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Preface

This technical assessment, “Advanced Trajectories in Industrial Drying Technology (2026—
2036),” presents a structured exploration of emerging drying technologies, process intensification,
decarbonization, digital twins, Al/ML, multiscale modeling, energy recovery, and industrial scale-

up.

The report has been developed from the provided technical source material and refined with
assistance from Gemini Al Model, which was used for technical synthesis, organization, analytical
structuring, and presentation. The Al-assisted content should be considered a research-support
tool; technical claims, numerical values, references, and proposed research directions should be
independently verified before use in formal publications, industrial decisions, or academic
submissions.

The objective is to provide a forward-looking technical framework for researchers, engineers, and
industry professionals working toward more energy-efficient, digitally enabled, and sustainable
industrial drying systems.



Advanced Trajectories in Industrial
Drying Technology (2026-2036): A
Comprehensive Technical and Strategic

Assessment
Executive Summary

The decarbonization and digitalization of industrial drying represent a critical frontier in global
energy transition and process engineering. Drying operations account for a disproportionate
share of industrial energy consumption, a reality fundamentally limited by the latent heat of
vaporization of water. This assessment systematically dissects current technological paradigms,
rigorously audits proposed macro-trends—including artificial intelligence, digital twins, and
advanced heat recovery—and establishes a highly technical research and development
roadmap for the 2026-2036 horizon. By integrating multiscale transport phenomena, physics-
informed neural networks (PINNs), advanced characterization techniques such as micro-
computed tomography, and techno-economic realities localized to specific jurisdictions like
Maharashtra, India, the analysis identifies high-value, scalable research vectors capable of
achieving NetZero industrial processing. The findings indicate that the most viable pathway
eschews speculative hydrogen combustion in favor of advanced mechanical vapor
recompression, high-temperature heat pumps utilizing ultra-low global warming potential
refrigerants, and thermal energy storage, all orchestrated by dynamically weighted physics-
informed surrogate models.

1. Current State of Industrial Drying

Industrial drying remains heavily reliant on fossil-fuel-driven hot-air convective systems, which
are inherently plagued by high specific energy consumption and substantial exergy destruction’.
While the fundamental heat and mass transfer mechanisms governing single droplets or ideal
porous media are well documented within academic literature, industrial realities dictate that
bulk drying processes operate far from thermodynamic equilibrium. Technologies such as
rotary, fluidized-bed, and spray dryers exhibit profound spatial and temporal non-uniformities
in temperature and humidity fields. Current process control predominantly relies on lagging
indicators, such as exhaust temperatures, and heuristic proportional-integral-derivative
controllers. This technological stagnation results in systematic over-drying to ensure product
microbial safety and moisture limits, which simultaneously degrades temperature-sensitive
product quality and squanders immense volumes of high-grade thermal energy. The transition
toward sustainable operations requires abandoning these empirical methodologies in favor of
deterministic, physics-driven process intensification.



2. Major Technology Paradigm Shifts

The reference material proposes a suite of strategic directions intended to guide the next
decade of drying research. A rigorous technical audit of these claims reveals a spectrum of
maturity and feasibility, necessitating careful scientific delineation to separate established
physical phenomena from speculative industrial claims.

Technology Claim Classification Technical Critique &
Validation Requirement

Claims of >160°C output
require extensive industrial
validation regarding
compressor longevity and
the thermodynamic stability
of low-GWP refrigerants
(e.g., R1233zd(E),
R1336mzz(2))%. Laboratory
targets frequently ignore
realistic sink/source
temperature glides.

High-Temperature Heat Emerging Technology
Pumps (HTHP)

Highly established for liquid

Mechanical Vapor  Established (Evaporation) / ) o
evaporation, achieving 40-

Recompression (MVR) Research (Drying)
50% energy reductions®.

However, application in
solid drying is severely
limited by  particulate
entrainment and droplet-
induced impeller erosion’.
Requires advanced gas-
solid separation validation.

Superheated-Steam Established (Niche) Scientifically proven for
Drying (SSD) energy recovery and inert
processing. Widespread
deployment is hindered by
high capital expenditures,
rotary valve sealing



Microwave/RF-Assisted
Drying

Electrohydrodynamic
(EHD) Drying

Digital Twins

PINNs & Al Soft Sensors

Emerging Technology

Research-stage

Emerging Technology

Research-stage

complexities, and
unsuitability for highly heat-
sensitive biomaterials.

