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ABSTRACT: This study utilizes differential scanning calorimetry and
thermogravimetric analysis to assess the total energy required to regenerate
saturated zeolite-based drying beads (DBs) used to dry paddy rice. We
quantify the required heat energy for DB regeneration by calculating the area
under the curve in a heat flow rate versus time graph, with the end of the
regeneration process indicated by stabilization of the DB weight. Our
findings suggest that at DB regeneration temperatures ranging from 120 to
350 °C, the process varied from 813 to 22 min, demonstrating that higher
temperatures lead to faster regeneration speeds. The total energy used for
regeneration showed similar values at 250 and 350 °C, averaging around
2032 and 2136 kJ per kg of dried DB, respectively. Additionally, the study
showed that DBs can hold water between 28.7% and 54.4% higher than the
manufacturer’s specifications, suggesting a reduced quantity of DBs required
for effective paddy rice drying. The overall required heat energy for the regeneration process was calculated at 4.86 MJ/kg, with a
carbon intensity of approximately 275.61 g of CO2-eq per kg of water removed, resulting in lower values compared to conventional
drying methods. The study underscores DB’s possibility of lower total energy (thermal and electrical) consumption and greenhouse
gas emissions, alongside its flexibility to regenerate with intermittent energy sources.

1. INTRODUCTION
Drying is crucial in preserving paddy rice’s quality, shelf life,
and milling efficiency, which sustains over half of the global
population. Freshly harvested paddy has an initial moisture
content on a wet basis (MCwb) of 24% or more, making it
susceptible to degradation.1,2 Proper drying, which reduces the
MCwb to around 12−14% for safe storage, is essential to
prevent the growth of microorganisms such as mold and
bacteria and, subsequently, to mitigate spoilage, diminished
quality, and substantial food losses.3,4

While conventional paddy drying methods, such as ambient
air-drying or direct sun-drying, require minimal investment and
are easy to implement, they are often inconsistent and weather-
dependent, yielding suboptimal results and leading to
significant food loss.5,6 In contrast, mechanical drying methods
like FBDs and spouted bed dryers offer improved drying
performance in terms of speed, capacity, and quality.7−9

However, these methods have high total energy consumption
and rely on fossil fuels as an energy source, contributing to
substantial greenhouse gas (GHG) emissions and high drying
costs.10,11

Specifically, paddy rice drying accounts for around 55% of
the total energy used in the production and processing
stages.12 Natural gas, the primary fuel for drying crops,

produces high GHG emissions, and paddy rice drying
contributes to 9−11% of the agricultural GHG emissions.12,13

Efficient drying methods can preserve rice losses, including the
HRY and cracking rate, thereby reducing the overall carbon
footprint of paddy rice production. As the global community
seeks to mitigate climate change, pursuing innovative paddy
rice drying technologies has become increasingly important.

Desiccants have shown potential for moisture control across
various industries.14−16 Desiccants absorb moisture from the
environment, lowering the relative humidity (RH) and,
therefore, can accelerate the drying process.17 However, their
moisture absorption capacity is finite and declines over time,
requiring desiccant regeneration. The total energy required for
desiccant regeneration in the drying bead (DB) system is
higher compared to the energy consumed during the crop
drying phase, which underlines the need to consider the
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regeneration energy demand when comparing drying tech-
nologies.18−21

Zeolite-based DBs, a desiccant type, have gained increasing
attention in crop drying.22 However, a comprehensive
understanding of the regeneration conditions, specifically in
terms of temperature, time, and total energy consumption, still
needs to be determined. One desiccant that has been beneficial
in moisture control is the zeolite 13X molecular sieve, a
sodium form of the crystal structure with a large pore size (10
Ångströms), which leads to a high adsorption capacity of
0.12−0.14 kg of water per kg of desiccant.23 Al Ezzi et al.
reported that 55% saturated zeolite 13X desiccant could be
regenerated to 2.5% MCwb in 15 min at 100 °C, while fully
saturated desiccants require 65 min at 120 °C.24 Nevertheless,
there remains a gap in our understanding of optimal
regeneration conditions for zeolite DBs.

