensure continuous operation. Finally, Al-assisted smart drying
and loT-controlled drying systems employ advanced sensors to modulate dynamic environments,
continuously predicting moisture states and minimizing energy utilization®.

[Figure 4: Drying rate curve comparing convective, microwave, and refractance window kinetics]

4. Quantitative Comparison of Drying Technologies

Selecting the optimal drying paradigm demands a rigorous evaluation of thermodynamic, Kinetic, and
quality constraints.

Table 1: Technological Comparison of Drying Operating Parameters

Drying Typical Relative Specific Thermal Scalability /
Technology Drying Drying Time = Energy Efficiency Capital Cost

Temperatur Consumptio (%)

e (°C) n (MJ/kg

H20)

Hot Air = 50-85 High (4 —24 4.0-8.0 25-45 High / Low
Convective h)
Freeze -40 to 30 Very High = 15.0-30.0 <20 Medium  /
Drying (12 -48h) Very High
Heat Pump = 30-55 Medium (4 —  15-3.0 60 — 85 High /
Drying 15 h) Medium
Refractance 39 - 47  VeryLow (3  25-45 45 - 65 Medium  /
Window (product) — 10 min) Medium
Microwave 30-60 Low (0.5-2  3.0-6.0 40 - 60 Medium  /
Vacuum h) High
Electrohydr 20-30 High 6 -20 05-1.2 > 85 Low / Low
odynamic h)

Table 2: Advantages, Limitations, and Industrial Applications



Technology Core Advantages Primary Limitations Key Industrial
Applications
Spray Drying Continuous,  instant  Stickiness (Tg issues), = Milk powder, coffee,

powder production

high exhaust heat

flavor encapsulation

Ultrasound-Assisted Microchannel Noise, acoustic = Herbs, bioactive
formation, non-  attenuation in deep = extraction, sensitive
thermal mass transfer tissue fruits

Superheated Steam No oxidation, = Complex equipment, = Sludges, durable
sterilizing, highly  initial condensation grains, specific
recoverable heat vegetables

Refractance Window = Exceptional Limited to | Fruit leathers,
color/nutrient liquids/purees,  film | functional
retention, extremely @ wear/tear nutraceutical purees
fast

Heat Pump Drying Low temperature,  Refrigerant limits, = Copra, seafood, high-
closed-loop  exergy | longer drying times value seeds
recovery

[Figure 5: Moisture migration and internal diffusion mechanisms under different drying stresses]
5. Effect on Food Quality

Drying inherently transforms the physical and chemical state of food matrices. Uncontrolled moisture
gradients induce severe cellular collapse and structural shrinkage, which heavily increases bulk density and

=
true density while obliterating internal porosity (7). Freeze-dried structures maintain high porosity (

c=08~-109 {12

) because ice sublimation leaves the rigid biopolymer network entirely intac
Conversely, convective air drying forces tissues into a rubbery state, leading to dense structures with poor
rehydration kinetics®?.

A paramount parameter dictating physical quality is the glass transition temperature (TQ). Biomaterials
contain amorphous polymers that transition from a rigid glassy state to a highly mobile rubbery state when

temperatures exceed T9 . Moisture acts as a potent plasticizer, exponentially depressing T9 . If the product



T,  10-20°C

temperature exceeds ~ ¥ by
12 6
from 10 Pa-s to 10

Ferry (WLF) equation:

during spray drying or storage, the localized viscosity plummets

Pa-s. This viscosity shift is mathematically governed by the Williams-Landel-

p -Gi(T -T)
log | — | = ——— =7
""(ug) G+ (T-T,)
where H is viscosity, Hg s viscosity at ~ ¥, and C1, G are material-specific constants. This rapid

viscosity drop induces stickiness, wall deposition, and caking, which are the primary failure modes in
continuous spray drying of sugar-rich foods like fruit juices and dairy?®. Furthermore, elevated temperatures
trigger Maillard browning reactions, irreparably altering color, flavor, and aroma.