Claims of uniform
volumetric heating are
physically overgeneralized.
The process is highly
susceptible to  thermal
runaway, hot spots, and
dielectric property shifts as

localized moisture
decreases®. Requires
localized multiphysics
validation.

Shows potential for non-
thermal preservation of
biologicals', but throughput
limits, multi-emitter
interference, and scale-up
feasibility remain highly
speculative for bulk
industrial tonnage'.

Frequently conflated with
basic visualization
dashboards. True digital
twins  require real-time
bidirectional data flow and
ultra-fast surrogate models.
Requires rigorous industrial
validation of computational
latency'.

Integrating Navier-Stokes
and Darcy flow into neural
network loss functions
shows immense theoretical
promise’®, but PINNs suffer



from  severe  gradient
pathology ('stiffness") near
sharp, receding moisture
fronts'®.

Phase Change Materials
(PCMs) and sensible heat
media (e.g., sand batteries
reaching 600°C) provide
grid flexibility”. However,
thermal cycling stability and
supercooling remain
practical bottlenecks
requiring material science
interventions.

Thermal Energy Storage Emerging Technology
(TES)

3. Scientific Knowledge Gaps

A review of recent literature spanning 2020-2026 highlights severe deficiencies in translating
micro-scale physical insights into macro-scale equipment design. First, regarding multiscale
transport coupling, while micro-computed tomography has successfully tracked anisotropic
shrinkage and pore collapse in geomaterials and biological tissues during dehydration?, these
microstructural deformation metrics are rarely coupled with continuous Eulerian-Eulerian
macroscopic models. Second, macroscopic exergy analyses routinely identify combustion and
heat exchange as the primary sources of irreversibility’. However, the micro-scale exergy
destruction linked specifically to the phase-change boundary layer, capillary transport
resistance, and high-shear atomizer droplet creation is poorly quantified in current literature'.
Finally, most applied machine learning in drying relies on empirical, data-driven regression.
These models invariably fail when extrapolated beyond their specific training boundaries,
revealing a critical gap in the deployment of physics-constrained network architectures that
respect the laws of thermodynamics.

4. AI/ML and Digital Twin Opportunities

The transition from reactive process control to predictive autonomy relies on the deployment
of high-fidelity digital twins. A digital twin in this context is not a mere computational fluid
dynamics simulation; it is a real-time, bidirectional surrogate model capable of executing
predictive control algorithms in milliseconds. The primary opportunity lies in the development of
Physics-Informed Neural Networks. By incorporating the governing partial differential equations
directly into the neural network's loss function, the model is penalized for predicting non-
physical states. However, the application of PINNs to drying introduces a profound
mathematical challenge: gradient stiffness. As the evaporation front recedes into a porous



medium, it creates a sharp discontinuity in the moisture concentration gradient. When this sharp
front is passed into the backpropagation algorithm of a standard PINN, it causes severe gradient
pathology, leading to loss failure and a breakdown of the training process'. Overcoming this
stiffness via adaptive neural tangent kernel weighting or domain-decomposition techniques
represents one of the most critical Al research opportunities of the coming decade.

5. NetZero Drying Technologies

Assuming that green hydrogen combustion is the optimal pathway for decarbonizing industrial
drying is a deeply flawed heuristic. Direct electrification typically yields superior thermodynamic
efficiency. A mathematically rigorous NetZero architecture follows a strict hierarchy of process
intensification. The initial stage demands the maximization of mechanical dewatering
technologies to physically remove liquid water up to the thermodynamic limit of capillary
pressure, thereby bypassing the latent heat penalty entirely. The subsequent thermal drying
stage must implement closed-loop architectures. Rather than venting moisture-laden exhaust
air, the system must utilize condensation heat recovery. For high-temperature requirements,
thermal energy storage utilizing advanced solid media, such as fluidized silica sand beds capable
of retaining heat up to 600°C, can decouple the thermal demand of the dryer from the
intermittency of renewable electricity generation?'. This approach fundamentally shifts the
energy pathway from fossil-fuel dependence to highly efficient, time-shifted electrified heating.