This study builds on previous research that examined DB as
a desiccant for paddy drying within a lab-scale vertical dryer
known as the DB system. The DBs, developed by the Rhino
Research Group in Bangkok, Thailand, are designed for
mechanical stability and reusability.19 The DB system
dehydrates and heats the air flowing through a drying chamber,
which is then used to reduce the paddy’s MCwb. Results
showed that the quality of rice, measured by the head rice yield
(HRY), total milling yield, and kernel color, met the
commercial U.S. No. 1 grade standards and could offer faster
drying times in comparison to convective drying at 50 °C,
highlighting the potential efficacy of DBs in paddy drying
applications.25

To evaluate the overall performance of the DB system and
understand its regeneration properties, including the relation-
ship between the temperature and drying time and the
required total energy input, we employed the TA Instrument
SDT Q600 Simultaneous TGA/DSC instrument (SDT Q600;
TA Instrument, New Castle, DE, USA). This instrument,
which combines differential scanning calorimetry (DSC) and
thermogravimetric analysis (TGA), is essential for analyzing
material behavior under thermal stress. Our approach is
informed by studies like that of Barreneche et al.,26 who
utilized DSC and TGA to investigate the desorption process in
materials such as CaCl2 and zeolite. By logging the heat flow
rate and weight changes during the DB regeneration process
with an SDT Q600, we can quantify the total energy required
to reduce the MC in the DB through time.

Once we quantify the total energy required to regenerate
DBs, we can compare the paddy drying total energy
consumption and GHG emissions of the DB system to those
of conventional drying methods. For this study, we applied a
scenario-based approach to evaluate the carbon emissions
related to the DB system under three different paddy rice
drying conditions. These scenarios consider the use of
California’s electrical grid during regular hours and renewable
peak-generation hours, focusing on times when the grid’s solar
energy percentage is at its highest. This approach offers a
better understanding of the environmental impact of the DB
system applied to dry paddy rice.

This study focused on three objectives: first, to quantify the
total energy needed to regenerate a single DB; second, to
identify the optimal temperature and time required for a DB
regeneration; and third, to compare the total energy require-
ments and associated carbon emissions of DB drying to those
of conventional methods.

2. MATERIALS AND METHODS
The study was conducted in the Plant and Environmental
Laboratory and the Postharvest Engineering Laboratory at the
University of California, Davis (UC Davis), using a TA
Instruments SDT Q600 instrument, as shown in Figure 1. The

SDT Q600 contains (1) a furnace, which controls the
environmental temperature to heat or cool samples; (2) a
purge gas tube that injects 99.999% nitrogen to create an inert
atmosphere to prevent oxidation and ensure uniform heat
distribution within the furnace; (3) a sample pan, holding the
DB or sample, while the reference pan is empty; (4) a balance
arm that measures weight changes in the sample as it
undergoes the thermal processes; and (5) a monitor and
Universal Analysis software, which displays real-time graphical
data and controls the instrument while continuously
monitoring the sample’s weight. Experiments conducted from
December 2022 to March 2023 were designed to study DB
regeneration on six temperature settings, categorized into three
groups: low (90, 120, and 150 °C), medium (200 and 250 °C),
and high (350 °C) temperatures. Three trials were randomly
conducted for each temperature setting for 18 experimental
runs.

This section outlines the detailed procedural steps taken
during and after the experimental runs. These procedures are
visualized through two flowcharts, as shown in Figure 2, which
delineate the sequence of actions and data handling method-
ologies used. The first chart illustrates the experimental setup
and execution, ensuring each phase is precisely controlled. The
second chart details the subsequent data processing steps
required for deriving clear insights from the experimental data.

The experimental procedures for our study are outlined in
the flowchart provided. This chart begins with the preparation
of the DB samples and includes detailed steps such as the
calibration of the SDT Q600 instrument, placement of the DB
samples, and initiation of the experiment under a controlled
nitrogen gas atmosphere. Each step is carefully designed to
ensure precision and reproducibility, as shown in the flowchart.