Table 3: Impact of Drying Method on Microstructure and Physical Quality

Matrix Hot Air Drying Freeze Drying Refractance Spray Drying

Parameter Window

. = 20 - 40% 80 - 90% 40 - 60% Variable (hollow

orosity (7) spheres)

Bulk Density High Very Low Moderate Moderate to Low

Glass High risk of = Safely below Tg Rapid transition = High risk of wall

Transition structural limits flow stickiness
collapse

Microstructure Severe cellular = Intact skeletal = Flake-like, Spherical,
rupture lattice homogeneous potential caking

Rehydration
Ratio

Poor (2:1 to 3:1)

Excellent (up to
8:1)

Excellent (5:1 to
7:1)

Instantaneous
solubility

[Figure 6: Technology comparison chart benchmarking Specific Energy Consumption against Vitamin C

retention]

6. Nutritional Quality Assessment

Preserving bioactive compounds—such as ascorbic acid (Vitamin C), carotenoids (Vitamin A precursors),
tocopherols (Vitamin E), polyphenols, anthocyanins, flavonoids, and essential amino acids—is critical for



defining the nutritional efficacy of dried foods. High temperatures and prolonged oxygen exposure during
traditional drying irrevocably oxidize these thermolabile compounds and degrade essential lipids and
dietary fiber.

Advanced methods manipulate the thermodynamic environment to mitigate this degradation. For instance,
Refractance Window drying limits maximum product temperatures to 39-47°C, shielding heat-sensitive
phytochemicals®®. Ultrasound-assisted drying enhances polyphenol extractability; studies demonstrate total
phenolic content (TPC) retention in US-dried apples reaching 30.53 mg/100g compared to 26.50 mg/100g
in conventionally dried equivalents, alongside a 12% higher flavonoid retention*. Electrohydrodynamic
drying operates entirely at ambient temperatures, reducing color degradation by 21% and increasing total
phenolic retention by 62% over conventional freeze-drying, while preventing the loss of essential minerals
and proteins®.

Table 4: Quantitative Retention of Specific Bioactive Compounds

Compound Susceptibility Optimal Tech Typical HA | Typical Adv.
Group Retention Tech Retention
Ascorbic Acid Heat, Oxidation Freeze, RW, = 20-40% 7% - 95%
Vacuum (RW/FD)
Anthocyanins Heat, Light MW-Vacuum, 30 —50% 80 — 90% (MW-
RW Vac)
Carotenoids Oxidation Superheated 40 - 60% 8 -  95%
Steam (SS/FD)
Polyphenols Enzymatic Ultrasound- 50 — 70% 80 -  95%
(PPO) assisted (US/EHD)
Essential Lipids = Oxidation, Heat Freeze, Vacuum Variable Highly  stable
rancidity (encapsulated)

[Figure 7: Vitamin retention comparison across standard, hybrid, and non-thermal drying methodologies]
7. Quantitative Contribution to Food Security
The intersection of food drying and global food security is fundamentally a matter of mass preservation. A

reduction in the 1.3 billion tonnes of annual food waste directly expands caloric and nutritional availability
without requiring expanded agricultural footprints®. Proper dehydration extends the shelf life of highly
perishable roots, tubers, and plantains (which suffer up to 50% post-harvest loss in SSA) from mere days



to multiple years, stabilizing storage stability®.

Drying radically decreases bulk density and total weight, dramatically increasing transportation efficiency
and reducing logistics costs. This physical transformation facilitates export opportunities for rural farmers,
stabilizing local economies. Furthermore, dehydrated products form the backbone of emergency food
storage, military foods, disaster relief efforts, and global nutrition programs, including fortified school
meals in developing countries heavily monitored by the UN, WHO, and World Bank.

Table 5: Global Food Loss Statistics and the Mitigation Potential of Drying

Region / Commodity = Annual Post-Harvest = Economic/Nutritiona = Mitigation via
Loss (%) | Impact Drying (%)
2
Sub-Saharan Africa 30 -50% Endemic malnutrition, = Reduces physical loss
(F&V) lost revenue to < 5%
5
Global Roots & 20 —50% Vulnerability to price = Enables shelf-stable
Tubers shocks flour / purees
S. Asia / SE Asia @ 10-15% High caloric deficit, = Extends safe storage
(Grains) mycotoxins stability
~1Q0, -
Advanced 19_A) . (Pre Massive resource  Repurposed into
Economies retail/Retail) inefficiency functional foods

[Figure 8: Shelf-life extension models correlating initial water activity to microbial stability thresholds]