6. Heat Recovery and Electrification

The electrification of drying relies heavily on two technologies: Mechanical Vapor
Recompression and High-Temperature Heat Pumps. MVR systems capture low-pressure
exhaust vapor, mechanically compress it using centrifugal impellers, and reinject it as high-
temperature heating steam, effectively recycling the latent heat. While MVR is highly mature in
liquid evaporation, its application in solid drying is precarious. The exhaust vapor from solid
dryers frequently contains entrained micro-particulates and unevaporated liquid droplets.
When subjected to the extreme peripheral velocities of an MVR compressor, these droplets
cause catastrophic pitting and erosive wear on the impellers, necessitating massive capital
expenditures for advanced upstream filtration’. Concurrently, the deployment of HTHPs
capable of generating sink temperatures above 140°C hinges on the adoption of low-global-
warming-potential hydrofluoroolefins, such as R1233zd(E) and R1336mzz(Z)*. The chemical
stability of these complex refrigerants under continuous high-temperature compression cycles
requires rigorous experimental validation to prevent premature compressor failure and
systemic efficiency degradation.

7. Process Intensification

Process intensification seeks to bypass the limitations of convective heat transfer by delivering
energy directly to the internal moisture of the material. Microwave and radio-frequency assisted
drying accomplish this via volumetric dielectric heating. However, the deployment of
electromagnetic fields introduces severe non-linearities. As a material dries, its dielectric loss



factor decreases. If a localized region dries faster than the bulk, it absorbs less energy, which
theoretically implies a self-leveling effect; however, in complex biomaterials, localized bound
water and salt concentrations can paradoxically increase the loss factor at elevated
temperatures. This phenomenon triggers thermal runaway, where a localized hot spot rapidly
absorbs surrounding electromagnetic energy, leading to catastrophic internal charring and
product failure®. Research must focus on integrating real-time dielectric sensing with highly
responsive solid-state microwave generators to dynamically shift frequencies and prevent
runaway conditions.

8. Multiscale Drying Science

The fundamental science of drying is governed by phenomena occurring at the pore scale. The
transition from the constant-rate drying period to the falling-rate period corresponds physical
to the recession of the liquid-vapor meniscus into the porous network of the material. During
this phase, moisture transport shifts from liquid capillary action to Knudsen diffusion and vapor
transport. As capillary tension increases, the solid matrix is subjected to immense internal
stresses. Advanced characterization techniques, specifically in-situ micro-computed
tomography, have become essential for visualizing this structural evolution?. By mapping the
anisotropic shrinkage, pore collapse, and glass transition dynamics of materials in real-time,
researchers can extract highly accurate permeability tensors?. These localized tensors must
then be upscaled using Lattice Boltzmann methods to feed macroscopic continuum models,
thereby closing the gap between fundamental physics and industrial equipment modeling?.

9. Industrial Scale-Up Challenges

A persistent failure in drying research is the inability to translate laboratory success to industrial
tonnage. A phenomenological model validated on a 10-gram thin-layer sample in a precision
laboratory oven frequently fails catastrophically when applied to a 10-tonne-per-hour
continuous rotary dryer. The dominant scale-up variables are macroscopic rather than
microscopic. In industrial equipment, the residence time distribution of the particulate phase is
highly heterogeneous. Particles experience varying degrees of wall friction, inter-particle
collisions, and gas-channeling, leading to massive temperature and humidity gradients across
the drying chamber. Furthermore, in systems like spray dryers, the overlapping of multiple
atomization cones creates complex droplet collision and coalescence dynamics that simply do
not exist in single-droplet laboratory studies. Rigorous scale-up requires the deployment of
coupled Computational Fluid Dynamics and Discrete Element Method simulations to accurately
map these macroscopic transport limitations before physical construction begins.

10. Experimental Research Framework

Establishing the scientific foundation for the next generation of drying technology requires a
highly controlled, sensor-rich experimental framework. The laboratory apparatus must consist
of a closed-loop convective tunnel dryer instrumented with Coriolis mass flow meters, precision
chilled-mirror hygrometers for absolute humidity measurement, and high-speed infrared



thermography to track transient surface temperatures. The experimental design must reject
traditional one-factor-at-a-time methodologies in favor of Response Surface Methodology
utilizing a Central Composite Design. Independent variables must include inlet dry-bulb
temperature, superficial gas velocity, absolute humidity, and characteristic particle diameter.
The primary dependent response variables will include the specific energy consumption, the
critical moisture content denoting the onset of the falling-rate period, and the volumetric
shrinkage quantified via intermittent micro-CT scanning. Statistical significance must be
rigorously established utilizing Analysis of Variance to generate robust quadratic surrogate
models for early-stage process optimization.