Following the completion of experimental runs, the
postexperimental procedures, as illustrated in our flowchart,

Figure 1. Photo of the SDT Q600 setup.
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involve cooling the furnace, recording the final weights of the
samples, and processing the collected data. This includes
calculations of heat flow, general additive modeling for drying
time and moisture content database (MCdb), and energy
scenario analysis, each critical for interpreting the results and
ensuring the integrity of our findings.
2.1. Preparation of the DB Sample. Ensuring uniformity

in the size and weight of the DBs was critical in achieving
consistent experimental results. Considering the SDT Q600
has a maximum capacity of 200 mg and DBs’ water retention
of 30%, we set a maximum weight limit of 120 mg for each DB.
The initial phase involved measuring the diameter of 20 DBs,
each within the maximum weight limit, using a Fisherbrand
Traceable Digital Caliper. This measurement established a
reference diameter for the subsequent selection process,
revealing that DBs up to 120 mg typically have a diameter
not exceeding 6 mm. Using a Fritsch ANALYSETTE 3
SPARTAN vibratory sieve shaker, we expanded our sample set
to include 90 DBs, all conforming to the maximum diameter
and weight limits.

DBs were immediately stored in an airtight desiccator at
approximately 25 °C to prevent moisture exchange while
providing a consistently controlled environmental RH. To
achieve this, 50 g of potassium chloride salt was placed at the
bottom of the desiccator and mixed with 32.8 mL of distilled
water to create a saturated solution, generating an environment
with 80% RH.27 This was intended to simulate conditions from
a previous DB system experiment that evaluated the perform-
ance of drying paddy rice at 80% RH (Ying et al.,25

Submitted). Two Kestrel Drop D3 wireless temperature,
humidity, and pressure data loggers (Kestrel Instrument,
Boothwyn, PA, USA) were placed inside the desiccator to
continuously monitor the temperature and RH.
2.2. Experimental Procedures. The initial phase of our

experiment involved a multistep calibration of the SDT Q600,
crucial for accurate results. First, temperature calibration was

performed to ensure the thermal readings were accurate, which
involved cross-referencing the instrument’s readings with
known temperature standards, in the case of the filling point
for zinc. Following this, we adjusted the heat flow rate sensor, a
crucial component for measuring thermal energy transfer
during the regeneration process. We ensured the precision of
our measurement equipment through a rigorous calibration.

The SDT Q600 was chosen for its precise weight sensitivity
of ±0.0001 mg and temperature accuracy of ±1 °C, essential
for the accurate measurement of DB weights and thermal
properties during the regeneration process. This instrument is
specifically designed to maintain a highly controlled internal
environment, which mitigates the impact of external environ-
mental factors, such as fluctuations in laboratory temperature
and humidity. The instrument’s advanced thermal regulation
system and inert gas atmosphere ensure that the experimental
conditions are stable and consistent.

The enclosed design of the SDT Q600 plays a pivotal role in
shielding the experiments from potential variability in air
composition and ambient humidity. This level of environ-
mental control is maintained throughout all experimental runs,
as confirmed by the consistent results obtained for multiple
trials. Regular calibration against recognized standards and the
high degree of control provided by the instrument ensure that
observed changes in DB weights and thermal properties
accurately reflect true experimental outcomes, not influenced
by external environmental variability.

Second, weight calibration was performed using a standard
weight (20 mg) per the manufacturer’s guidelines, ensuring
that the temporal changes in the DB’s weight during the
experiment could be precisely measured. Third, the operational
parameters for the experiment were configured using the
Universal Analysis software using the “ramp” heating mode,
wherein the temperature was programmed to increase at a
controlled rate of 20 °C/min to the predetermined target

Figure 2. Flowchart of the experimental procedure.
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temperature. This target temperature was maintained for 60
min for each experiment.