8. Contribution to Human Health

Mitigating post-harvest loss translates directly to positive human health outcomes and global public health
advancements. In Mozambique, approximately 69% of children under five suffer from Vitamin A
deficiency (VAD), a leading cause of childhood blindness, illness, and immune depression®. Mangoes are
rich in provitamin A carotenoids but suffer 20-40% seasonal post-harvest losses. The application of
optimized solar and heat-pump drying to mangoes produces shelf-stable, beta-carotene-dense snacks that
sustainably combat VVAD year-round, bypassing the need for medicinal supplementation programs®.
Furthermore, lowering moisture content and water activity strictly inhibits the proliferation of aflatoxin-
producing fungi (e.g., Aspergillus flavus) in grains and nuts, dramatically reducing the incidence of
foodborne diseases, mycotoxicoses, and hepatic cancers. Advanced dried products—such as
microencapsulated probiotics, bioactive powders, fortified complementary foods for improved child
nutrition, and medical nutritional formulas—support healthy aging, better maternal health, and facilitate
precise dietary interventions in hospital food settings*2.

Table 6: Health Outcomes Derived from Advanced Food Dehydration



Health Challenge

Vitamin A
Deficiency

Dehydration
Intervention

Dried orange-fleshed
sweet potato / mango

Physiological Benefit

Prevents
xerophthalmia  and
blindness

Relevant
Populations

Target

Children in SSA / SE
Asia

Mycotoxin Exposure  Controlled grain/nut =~ Prevents hepatic = Global rural
moisture reduction carcinoma / stunting populations
Protein/Calorie Fortified milk/cereal = Supports muscle | Infants
Malnutrition powders (spray dried) accretion and growth (complementary
feeding)
Chronic  Oxidative = Lyophilized Delays Aging populations
Stress berry/herb functional = neurodegeneration, worldwide
powders lowers inflammation

[Figure 9: Food security framework illustrating the mitigation of supply chain bottlenecks through advanced
dehydration]

9. Emerging Technologies

The digitalization of drying processes represents a paradigm shift toward Industry 4.0 and 5.0. Traditional
empirical control is rapidly being replaced by Atrtificial Intelligence (Al) and Machine Learning (ML).
Deep learning models, specifically Convolutional Neural Networks (CNN) combined with Long Short-
Term Memory (LSTM) architectures, are utilized to predict spatial moisture gradients in real time,

2 ..
achieving root mean square errors (RMSE) as low as 2.1 MPa for stress state predictions and R" >

for quality parameters®.

Hyperspectral Imaging (HSI) (400-1000 nm) allows for non-destructive, chemical-free, spatio-temporal
monitoring of moisture content, pigment degradation, and lipid oxidation during the drying process*.
Digital Twins—uvirtual replicas of the physical drying chamber synchronized via IoT sensors—enable the
integration of Physics-Informed Neural Networks (PINNs). These PINNSs instantly solve complex
Computational Fluid Dynamics (CFD) and Finite Element Analysis (FEA) boundary equations, allowing
intelligent control algorithms (like Genetic Algorithms) to adjust airflow and temperature in real-time to
avoid surface case-hardening, predict quality, and detect faults automatically>>.

Table 7: Smart Technologies Transforming Drying Processes



Emerging Technology

Hyperspectral Imaging (HSI)

Physics-Informed NNs

loT Sensor Networks

Genetic Algorithms

Application in Drying

Real-time, non-destructive
moisture mapping

Digital Twin control, boundary
layer solving

Continuous temp/RH feedback
via cloud monitoring

Optimizing
configurations

hybrid  cycle

Quantitative Impact / Benefit

R:Z -

accuracy”®

prediction

Reduces process lag, prevents
over-drying

Lowers operational energy by
15-30%

Maximizes COP, minimizes
payback period

[Figure 10: Al-based smart drying system incorporating Hyperspectral Imaging, 10T feedback, and Digital
Twin modeling]

10. Sustainability Assessment

The sustainability of a drying system is evaluated via rigorous thermodynamic and environmental indices.
A primary performance index is the Specific Moisture Extraction Rate (SMER), denoting the mass of water
evaporated per unit of energy consumed (kg/kWh): $$SMER = \frac{M_w}{\int_ 0"t P_{c} , dt}$$Hot air
drying typically yields poor SMERs of 0.2-0.6 kg/kWh. Conversely, Heat Pump Drying (HPD), which
recovers sensible and latent heat via refrigerants (e.g., R744, R407C), achieves SMERs of 1.0 to 4.0
kg/kWh, and Coefficients of Performance (COP) ranging from 3.0 to 5.4%°,

@

Veom p

COP =

Further analysis requires an exergy assessment, which quantifies the destruction of useful energy. The

exergy efficiency (E) is determined by:

Advanced exergy analysis reveals that massive exergy destruction in conventional drying occurs via the
mixing of hot exhaust air with the environment. By closing the loop and utilizing heat pumps or superheated
steam, exergy destruction drops significantly. Additionally, solar-assisted EHD or heat pump hybrids slash
greenhouse gas emissions by up to 70%, yielding highly favorable Life Cycle Assessments (LCA) and
promoting a circular economy through food waste reduction?®.