11. Mathematical Modeling Framework

The core mathematical representation of the drying process must solve the highly coupled, non-
linear partial differential equations governing momentum, heat, and mass transfer within a
shrinking porous domain.

The mass conservation equation for liquid water must incorporate both capillary pressure
gradients and concentration-driven diffusion:
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The energy conservation equation must account for the latent heat of vaporization acting as a
volumetric heat sink at the moving phase-change boundary:
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Crucially, the effective transport coefficients (D‘Ef f, k‘ff 1) are not static; they are highly non-
linear functions of local temperature, moisture content, and the transient porosity tensor
dictated by the material's thermo-mechanical shrinkage. The boundary conditions at the solid-
gas interface must explicitly model the local convective heat and mass transfer coefficients,
which dynamically alter as the surface morphology deforms.

12. AI/ML Framework

To deploy the aforementioned mathematical models in real-time control systems, they must be
translated into Al architectures. The Physics-Informed Neural Network framework forces the

neural network to satisfy the governing PDEs. The composite loss function (‘C“’f"-‘f) is
formulated as:



Liotal = Adata Ldata + APpELpPDE + ArcLic + ApcLpe

Where Lata represents the mean squared error against physical sensor readings, and LrpE

represents the residual of the mass and energy conservation equations evaluated at collocation
points across the spatiotemporal domain. Because the sharp moisture gradients induce
gradient pathology during backpropagation, researchers must investigate dynamic weighting

schemes (J') based on the eigenvalues of the Neural Tangent Kernel, ensuring that the network
optimizes uniformly across both the highly dynamic drying front and the relatively stable internal
core of the material.

13. Exergy Analysis

A robust thermodynamic assessment must differentiate between total energy consumption and
exergy destruction. Exergy represents the maximum useful work attainable as a system
approaches equilibrium with its environment. The exergy balance is defined as:

Ezi, = Bz + ETipss + ETgestruction

Advanced exergetic analysis must be applied to isolate avoidable versus unavoidable exergy
destruction. For example, in a conventional spray dryer, the immense shear forces and pressure
drops required for atomization result in massive, largely unavoidable exergy destruction™.
Conversely, the exergy destroyed by mixing high-temperature combustion gases with ambient
dilution air is entirely avoidable. The strongest thermodynamic research opportunity lies in
evaluating closed-loop superheated-steam dryers coupled with MVR. By eliminating the non-
condensable carrier gas (air), the system bypasses the unavoidable exergy destruction
associated with heating inert nitrogen, allowing the MVR compressor to recover nearly the
entirety of the exhaust exergy®.

14. TEA Framework

Techno-economic viability must be mapped precisely to local boundary conditions to possess
any industrial relevance. Assuming a facility operating within the Maharashtra State Electricity
Distribution Company Limited (MSEDCL) jurisdiction, the economic modeling must incorporate
complex tariff structures?.

Economic Parameter MSEDCL Boundary Impact on Dryer
Condition (FY2026-27) Feasibility



X7.66 3/0 kWh — (LT-V High base cost strongly
Industry) incentivizes MVR and HTHP
deployment if COP > 3.0.

Industrial Energy Tariff

30
Fixed Demand Charges 3420 / kW / month

Heavily penalizes oversized
compressor motors;
requires  precise load

matching.

Premium rates during peak

Time of Day (ToD) Tariffs
evening hours®".

Mandates the integration of
Thermal Energy Storage
(TES) to shift electrical
heating loads to off-peak or

high-solar windows.

District cooling/heating

- Favorable  categorization
systems categorized as

for large-scale, centralized
heat pump deployments
sharing thermal networks.

Regulatory Classification

Industrial®2,

The Levelized Cost of Drying must be calculated by amortizing the high initial CAPEX of MVR and
HTHP equipment against the operational savings generated by these localized tariff structures.