Before the experiment, the sample pan was thoroughly
cleaned with a microtorch for 15 s. When the experiment was
initiated, DB samples were placed into the sample pan, and
care was taken to carefully and quickly reopen the furnace to
prevent DB samples from moisture loss. The initial weight of
the DBs was collected and recorded every 0.5 s. Throughout
the experiment, the STD Q600 system was flushed with
nitrogen gas at a purity level of 99.999% and a 100 mL/min
flow rate to ensure a controlled experimental atmosphere. The
experiment was concluded when the weight of the DB sample
changed by less than 0.005 mg in 5 min.

To determine the dry weight of the DBs, we assume that the
DBs are thoroughly dried, as per the manufacturer’s indication
that they can be completely dehydrated above 400 °F (204
°C). Given that our experimental temperatures of 250 and 350
°C exceed this threshold, we consider these conditions
sufficient to achieve complete dehydration. Therefore, the
final weight of the DB samples, which exhibited minimal
change (less than 0.005 mg over 5 min), is considered the dry
weight. This assumption is substantiated by the fact that the
smallest weight change measured represents less than 1/
20,000th of the total DB weight (typically between 120 and

200 mg), confirming that the DBs reached a stable and
effectively dry state. We used this final weight as the dry weight
for all subsequent calculations and analyses.
2.3. Postexperiment Procedures. After the experiment

concluded, the cooling fan was activated, the nitrogen supply
was automatically turned off, and the compressed air gas valve
was opened to allow compressed air to flow through the
furnace to initiate the cooling process. Since our experiment
was initiated at 25 °C, it was crucial to cool the furnace to 23
°C or lower before starting subsequent experiments.
2.4. Data Processing. Drying temperature, heat flow rate

over time, and sample weight were logged into a .CSV format
file from TA Universal Analysis software. To calculate the total
overall required energy, we calculated the area under the heat
flow rate curve over time by applying the Trapezoidal Rule, as
detailed in various research.28,29 During the DB regeneration
phase, heat transfer is calculated based on the assumption of
standard electric resistance heating. According to Dincer,30 an
electrical resistance heater can achieve 100% efficiency by
converting all electrical energy into heat. Therefore, the total
energy values reported in this study reflect the minimum total
energy necessary to regenerate DBs under controlled, saturated
conditions by using laboratory-scale fans. These findings are
relevant to high-efficiency laboratory environments.

Figure 3. Flowchart depicting four paddy drying scenarios with DBs and conventional heated air dryers.
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We conducted a two-sample t test using R to compare the
total corrected required total energy and drying time between
different experimental runs. We analyzed the drying time of
DB at different temperatures and created bar graphs with error
bars to show the mean and standard deviation. We also used
the STD Q600 system balance to measure weight changes and
calculate the MCdb changes for each experiment. We plotted
these data against drying time to understand how the MCdb
changes. To analyze this data more accurately, we used a
generalized additive model (GAM). GAM is applied to model
complex, nonlinear relationships in time-series data and helps
us understand the intricate variations in MCdb over time. The
GAM fits the MCdb data over time with a smooth function,
providing a detailed view of the dynamics of the drying
process. The model’s goodness-of-fit was verified through R-
squared values and corresponding residuals.31

2.5. Energy Scenario Analysis. The upper portion of
Figure 3 shows the conventional heated-air-drying scenario
within California’s energy landscape, where we assumed that
natural gas-fueled heaters account for 80% of the total energy
use and the remaining 20% is attributed to grid electricity to
power fans and other auxiliary systems.

This study also explored three scenarios for DB technology,
each characterized by its unique emission factors influenced by
the timing of electricity consumption. The first scenario utilizes
a standard natural gas heater to regenerate the DB, while
electricity from a standard CA Grid powers the fans and
control systems. The second scenario employs standard grid
electricity for all DB-related activities, thereby altering the
resulting emission factor. The third scenario specifically
allocates 50% renewable peak-generation electricity and 50%
standard grid electricity for the regeneration process.