Table 8: Sustainability and Thermodynamic Efficiency Metrics



Drying System Average SMER = Typical COP Exergy Carbon

(kg/kwh) Efficiency (%0) Emission
Potential

Convective Hot 0.2-0.6 N/A 25 - 40% High (dependent
Air on grid)
Open Loop 05-1.0 N/A 40 — 50% Very Low
Solar
Heat Pump @ 12-35 3.0-54 60 — 85% Low (high
Dryer (HPD) energy recovery)
Refractance 08-15 N/A 50 — 70% Moderate
Window
Electrohydrody = 2.5-5.0 N/A > 85% Very Low (ultra-
namic low power)

[Figure 11: Sustainability framework mapping the transition from linear hot air exhausting to circular
exergy recovery]

11. Economic Assessment

Economic feasibility and capital investment are the ultimate bottlenecks for industrial adoption. The global
post-harvest treatment market, propelled by stringent safety regulations and food security mandates, is
projected to reach US$2.92 billion by 2030, expanding at a CAGR of 6.9%. While technologies like freeze-
drying produce unparalleled quality, their capital and operating costs relegate them to high-value
pharmaceuticals, bioactive compounds, and premium instant coffees.

Refractance window drying costs a fraction of freeze-drying (requiring 50-70% less capital expenditure)
while providing comparable market premiums, drastically reducing the payback period and increasing
profitability®. Similarly, the adoption of heat pumps introduces an initial capital expenditure premium, but
the return on investment (ROI) is rapidly achieved due to dramatic operational energy cost savings (up to
70% reduction in life cycle costs)?.

Table 9: Economic Parameters of Drying Implementations

Technology Relative Relative Payback ROI Market



Hot Air
Tunnel

Freeze
Drying

Heat Pump

Refractance
Window

Capital Cost

Low

Very High

Medium-
High

Medium

O&M Cost

High
(Fuel/Energy
)

Very  High
(Vacuum/Col
d)

Low (High
COP)

Medium
(Film
replacement)

Period

Short

Long

Medium

Medium

Potential

Moderate

High

(Premium
goods)

High

Very High

Penetration

Universal

Niche / High-
Value

Growing
rapidly

Emerging

[Figure 12: Carbon emission comparison and energy cost distribution across industrial drying systems]
12. Case Studies

To contextualize the theoretical kinetics and thermodynamic models, six quantitative case studies were
evaluated based on recent industrial and academic literature spanning 2020-2026.

Table 10: Food Drying Case Studies (Part 1: Fruits, Vegetables, and Purees)

Case Study

1. Apple

Slices

Raw
Material

Malus
domestica

Drying
Technology

Refractance
Window

Operating
Conditions

Water T
70-90°C,
Mylar Film

Quantitative
Quality/Ene
rgy Output

Final
(lyy <

drying time <
40 min,
Vitamin C
retention >
809%™

Industrial
Significance

Replaces
expensive

FD for
premium
fruit snacks.



2. Mango
Pulp

3. Tomatoes

Table 11: Food Drying
Commodities)

Case Study

4, Copra
(Coconut)

5. Skim Milk

6. Medical
Herbs

Mangifera

indica

Solanum

lycopersicum

Raw
Material

Cocos
nucifera

Dairy
Powders

Various

Bioactives

Solar Heat
Pump Hybrid

Ultrasound-
Assisted

Case Studies (Part 2:

Drying
Technology

Heat Pump
Dryer

Spray Drying

Microwave
Vacuum

T = 50°C,
Solar assisted
COP

20 kHz US,
Air T =60°C

Operating
Conditions

T = 45°C,
Closed loop

Tin. =
, Monitoring

I

P = 100 Pa,
MW =2 W/g

COP = 3.69,
SMER=1.16
kg/kwh,
eliminates
20-40%
PHLS.

Increases
phenolic
retention to
30.5
mg/100g,
reduces
time?°.

Specialty,

Quantitative
Quality/Ene
rgy Output

COP = 3.5,
SMER =0.85
kg/kwh, MC
reduced from
52% to 8.5%
in 48h*°.