15. LCA Framework

The Life-Cycle Assessment framework must establish a rigorous cradle-to-gate system
boundary. Evaluating an electrified dryer against a fossil-fuel dryer requires a dynamic
assessment of the grid carbon intensity. In regions heavily reliant on coal thermal power, shifting
a drying process from direct natural gas combustion to grid electricity via a heat pump may
paradoxically increase the primary energy demand and Scope 2 global warming potential. The
LCA must dynamically calculate the break-even Coefficient of Performance required to achieve
actual carbon reductions. Furthermore, the framework must explicitly account for the
environmental penalty of refrigerant leakage from the HTHP systems®, driving the necessity for
utilizing natural refrigerants (such as ammonia or supercritical carbon dioxide) or advanced
hydrofluoroolefins to ensure the overall sustainability metrics remain positive.

16. 20+ PhD Research Topics

The following proposed PhD topics represent highly specific, industrially relevant research
vectors that address the critical knowledge gaps identified in this assessment.



Research Title

Overcoming

Gradient Stiffness
in PINNs at the
Evaporation Front

Exergoeconomic
Analysis of MVR-
Assisted
Superheated Steam
Drying

Micro-CT
Quantification  of
Anisotropic  Pore
Collapse during
Glass Transition

Erosion Mitigation in
High-Speed = MVR
Impellers under
Droplet Impact

Bayesian
Optimization of
Multiscale CFD-
DEM for Fluidized
Bed Scale-up

Scientific Problem

Neural networks fail
to converge at
sharp, moving
phase-change
boundaries’®.

Inability to allocate
exact
thermodynamic
costs to complex
vapor recycling
loops®.

Lack of physical

data linking Lo
microstructural

to

failure in real-time?,

High-speed droplet
impact causes
severe fatigue and
erosion in vapor
compressors’.

The computational
expense of CFD-
DEM prevents rapid
multi-objective
optimization.

Novelty &
Methodology

Development of
domain-

decomposed loss
functions and
dynamic weighting
algorithms.
Advanced
exogenous/endoge

nous exergy cost
matrices.

In-situ F-CT during
convective heating;

extraction of
transient
permeability
tensors.

Coupled CFD-
particle tracking

and material fatigue
modeling.

Surrogate-assisted
Bayesian
framework®
minimizing specific
energy
consumption.
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Thermal Energy
Storage Dynamics
using Nanoparticle-
Doped PCMs

Electrohydrodynam
ic (EHD) Drying
Kinetics of
Thermolabile
Pharmaceuticals

Multi-Objective
NSGA-II

Optimization of
Primary Vacuum
Sublimation

Dielectric Shift

Mitigation to
Prevent Thermal
Runaway in

Microwave Drying

Multiphysics
Modeling of Bound
Water Diffusion in
Hygroscopic
Polymers

Intermittency of
renewable heat
inputs requires
buffering with poor
thermal
conductors®.

Scale-up limitations
and multi-emitter
electric field
instability.

Extreme energy
intensity of
maintaining  ultra-
low pressures in
freeze-drying®.

Unpredictable loss
factor changes
cause catastrophic
localized charring®.

Breakdown of
standard Fickian
diffusion models
near absolute zero
moisture.

Transient  thermal
response modeling
of carbon-
nanotube-
enhanced molten
salts.

Multi-physics
mapping of corona
discharge
interference;
improved bulk
throughput.

Dynamic shelf-
temperature
profiling balancing
chamber pressure
against product
collapse risk.

Deep
reinforcement
learning for real-
time frequency and
power tuning based
on IR
thermography.

Implementation of
Maxwell-Stefan
diffusion models for
non-ideal
macromolecular
matrices.
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12

13

14

15

Thermodynamic

Stability of
R1233zd(E) in
>140°C HTHP
Drying Cycles

Acoustic Soft

Sensors for Real-
Time
Agglomeration
Tracking in Spray
Dryers

Fractional-Order
Calculus Modeling
of Viscoelastic
Drying Shrinkage

Dynamic LCA of
Hybrid Solar-
Biomass Dryers
under Variable Grid
Intensity

Deep
Reinforcement
Learning for
Autonomous Rotary
Dryer Control

Degradation of low-
GWP refrigerants at
high industrial
evaporation
temperatures®.

Optical sensors fail
instantly due to
chamber  fouling,
causing lagging
detection.