Additional data from the California Air Resource Board
indicated that the average emission factor for California’s
electrical grid was 0.19 metric tons CO2-eq/MWh, or 0.0528
CO2-eq/MJ.32 This metric did not include the inefficiencies
caused by line losses during electrical transmission and
distribution, and according to data from the Monthly
Renewable Performance Report spanning July 2022 to June
2023, wind and solar energies alone provided 103.5−106.8% of
California’s peak-hour load requirements.33 This suggests that
if we solely use renewable energy, then the carbon intensity of
electricity in peak hours could even be negative. Therefore, the
third scenario, which involves using 50% renewable peak-
generation electricity for regeneration, has an estimated
emission factor of 0.0264 kg of CO2-eq/MJ. This is roughly
half of the average emissions for California’s grid.
2.6. MCdb and Loss and GHG Emission Calculations.

The assessment of the water gain rate for DBs relative to the
water loss from paddy was previously made using a laboratory-
scale vertical dryer. Prior to the experiment, the initial weights
of the regenerated DB and dried paddy were measured. In the
experimental setup, the DBs were accommodated in the
desiccant chamber, while the paddy was positioned in the
sample chamber. Weight variations in both the desiccant and
sample chambers were monitored using load cells (SMT1-56/
112, Interface, Arizona, USA). A data acquisition unit (NI
9265, 16-bit, 0−20 mA, cDAQ-9178 Compact Chassis,
National Instruments, Austin, TX, USA) interfaced with the
vertical dryer. In alliance with LabVIEW 2018 (National
Instruments, Austin, TX, USA), this setup facilitated real-time
monitoring and data recording. To maintain consistency, all

experimental procedures were executed in an indoor environ-
ment, with the room temperature rigorously held at 25 °C.

The experiment concluded with recording of the final
weights of the DBs and the paddy. The weight the DB gained
and the corresponding weight loss of paddy were utilized to
compute the DB’s water gain/loss ratio. This calculation was
used to assess the efficiency of the DB in extracting moisture
from the paddy during the drying process. According to this
study, the DB’s water gain/loss ratios were found to be 86% ±
1.8%, 95% ± 2.1%, and 105% ± 1.9% during three different
experimental runs. Differences in the DB’s water gain/loss
ratios can be primarily attributed to the varying drying times
resulting from the differing initial moisture contents in the
paddy rice samples. This variation was noted even though the
inlet air temperature, humidity, and speed were maintained at
constant levels.

The MC of DB was assessed based on two assumptions.
First, the DB was completely saturated within an 80% RH
environment. Second, the TGA experiment regenerated the
DB to 0% MCdb, where the weight recorded at the end of the
experiment was the weight of the dried DB. The difference
between the initial and final weights of the DB during the
experiment indicated the weight of the evaporated water. The
MC of the DB was expressed on a dried basis (MCdb), and it
was calculated as follows:

=MC
Weight of evaporated water

Weight of dried DBdb
(1)

Equation 2 was used to calculate the GHG emissions to
remove 1 kg of water from paddy associated with different
conventional drying technologies while assuming that natural
gas is the primary fuel source used in the industry at a heat
transfer rate of 81%, as reported by Amantea.

= × × + × ×H E
H

P EGHG Ef Efa i

t
n e i e

(2)

where Ha is the energy in a paddy rice drying system used to
heat the air to dry the paddy rice, which equals 80%; Pe is the
energy in a paddy rice drying system used to power the fans
and control systems, which equals 20%; Ei is the total energy
used by a drying system to evaporate 1 kg of water from paddy
(MJ/kg); Ht is the heat transfer rate of the natural gas, which is
81%; Efn is the energy used to power electrical components in
paddy rice drying systems, including fans, control system,
motors, and sensors, which equals 20%; and Efe is the
California electricity emission factor, 0.0528 kg CO2‑eq/MJ for
average and 0.0264 kg CO2‑eq/MJ for 50% renewable peak-
generation hours (CARB, 2020).