Close
mapping of
T —
prevents
caking/sticki
ng at
viscosity
107 pa.s22

Flavonoid
retention >
95%, drying

Combats
VAD in SSA
through
scalable rural
integration.

Highly
scalable for
functional
food base
powders.

Dairy, and

Industrial
Significance

Produces
high-grade
milling copra
without fuel
combustion.

Essential for
uninterrupted

global infant
formula
supply.
Crucial for

nutraceutical
and



time reduced
by 80%".

pharmaceutic
al extraction.

13. Challenges

Despite rapid advancements, scaling these technologies from pilot to industrial implementation introduces
distinct challenges. Thermodynamic scaling often suffers from non-linearities; for example, the scale-up of
Electrohydrodynamic (EHD) drying is severely bottlenecked by the electrical breakdown of air (arcing)
when attempting to generate bulk ionic winds at voltages exceeding 22 kV, posing significant safety and
automation challenges®.

Spray drying faces constant battles with stickiness, wall deposition, and agglomeration due to the inherently

low T9 of fructose and amorphous lactose?®. Microwave technologies battle uneven electromagnetic field
distribution, which leads to localized thermal runaway (hot spots) and internal charring. Additionally, in
developing countries—where post-harvest losses are highest—the prohibitive equipment cost, lack of stable
electrical grids, and absence of maintenance ecosystems stifle the adoption of advanced systems like HPD
and Vacuum drying™°.

Table 12: Research Gaps and Technological Challenges

Technology Focus Primary Challenge Potential Required Future
Consequence Research

EHD Drying Voltage breakdown / = Halts scale-up to = Optimizing electrode
Arcing industrial sizes geometry / PINNs

Spray Drying Tg Caking, equipment = Carrier agent
Low of natural ' going optimization, dynamic
sugars cooling

Microwave Uneven field = Quality degradation, = Advanced waveguide
distribution internal charring design, CFD modeling

Developing Nations High capital =~ Continued  massive = Hybrid solar
investment food losses integrations, low-cost

Sensors

[Figure 13: Global food loss infographic intersecting with barriers to technological adoption in developing

economies]

14. Future Perspectives



The trajectory of drying technologies points toward absolute energy circularity and autonomous control.
Industry 5.0 will see the widespread commercialization of Al-driven Digital Twins, dynamically resolving

Navier-Stokes and heat transfer equations to perfectly match the instantaneous TQ and moisture state of
the food, rendering thermal damage nearly impossible®.

Nanotechnology will interface with drying to create in-situ encapsulated functional powders (e.g., co-spray
drying with biopolymers) to protect delicate lipids and polyphenols. Furthermore, hybrid solar-EHD and
solar-HPD systems represent a pinnacle of decentralized, off-grid, climate-resilient food preservation.
These systems are capable of radically altering the socio-economic landscape of Sub-Saharan Africa and
Southeast Asia by providing high-quality dehydration with near-zero carbon footprints, thereby facilitating
personalized nutrition and precision food engineering globally.

[Figure 14: Future smart drying roadmap transitioning from thermal bulk processing to precision Al-driven
nanoscale encapsulation]

15. Conclusion

Advancements in food drying technologies are indispensable to ensuring global food security, enhancing
nutritional quality, and protecting public health. This comprehensive quantitative assessment establishes
that transitioning from traditional convective drying to advanced hybrid systems—such as Refractance
Window, Heat Pump, Microwave Vacuum, and Electrohydrodynamic drying—fundamentally redefines
thermodynamic efficiency and product quality. By achieving specific moisture extraction rates (SMER)
exceeding 3.0 kg/kWh, operating at exergy efficiencies above 85%, and retaining up to 95% of thermolabile
bioactive compounds, these methods offer a realistic mechanism to arrest the 1.3 billion tonnes of annual
post-harvest loss.

The implementation of these technologies explicitly supports the reduction of Vitamin A deficiencies,
mitigates mycotoxin contamination, and drastically slashes the carbon footprint associated with global food
supply chains. Integrating advanced sensors, hyperspectral imaging, and Al-driven predictive models will
further eliminate process inefficiencies. Ultimately, the strategic deployment of scalable, high-efficiency
drying infrastructure in both developing and developed nations is a requisite industrial implication to
sustainably feed the projected 2050 global population and achieve a resilient global health framework.
[Figure 15: Summary flowchart depicting the holistic impact of advanced drying technologies on SDGs 2,
3,12, and 13]
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