Standard
Newtonian models
fail to capture

polymer creep
during intense
drying.

Static LCAs

misrepresent  the
true carbon impact
of intermittent,
grid-tied operation.

Unpredictable
stochastic feed
variations cause
severe over/under
drying.

Long-term
thermodynamic
property mapping
and compressor
lubrication
compatibility
testing.

Machine  learning
applied to acoustic
emission  spectra
for instant particle
size distribution
detection.

Highly accurate
structural
deformation
predicting macro-

scale crust
formation and
cracking.

Time-resolved LCA

frameworks
integrating real-
time regional

marginal emissions
factors.

Autonomous DRL
agent trained to
continuously
manipulate drum tilt
and counter-
current airflow.
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17

18

19

20

Phase-Field
Modeling of
Capillary Transport
in Heterogeneous
Media

Superheated Steam
Drying of Biomass:
Kinetics of Tar
Condensation

Exergy Destruction
Minimization in
Twin-Fluid
Atomizers

Techno-Economic

Optimization of
Peak-Shaving  via
MSEDCL ToD Tariffs

Non-Equilibrium
Thermodynamics of
Surface Crust
Formation

Macroscopic Darcy
approximations fail
fundamentally  at
the pore-throat
scale.

Condensation  of
volatile organics
fouls heat
exchanger
surfaces,
destroying
efficiency.

Massive exergy loss
occurs during high-
shear liquid droplet
formation™.

Time-of-Day tariffs
heavily penalize
peak industrial
operation®.

Standard boundary
conditions assume
equilibrium,  failing
to predict severe
case hardening.

Fundamental
mapping of
transient liquid
topology using
localized Lattice
Boltzmann
Methods?.

Reaction  kinetics
and thermal
conductivity
degradation models
of complex
biological  fouling
layers.

Internal nozzle
geometry
optimization
utilizing adjoint
shape optimization
algorithms.

MPC strategies
utilizing sensible
sand battery
thermal inertia to
shift electrical loads
to off-peak zones.

Modified mass
transfer boundary
formulations
integrating local
resistance and
concentration
jumps.



17. Laboratory Experimental Program

To establish the requisite scientific foundation, the laboratory experimental program must be
exhaustively instrumented. Assume access to a convective tunnel dryer equipped with precision
load cells, chilled-mirror hygrometers, high-resolution thermal imaging, and intermittent access
to an X-ray micro-computed tomograph. The independent variables will include inlet air
temperature (40-90°C), superficial gas velocity (0.5-2.5 m/s), and controlled relative humidity
(10-40%). The primary dependent variables are the transient moisture ratio, specific energy
consumption, and volumetric shrinkage. The methodology requires a minimum of three
replicates per condition within a Box-Behnken design to map the response surfaces. The
expected trends should demonstrate that higher temperatures accelerate the onset of the
falling-rate period, but simultaneously trigger premature surface crusting (case hardening)
which subsequently retards the internal effective diffusivity, a phenomenon that will be visually
verified through the micro-CT scans documenting pore collapse.

18. Pilot-Scale Program

The transition to pilot-scale (approximately 50-100 kg/hr throughput) is critical for validating
the macroscopic transport models. The pilot program will utilize a continuous fluidized-bed
dryer integrated with a closed-loop High-Temperature Heat Pump utilizing an R1233zd(E)
refrigerant cycle®. The primary independent variables include feed rate, weir height (dictating
residence time), and the heat pump compressor frequency. The dependent variables are the
final product moisture variance and the system-wide Coefficient of Performance. The statistical
analysis will rely on continuous time-series data to validate the dynamic response capabilities of
the PINN-based Model Predictive Controller when subjected to artificial feed-moisture step
disturbances. The expected outcome is a controller capable of rejecting stochastic disturbances
while maintaining a system COP greater than 3.5.

19. 2026-2036 R&D Roadmap

The strategic timeline for achieving full commercialization and NetZero operation spans five
distinct phases over the coming decade.
e Phase l: 2026-2028 (Fundamental Physics & Sensorization)

o Objectives: Map anisotropic shrinkage using in-situ H -CT; establish baseline multiscale
exergy destruction vectors.

o Technologies: Laboratory convective systems, Lattice Boltzmann pore modeling.

o TRL:2-4.

o Major Risks: Inability to accurately extract permeability tensors from highly deformed
micro-CT voxels.

e Phase ll: 2028-2030 (Al/ML Integration)

o Objectives: Develop and train PINNs using Phase | physics. Overcome boundary stiffness
in neural training algorithms'®.
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5%

KPIs: Surrogate models running <50 milliseconds with < error against rigorous,
highly expensive CFD models.