In the case of the DB drying systems, which use a bed of
DBs to dehydrate and heat the air, we assumed that the
electrical components accounted for 20% of the total energy
usage. In comparison, the DB regeneration process accounted
for the remaining 80%. Based on this, the GHG gas emission
attributed to the use of DBs per kilogram of paddy dried
(GHGd) for a desiccant-based dryer, expressed in kilograms of
CO2-equivalent per kilogram of water removed from the paddy
(kg of CO2-eq/kg of water), was calculated as in eq 3.

= + ×E EGHG ( ) Efd r o e (3)

where Er is the specific energy consumption for the
regeneration process (MJ/kg water removal) and Eo is the
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specific energy consumption for the operational process (MJ/
kg water removal).

Figure 4. Drying curves for DB regeneration for 250 °C (a) and 350 °C (b) TGA tests.
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Figure 5. Drying time vs temperature for the 250−350 °C range.

Figure 6. Total corrected heat flow rate per kilogram of DB (kW/kg DB) at 250 °C (a) and 350 °C (b).
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3. RESULTS AND DISCUSSION
Figure 4 presents the DB regeneration (drying) curves for the
250 and 350 °C temperature groups. Even though the
transitions between the phases are not sharply demarcated,
the shape of the DB regeneration curves generally follows the
trend of a conventional three-phase drying curve observed in
multiple research studies.34,35,36 Initially, there is a period
where the rate of regeneration rapidly increases, which
corresponds to Phase I, where the DB and internal water
likely warm up. As the regeneration process continues, the
curve shows a region where the DB regeneration rate appears
relatively stable, similar to the constant rate period known as
Phase II, where the water content in the DB decreases rapidly.
Toward the end of the curve, a gradual reduction in the drying
rate is observed, which could indicate the falling rate period or
Phase III, where the moisture removal is relatively constant.
However, due to the absence of clear phase transitions in the
data, this interpretation is more suggestive than definitive, and
the DB regeneration curves should be regarded as indicative of
an overall regeneration trend rather than a precise phase-by-
phase breakdown.

Upon closer examination of the 250 °C group, one of the
DBs exhibited a lower water-holding capacity compared with
the other two beads in the 250 °C group and all three beads in
the 350 °C group. This variation is potentially due to
individual differences in water capacity among the DBs.
Specifically, the water-holding capacity ranged from 30 to
42.3% of the dry weight. These values exceed the
manufacturers’ specifications, which claimed a maximum
water-holding capacity of 20−25% of the dry weight and
previous oven incubation tests that showed a DB water-holding
capacity ranging between 28 and 30%.25 The higher sensitivity,
accuracy, and precision of the standalone TGA technique
applied in this study contributed to the discovery of an
increased DB moisture-holding capacity compared to previous
studies. Notably, four out of the six DBs tested exhibited
moisture-holding capacities above 38%, with one DB around
30%, reflecting the variability among the individual beads.

Figure 5 shows the average time it takes to regenerate a DB,
with error bars indicating the standard deviation. These times
were recorded at six different temperatures, ranging from 90 to
350 °C. The results showed that the average regeneration time
varied between 1440 and 16 min. Higher temperatures led to a
shorter regeneration time due to reduced MCdb, while
regeneration at 90 °C was not successful, as the DB final
MCdb ranged between 86 and 88%.

DBs were fully regenerated at 120, 150, 200, 250, and 350
°C within 813 ± 66.2, 350 ± 35.1, 160 ± 13.7, 52 ± 2.2, and
22 ± 0.31 min, respectively. Temperatures exceeding 350 °C
were not evaluated due to safety and practical implications
associated with achieving such elevated temperatures in an
agricultural context.

Figure 6 illustrates the heat flow rate results during the
regeneration process of the DB, highlighting two distinct
phases characterized by pronounced peaks. The first peak
occurs within the initial 2 min of the experiment, marking the
rapid warming of the DB. This peak declines by the 4 min
mark as the system temperature stabilizes at 100 °C for both
the 250 and 350 °C regeneration temperatures. The decrease
in the heat flow at this stage primarily results from the
consumption of latent heat, which facilitates the evaporation of
surface moisture and the migration of internal water from the
core to the surface of the DBs.