TRL: 4-5.

Phase Ill: 2030-2032 (Pilot-Scale Hybridization)

Objectives: Integrate HTHP and MVR systems into a fully operational 100 kg/hr pilot
facility.

Technologies: Low-GWP heat pumps, particulate-resistant MVR blowers’.

KPIs: Continuous operation demonstrating a system COP > 4.0 .

Phase 1V: 2032-2034 (Digital Twin Deployment)

Objectives: Implement full Model Predictive Control via the PINN digital twin on the
physical pilot system.

KPIs: Autonomous rejection of feed disturbances without human intervention; 25%
verified reduction in specific energy consumption compared to PID baselines.

Phase V: 2034-2036 (Industrial Tonnage & NetZero Autonomy)

Objectives: Scale the architecture to a 1+ tonne/hr industrial manufacturing site. Fully
couple renewable energy, massive thermal energy storage (e.g., sand batteries)?', and
intelligent Time-of-Day load shifting.

KPIs: Validated NetZero operational cycle (encompassing Scope 1 and 2 emissions) and
widespread commercialization of generated intellectual property.

20. Publication Strategy

The publication strategy segments outputs to maximize impact factor and disciplinary reach,
ensuring rigorous peer review of every core technology claim.

Fundamental Papers: Targeted at the International Journal of Heat and Mass Transfer®.

Focus: H -CT analysis of pore collapse and non-Fickian capillary transport mechanisms.
Minimum evidence: 3D voxel data and rigorous statistical validation of proposed PDE
models.

Modeling Papers: Targeted at Chemical Engineering Science® or the AIChE Journal.
Focus: Novel PINN architectures overcoming gradient stiffness during phase change.
Minimum evidence: Mathematical convergence analysis and computational speed-up
metrics versus traditional finite volume methods.

Sustainability & Exergy: Targeted at Applied Energy™ or Energy'. Focus: Advanced
exogenous and endogenous exergy destruction matrices for MVR-HTHP systems.
Minimum evidence: Detailed thermodynamic state mapping and empirically verified
compressor efficiencies.

Industrial Papers: Targeted at Drying Technology'. Focus: Scale-up validation of the
PINN digital twin at the pilot scale. Minimum evidence: Real-time control trend logs and
verified product quality retention under dynamic loads.



21. Patent Opportunities

ldentifying and protecting novel intellectual property is crucial for technology
commercialization.

1.

Hybrid HTHP-MVR Exhaust Recovery Apparatus: A physical configuration utilizing a
preliminary high-temperature heat pump coil to strip latent heat, followed by an MVR
compressor optimized for high-particulate saturated steam. This design bypasses
traditional droplet erosion mechanisms in MVR impellers’. Proof required: Empirical
evidence of prolonged impeller lifespan and sustained system COP.

PINN-Driven Predictive Controller for Volumetric Runaway: A control logic patent
utilizing high-frequency thermal-camera data layers fed directly into a PINN to proactively
detune microwave magnetrons milliseconds before thermal runaway occurs. Proof
required: Demonstration of un-charred product in historically highly volatile, structurally
complex feedstocks®.

Acoustic-Emission Soft Sensor for Spray Dryer Agglomeration: A hardware-software
apparatus utilizing machine learning to analyze the acoustic signatures of colliding
particles within a spray dryer, allowing for real-time adjustments to atomization pressure

R* =09

before catastrophic wall-fouling occurs. Proof required: High correlation ( )
between acoustic signatures and offline laser diffraction particle size analysis.

22. Industrial Collaboration Opportunities

The research must be tailored to the specific challenges of dominant industrial sectors.

Food and Dairy: Dominated by massive spray drying operations. The primary product-
quality challenges are protein denaturation and powder flowability'. The most promising
decarbonization pathway is integrating MVR on the exhaust and HTHPs for inlet air pre-
heating. The primary Al opportunity is real-time acoustic agglomeration tracking.
Pharmaceuticals: Dominated by batch fluidized bed and freeze drying. The primary
challenges are maintaining API polymorphic stability and strict regulatory compliance. The
decarbonization pathway relies on closed-loop heat pump drying with stringent cross-
contamination controls. The Al opportunity is the deployment of digital twins to achieve
real-time, non-destructive batch release.