This initial peak is critical for understanding the thermal
responsiveness of the DBs to the applied heat, indicating a
rapid surface moisture removal, which is crucial for the
efficiency of the regeneration process. The presence of this
peak, especially its decline at lower regeneration temperatures,
provides valuable insights into the thermal dynamics of
moisture evaporation within the DB system.

Contrary to the single peak observed by Barreneche et al. in
dehydrating zeolite materials,26 our experiments display a
second, significant peak. This peak likely signifies the deeper
internal desorption process within the DB core, as supported
by the lower peak intensities in subsequent experimental runs
with a reduced moisture content in the DBs (MCdb). These
observations suggest a dynamic variance in the moisture

Figure 7. Energy consumption of paddy drying for different drying technologies.
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absorption and desorption processes, which are critical for
optimizing the DB’s performance in practical applications.

Post regeneration, a stabilization in heat flow is observed,
indicating the minimum energy required to maintain the DBs
at operational temperature. Analyzing the area under the
curves in Figure 5 not only quantifies the total energy involved
in the regeneration process but also offers a comprehensive
understanding of the DB’s thermal behavior when fully
saturated. Such an analysis is essential for assessing the energy
efficiency of the regeneration process and its environmental
impact.

For regeneration temperatures of 250 and 350 °C, the total
energy required to completely regenerate a bead is quantified
at 2032 and 2136 kJ per kg of dried DB, respectively. The small
difference in the heat flow between these temperatures
highlights the efficiency of the insulation and temperature
control within the DSC/TGA instruments. Additionally, the
similar corrected heat flow rates at both peaks for the two
temperature settings, measured at 150 and 200 kW/kg of DB,
underscore that a higher temperature does not necessarily
equate to a proportional increase in energy consumption. This
observation points to the possibility of more efficient heat
transfer mechanisms, such as enhanced radiation or con-
vection, being more effective at higher temperatures. This
enhanced analysis directly addresses the intricacies of heat
transfer within the DB system and provides a deeper
understanding of the implications for energy use and efficiency
in agricultural drying technologies.

According to this study, the average MCdb of DB was found
to be 41%. This suggests that 1 kg of dried DB could extract at
least 0.41 kg of water before becoming saturated. It was
estimated that for every 1 kg of water lost from the paddy rice,
the DB gained 0.95 kg of weight and lost 0.05 kg through
evaporation. Based on the ratio of paddy water loss to DB
weight gain, and if 1 kg of dried DB can absorb 0.41 kg of
water from the air, it can be estimated that a minimum of 2.32
kg of DB would be needed to extract 1 kg of water from paddy
under this configuration. Therefore, it can be estimated that

4859 kJ of energy is used to evaporate 1 kg of water, with an
average heat flow of 2095 kJ/kg between 250 and 350 °C.

Figure 7 provides a comparative analysis of the calculated
energy consumption of the DB system in relation to other
commercially available drying technologies, such as fluidized
bed dryers (FBDs), catalytic infrared drying, Louisiana State
University dryers, and inclined bed dryers. For the DB system,
our approach involves extrapolating the total energy require-
ments from the measured heat energy by factoring in an
additional percentage to account for operational energy, which
primarily includes the usage of fans and control systems. Based
on insights from this study combined with previous research,
the DB system requires less energy in comparison to other
drying technologies.37 Our approach intentionally errs on the
side of overestimation to ensure a comprehensive assessment
of energy needs, considering the worst-case scenario. Previous
studies have reported that the additional operational energy
over the base heat energy is relatively low in rice drying,
constituting about 4−5% of the total consumed energy.38

Figure 8 shows the comparison between GHG emissions for
DB systems and conventional heated-air-drying methods in
removing 1 kg of water. The DB system yielded less GHG
emissions in the three energy scenarios, ranging from 153.96 to
267.03 g of CO2-eq/MJ, lower than the average emissions of
378.81 g of CO2-eq/MJ for conventional drying techniques.
Further dissection of the scenarios reveals distinct insights.
Scenario 2, which utilized electricity from the Standard
California Grid, showed a slight advantage in terms of lower
emissions compared with Scenario 1. More importantly,
Scenario 3 demonstrated significant potential for reducing
GHG emissions by integrating 50% renewable electricity
during peak hours in the DB regeneration process. This
scenario highlights the impactful role of renewable energy
sources in enhancing the environmental performance of drying
technologies.

In the California energy landscape, the year-to-date average
for renewable energy generation stood at 37.96%,33 surpassing
the national average of 21.5%.39 The utilization of renewable
energy sources like wind and solar for DB system regeneration

Figure 8. Carbon emission intensity for different conventional heat-air-drying technologies and DB scenarios.
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offers a considerable opportunity to reduce the carbon
footprint and environmental impact. It is important to note
that these results are specific to the California grid environ-
ment, known for its low carbon intensity, making our findings
particularly relevant to this region. The varying energy
generation profiles must be considered when implementing
similar technologies in different regions.

California’s commitment to renewable energy is on an
upward trajectory. As per the 2021 SB 100 Joint Agency
Report, the state’s renewable electricity production, currently
at about 35,000 MW, is projected to increase to 73,000 MW by
2030 and to 183,000 MW by 2045, with the ultimate goal of
achieving 100% clean electricity.40 This shift toward renewable
energy is set to substantially reduce carbon emissions from
electricity use, including in industrial processes like drying.

In contrast to DB-utilizing systems, conventional drying
technologies rely on natural gas. Although they could benefit
from California’s cleaner grid, transitioning to renewable
energy sources may take considerable time. Unlike conven-
tional dryers, which typically operate continuously, DB systems
can utilize off-peak electricity and that from intermittent
renewables. This advantage is particularly pronounced in
California, but the principle holds potential for other regions as
they progress toward cleaner energy solutions.

4. CONCLUSIONS
This study explores the thermal behavior and moisture
absorption characteristics of the DB regeneration process as
applied to paddy drying within a controlled laboratory
environment and the potential to leverage renewable electricity
to reduce carbon emissions in the drying process. Our analysis
identified two distinct thermal phases, each marked by dual
peaks in the heat flow data. These findings highlight specific
temperature ranges as critical for optimizing the DB
regeneration process, with energy consumption remaining
consistent across these ranges thanks largely to the precise
temperature control and isothermal conditions afforded by the
SDT Q600 instrument.

Our results demonstrate that DBs exhibit a robust water-
holding capacity, significantly enhancing their utility for paddy
rice drying by potentially reducing the volume of DBs required.
Comparative scenario analysis positions DB technology as a
less-energy-intensive alternative to traditional drying methods,
additionally offering the advantage of reduced GHG emissions
when integrated with renewable energy sources, especially
within the context of California’s cleaner energy grid.

Future research should expand beyond the laboratory setting
to evaluate the scalability and operational efficiency of DB
technology in commercial agricultural settings. It is imperative
to test the technology under varied geographic and climatic
conditions to determine its efficacy and environmental impact
at a scale. A comprehensive assessment of the full lifecycle of
DB technology is essential to fully understand its overall
environmental footprint.

The influence of energy sources and geographic factors on
GHG emissions underscores the need for further investigation.
Research aimed at synchronizing DB regeneration with the
availability of renewable energy could markedly decrease the
carbon emissions associated with drying paddy, potentially
revolutionizing the environmental sustainability of paddy
drying processes.

Additionally, operational challenges noted in this study, such
as moisture loss during the transition of DBs to the oven for

regeneration, warrant detailed examination in larger-scale
implementations. Addressing these challenges is crucial to
determine whether DB technology can be a viable and
environmentally superior alternative to existing technologies in
the paddy drying industry. Future studies should also explore
the practical implications of DB usage within different energy
grid contexts, particularly those dominated by nonrenewable
sources, to provide a holistic assessment of its global
applicability and sustainability.
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