Specialty Chemicals: Characterized by rotary and flash dryers handling hazardous
solvents. The challenge is minimizing extremely high specific energy consumption while
maximizing solvent recovery. The decarbonization pathway is closed-loop superheated
steam drying coupled with MVR for continuous solvent regeneration.

23. Red-Team Assessment

A critical "red-team" evaluation of the preceding roadmap reveals several vulnerabilities and
overly optimistic assumptions that must be actively managed.

Weak Assumptions: The assumption that PINNs will universally outperform empirical
models in highly stochastic industrial environments (where unmeasured disturbances like



raw feedstock biochemical composition fluctuate wildly) is dangerous. If the physical PDE
boundaries are constantly shifting in ways the model cannot measure, the PINN wiill
inevitably fail.

e Overhyped Technologies: Electrohydrodynamic (EHD) drying and low-frequency
ultrasound are academically popular but fundamentally lack the volumetric penetration
depth necessary for bulk industrial throughput™. They are unlikely to scale beyond high-
value thin films.

e Hidden CAPEX Penalties: MVR systems require exceptionally clean vapor streams. The
CAPEX of the cyclonic or electrostatic precipitation necessary to protect the MVR impeller
from catastrophic droplet erosion” may completely negate the OPEX energy savings.

e Emissions Shifting: Deploying electrically driven heat pumps in regions where the grid is
dominated by coal thermal power increases primary energy demand and emissions
compared to direct natural gas combustion. Claims of "zero carbon" are invalid unless
local renewable generation and thermal energy storage are explicitly integrated?.

24. Final Research Questions

Synthesizing this exhaustive analysis, the following integrated research programs combine
fundamental drying science, advanced experimentation, AI/ML, and rigorous sustainability
analysis. These programs are specifically tailored to the industrial and economic realities of hubs
like Mumbai and Pune, Maharashtra, to form the basis of a long-term university-industry R&D
strategy from 2026 to 2036.
1. The "ToD-Optimized" Hybrid Heat Pump Program: How can Time-of-Day (ToD)
electricity tariffs in Maharashtra®! be leveraged to optimize the Levelized Cost of Drying?
This program develops a dynamic control twin for an HTHP dryer combined with high-
temperature sand battery thermal storage?'. The fundamental science focuses on storage
media heat transfer kinetics, while the Al optimizes thermal charging exclusively during
off-peak windows, yielding a highly favorable LCA and TEA profile.
2. Multiscale PINN Digital Twin for Pharmaceutical Fluid-Beds: How can we
mathematically resolve the moving-boundary stiffness problem in PINNs to accurately
predict intra-particle moisture and prevent APl polymorphic degradation? This program

integrates H ot mapping of excipient matrices with computational fluid dynamics,
directly targeting the stringent quality requirements of the high-value Indian
pharmaceutical export sector.

3. Fouling-Resistant MVR Superheated Steam Architectures: What are the precise
aerodynamic conditions required to mitigate impeller erosion’ and heat exchanger fouling
in MVR systems processing biomass/agricultural waste? The scientific core investigates
the multiphase physics of droplet impingement and develops robust separation
algorithms and exergetically optimal vapor compression cycles.

4. Electro-Dielectric Runaway Mitigation in Hybrid RF Drying: How can real-time spatial
thermal imaging be fused with deep reinforcement learning to prevent volumetric thermal



runaway?® in microwave-assisted convective drying? This research focuses on training an
autonomous agent capable of predicting localized dielectric shifts and manipulating
magnetron frequencies instantaneously to preserve the cellular structure of high-value
agricultural exports.

Exergoeconomic Valorization of Dairy Spray Drying: How can advanced
avoidable/unavoidable exergy destruction modeling” be coupled with NSGA-II
multiobjective optimization® to retrofit India's massive dairy processing infrastructure*??
This program aims to mathematically minimize the specific energy consumption while
strictly preserving whey protein structural integrity through the integration of cascaded
exhaust heat recovery and Al-driven acoustic soft sensors.
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